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Highlights

- Zn/Co bimetallic MOFs/ZnO nanospheres core/shell structure was synthesized.

- Co/C0304 NPs-embedded N-doped hollow carbon composite (Co/Co0304-NHC) was

fabricated.

- Co/C0304-NHC provided abundant active sites and strong chemical adsorption with LiPSs.

- S@Co/Co304-NHC exhibited an outstanding rate capability and cycle stability in Li-S

batteries.



Abstract

Lithium-sulfur batteries are a promising next-generation energy storage technology. To meet the
industrial requirements, however, effective sulfur host materials are highly desired for the
enhanced sulfur loading and lithium polysulfides (LiPSs) trapping. Herein, we describe the
synthesis of N-doped hollow carbon composite embedded with well-dispersed Co/Co0304
nanoparticles (Co/C0304-NHC) via the carbonization of a Zn/Co bimetallic metal-organic
frameworks/ZnO nanospheres core-shell structure. The Co/Co0304-NHC features uniform N-
doping, intertwined carbon nanotubes (CNTs), and dual types of pores. ZnO nanospheres
employed as a template for hollow structure also contribute to the formation of CNTs and micro-
pores. The S-infiltrated Co/Co0304-NHC cathode delivers an excellent rate performance (specific
capacity of 447.9 mA h g'! at 5 C-rate) and stability (553.4 mA h g'! after 500 cycles). With a high
S loading (4 mg cm™), 87.8% of specific capacity is retained after 250 cycles. This work can offer

insights on designing the sulfur host materials for high-performance Li-S batteries.
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1. Introduction

Rechargeable batteries are one of the pivotal technologies for developing eco-friendly electric
vehicles and energy storage devices. Currently, lithium-ion-based cathodes are dominating the
rechargeable battery industry, yet their high cost and limited energy density have become a
bottleneck for further advancement [1-3]. On the other hand, lithium-sulfur (Li-S) batteries have
received much attention as a potential alternative energy storage system, owing to their high
theoretical capacity (1675 mA h g!) and natural abundance of S [4-8]. Until now, the
commercialization of Li-S batteries is still challenged by major technical issues: the low charge
transfer kinetics due to poor electrical conductivity of S and lithium sulfide (Li2S) [9-11]; the
drastic volume expansion of S during charge/discharge cycling; and the shuttling of lithium
polysulfides (LiPSs) which causes severe dissolution and diffusion of LiPSs into the electrolyte,
leading to capacity fading and low coulombic efficiency [12-14]. It is highly demanded to develop
an effective host material for S which can provide good ion and electron conductivity,
accommodate the volume expansion, and suppress the LiPSs diffusion.

The initial strategy to alleviate these problems involves the molten sulfur that was infiltrated into
various carbon materials [15,16], such as carbon nanotubes [17-19] and porous carbon spheres
[20-22], to improve the electrical conductivity and physically confine the LiPSs. However, the
non-polar nature of carbon materials makes it difficult to prevent the dissolution of LiPSs.
Although the chemical interactions between the LiPSs and the polar hosts [23-25], such as metal
oxides [26-29] and chalcogenides [30,31] embedded in carbon materials, have been exploited to
suppress the dissolution/diffusion of LiPSs, it is still challenging to evenly distribute the polar
species on carbon materials, often facing the problem of aggregation as the cycle number increases.

The homogeneous distribution of polar species is not only beneficial for the structural stability



during the extended cycling but also provides the rapid Li-ion and electron transport paths for high
electrical and ionic conductivities. In this regard, metal-organic frameworks (MOFs) can be a
suitable candidate due to their intrinsic porous structures and tunable chemical compositions [32-
35]. For example, zeolitic imidazolate framework-67 (ZIF-67), composed of the tetrahedrally
coordinated divalent Co?" ions and imidazolate ligands, can effectively trap the LiPSs by strong
chemical bonding with Co ions [36-39]. Direct use of ZIF-67 or their composites with conductive
supports as a S host, however, still encounters the complications of low electric conductivity, large
size, and the aggregation of Co atoms, which inevitably lead to the poor performance and capacity
fading in long-term cycles [36]. Alternatively, MOFs have been widely employed as templates to
prepare porous carbon materials embedded with metal oxides or heteroatoms that are advantageous
in catalytic performance and protection of LiPSs [37-39].

Herein, we present the design and synthesis of Co/Co304 nanoparticles-embedded N-doped
hollow carbon composite (Co/Co304-NHC) as an effective S hosting material for Li-S battery. By
growing ZIF-67 on ZnO nanosphere, a core-shell structured template featuring a bimetallic Zn/Co-
MOFs shell surrounding the ZnO core is prepared, which is further carbonized to yield a hollow
carbon composite with the controlled particle size, large micro- and meso-pore spaces, and strong
chemical affinity for LiPSs. The roles of ZnO and bimetallic Zn/Co-MOFs are systematically
studied to understand the formation mechanism of evenly distributed Co/C0304 nanoparticles in
the N-doped carbon matrix with abundant carbon nanotubes (CNTs). The Co/Co304-NHC is
further engaged as a cathode in Li-S battery to investigate the effects of hierarchical porous
structure and Co/Co0304 nanoparticles in the battery performances including rate capability, cycling

stability, and specific discharge capacity.



2. Experimental Section

Materials

Zinc acetate dihydrate (ZnAc-2H>O) was purchased from Aldrich Chemical Co., and diethylene
glycol (DEG, 99%), N,N-dimethylformamide (DMF, 99.5%), cobalt(Il) nitrate hexahydrate
(Co(NO3)2:6H20, 97%), sodium hydroxide (NaOH, 98%), and hydrochloric acid (HCI, 35-37%)
were purchased from Samchun Co. 2-methylimidazole (2-Melm, 99%) was purchased from
ACROS Co. All the chemicals were used as received unless mentioned otherwise.

Preparation of ZnO nanospheres coated with Zn/Co-MOF (ZnO@Zn/Co-MOF)

ZnO nanospheres were first prepared by the polyol-mediated precipitation method. Briefly,
ZnAc-2H>0 (1.97 g) was dispersed in 90 mL diethylene glycol and heated to 160 °C for 24 h under
mild stirring. After cooling to room temperature, milky suspension was washed by centrifugation
with deionized water several times and dispersed again in a mixed solvent of DMF/H,0 (256 mL,
3:1 of V/V). To this solution of ZnO nanospheres, 2-Melm (5 mmol) was added and the mixture
was sonicated for 10 min, followed by the addition of Co(NO3)>-6H>0 (0.17 mmol) under stirring.
The mixed solution was then heated at 50 °C for 3 h and cooled to room temperature. The
ZnO@Zn/Co-MOF nanocomposites were collected by centrifugation, washed several times with
ethanol, and dried at 60 °C overnight.

Preparation of Co/C0304-NHC and NHC nanocomposites

The as-obtained ZnO@Zn/Co-MOF nanocomposites were annealed in a tube furnace at 920 °C
for 5 h (heating rate = 2 °C/min) under an Ar atmosphere. The obtained black powder was
immersed in 4 M NaOH for 24 h to remove the residual zinc. The product was collected by
centrifugation, followed by repeated washing with water and ethanol, and freeze-drying for three

days to minimize particle aggregation. This final product is denoted as Co/C0304-NHC. For



comparison, the as-prepared Co/C0304-NHC was immersed in 4 M HCI for 24 h to remove the
Co304 nanoparticles, and the resulting product named as NHC.

Preparation of ZIF-67 and Co-NC

For the synthesis of ZIF-67, Co(NOz3)2-6H>0 (4 mmol) and 2-Melm (160 mmol) were dissolved
in 10 mL and 200 mL of methanol, respectively. The Co(NO3)>-6H>0 solution was then poured
into the 2-Melm solution with vigorous stirring and the mixture was stirred for 24 h. The purple
ZIF-67 was collected by centrifugation, washed with ethanol, and dried at 60 °C overnight. The
as-obtained ZIF-67 was annealed at 920 °C for 5 h, and the final product was denoted as Co-NC.

Sulfur impregnation of Co/C0304-NHC (S@Co/Co0304-NHC)

Sulfur was impregnated into the as-prepared Co/C0304-NHC (S@Co/Co0304-NHC) via the typical
melting-diffusion method. The Co/Co304-NHC and S powder were mixed in a weight ratio of 3:7,
and heated to 155 °C for 12 h in a tube furnace under an Ar atmosphere. For comparison, the same
method was engaged to impregnate S to NHC (S@NHC) and Co-NC (S@Co-NC).

Preparation of Li2S6 solution

For the LiPSs adsorption test, a 10 mM Li>Se solution was prepared by mixing the sulfur and Li>S
with a molar ratio of 5:1 in a mixed solvent of 1,3-dioxolane and 1,2-dimethoxyethane with a
weight ratio of 1:1 under vigorous stirring at 60 °C for 24 h in the glovebox.

Material characterizations

The morphology of the as-prepared samples was characterized using field emission scanning
electron microscopy (FE-SEM, Hitachi S-4800) and transmission electron microscopy (TEM,
JEM-2010, JEOL) equipped with an energy-dispersive X-ray (EDX) spectrometer. The crystalline
structures of the samples were characterized using an X-ray diffractometer (D8 Advance, Bruker)

with Cu Ka (A = 1.5406 A) radiation. Raman spectra were collected using a Raman spectrometer



(DXR2xi Raman Imaging Microscope, Thermo Scientific) with an excitation laser wavelength of
532 nm. N; adsorption-desorption isotherms were obtained using an adsorption analyzer
(BELSORP-mini II, MicrotracBEL Corp.). Thermogravimetric analysis (TGA) was performed
using a thermal analyzer (TGA/DSC 1, Mettler Toledo Co.) at a heating rate of 10 °C min™' in N
or air atmosphere. X-ray photoelectron spectroscopy (XPS) analysis was carried out using an X-
ray photoelectron spectrometer (AXIS-HSi, Kratos Analytical) with a Mg Ka X-ray source.
Electrochemical measurements

The working electrodes were prepared by mixing the S@Co/Co304-NHC composite, a conducting
agent (Super P), and a binder (polyvinylidene difluoride) in N-methyl-2-pyrrolidinone with a
weight ratio of 8:1:1 using a ball-miller (Mini-Mill PULVERISETTE 23, FRITSCH). After
mixing, the slurry was cast onto an Al foil using a doctor blade, and then dried at 60 °C to remove
the solvent. The as-prepared electrode was cut in a circular shape, and the mass loading of the
active materials in the electrode was approximately 1.2 mg cm?. The electrochemical
performances were tested with a CR 2016 coin-type cell using Li metal as the counter and reference
electrodes and Celgard 2450 as the separator. Bis(trifluoromethane) sulfonimide lithium salt (1.0
M) in a mixed solvent of 1,3-dioxolane and 1,2-dimethoxyethane with a weight ratio of 1:1 was
used as an electrolyte with 1 wt% LiNOs additive. The amount of electrolyte was fixed to 30 pL.
mg! for all the cells prepared. The coin-cell was assembled in an Ar-filled glovebox with moisture
and oxygen contents below 1 ppm. Galvanostatic charge and discharge tests were conducted using
a WBCS3000S cycler (WonATech Co.) at different current densities in a voltage range of 1.7-2.8
V (vs. Li/Li"). Cyclic voltammograms (CV) were measured from 1.7 to 2.8 V (vs. Li/Li") at various

scan rates from 0.1 to 1.0 mV s™'. Electrochemical impedance spectroscopy (EIS) was performed



using a ZIVE SP1 potentiostat (ZIVE LAB, WonATech Co.) in a frequency range from 0.1 to 100
kHz.

3. Results and Discussion

Figure 1a illustrates the synthetic strategy of the hollow N-doped carbon composites embedded
with Co/Co0304 nanoparticles. Using the polyol-mediated precipitation method [40], we first
synthesized ZnO nanospheres as both a sacrificial template and the zinc source for binary Zn/Co-
metal-organic frameworks (MOFs). During the MOF formation in the presence of as-prepared
ZnO nanospheres, the organic linker molecule (2-Melm) coordinates to Co and Zn ions, forming
the bimetallic Zn/Co-MOFs that encapsulate the ZnO nanosphere core (ZnO@Zn/Co-MOFs). In
the subsequent thermal treatment at 920 °C, the organic linkers and Co ions in Zn/Co-MOFs are
reduced to in situ form N-doped carbon and Co/C0304 nanoparticles, respectively. Simultaneously,
the N-doped carbons in the vicinity of Co/Co0304 nanoparticles are converted to carbon nanotubes
(CNTs) catalyzed by Co nanoparticles [38,41,42]. Meanwhile, the Zn species, both in the Zn/Co-
MOFs and ZnO core, is first reduced to metallic Zn that eventually vaporizes at a higher
temperature (boiling point of Zn = 907 °C) [40], which also facilitates the growth of CNT in
Co/Co0304-embedded N-doped hollow carbon composite (denoted as Co/Co3z04-NHC).

The morphology and composition of as-prepared samples were examined by a combination of
microscopic techniques. Figure Sla in the Supporting Information is the field emission-scanning
electron microscopic (FE-SEM) image of ZnO nanospheres, which displays uniform spherical
nanoparticles with an average diameter of ca. 150 nm. A high-magnification image (Figure S1b)
reveals that the ZnO nanospheres are composed of numerous smaller nanoparticles (d < 10 nm)
thus rendering a rough surface. The encapsulation of ZnO with Zn/Co-MOFs is evident in the FE-

SEM images of ZnO@Zn/Co-MOFs (Figure 1b and 1c), where the brighter color in the center



suggests the formation of core-shell structure. A non-conventional morphology of ZnO@Zn/Co-
MOF (d = ca. 350 nm) features the uneven surface with overlapping polyhedrons, probably due to
the concurrent growth of MOFs at multiple sites or secondary growth on a pre-formed MOFs. The
transmission electron microscopic (TEM) image presented in Figure 1d confirms that the ZnO core
is well-encapsulated by the Zn/Co-MOF shell (ca. 100 nm thick), retaining its size and morphology
unchanged. The elemental distribution, revealed by energy-dispersive X-ray (EDX) elemental
mapping, further verifies the structure of ZnO@Zn/Co-MOFs (Figure 1e). The C, N, and Co are
evenly distributed in the shell region, whereas Zn is more concentrated in the core area, which
strongly supports that the Zn ions are partially dissolved from ZnO nanospheres and coordinated
with 2-Melm in the MOF formation step.

The MOFs can be used as a precursor to obtain the carbon materials doped with the desired
heteroatoms by a simple annealing process. The morphology of ZnO@Zn/Co-MOFs has
drastically changed upon the thermal and base treatments. As shown in Figure 2a and 2b, the multi-
edged polygonal shell of ZnO@Zn/Co-MOFs has changed to an irregular spherical shape of which
surface is covered with worm-like structures and smaller nanoparticles. TEM analysis confirms
these structural and morphological changes with clear visualization of tubular structures and
nanoparticles (Figure 2c and S2). The contrast difference between the center (lighter) and rim
(darker) regions indicates the hollow structure of Co/Co304-NHC, where the shell thickness has
declined to ca. 80 nm. The elemental mappings of Co/Co304-NHC indicate that C, N, O, and Co
are well-distributed over the entire composite, whereas Zn has almost disappeared due to the
thermal and base treatments (Figure 2d and S3). High-resolution TEM (HR-TEM) image and the
corresponding fast Fourier transform (FFT) pattern (Figure 2e) give the crystal structural

information of nanoparticles in Co/C0304-NHC shell. The lattice spacings of 0.202 and 0.205 nm
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observed in different nanoparticles correspond to the (400) plane of Co3O4 and the (111) plane of
metallic Co, respectively, indicating the existence of Co3O4 nanoparticles with some metallic Co
species. The ZnO nanoparticle plays a critical role in constructing such a unique morphology of
Co/C0304-NHC (Figure 2f). First, upon the thermal treatment, the ZnO core is reduced to metallic
Zn and evaporates, leaving a void space. Second, the interaction with 2-Melm allows the formation
of bimetallic Zn/Co-MOFs, in which Zn species is also reduced and vanishes during the thermal
treatment, creating micropores in the shell. Meanwhile, the oxygen gas released from ZnO can
partially oxidize the metallic Co present in the shell, yielding a Co/Co304 nanoparticle-embedded
hollow N-doped carbon composite. Third, the evaporation of Zn species from inside is also
responsible for the formation of such intertwined CNTs, assisted by the catalytic reaction of Co
nanoparticles at high temperature (920 °C) [38,41,42], which is generally not observed from the
carbonization of pristine ZIF-67.

To investigate the role of Co/Co304 nanoparticles in the electrochemical performance of Li-S
battery, we removed the Co3z04 nanoparticles by etching the Co/Co304-NHC with acid (denoted
as NHC), as shown in Figure S4. The TEM image and the EDX elemental mapping shown in
Figure S4 verify that most Co species disappeared, yet the morphology of NHC is unchanged. We
also prepared the ZIF-67 nanocrystals which have the uniform and typical polyhedron morphology
with the average size similar to Co/Co304-NHC (ca. 250 nm) [43] to investigate the role of ZnO
nanospheres (Figure S5). The as-prepared ZIF-67 nanocrystals were annealed under the same
conditions for comparison purpose, which is denoted as Co-NC (Figure S6). Notably, the size of
Co-NC remains similar to the pristine ZIF-67 and a few CNTs are visible on the surface.

To confirm the crystal structure and composition of embedded nanoparticles, the X-ray

diffraction (XRD) patterns of Co/Co0304-NHC, NHC, and Co-NC are obtained and compared in
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Figure 3a. Two types of diffraction peaks are identified from the Co/Co304-NHC, where those
observed at 19.0°,31.3°,36.9°,44.8°, 59.4°, 65.2°, and 77.3° correspond to the (111), (220), (311),
(400), (511), (440), and (533) planes of spinel CozO4 phase (JCPDS No. 42-1467), respectively,
while another small diffraction peak at 44.2° can be ascribed to the (111) plane of cubic Co phase
(JCPDS No. 15-0806). This confirms the HR-TEM results that identified Co3O4 nanoparticles with
metallic Co nanoparticles, further indicating that the majority of metallic Co has been oxidized to
Co0304 during the heat treatment. There are no diffraction peaks related to metallic Zn or ZnO,
indicating that Zn species has been removed from Co/Co304-NHC. The XRD pattern of NHC
displays only the weak diffraction peaks of the (111) and (200) planes of cubic Co phase at 44.2°
and 51.5°, respectively, suggesting a small number of Co nanoparticles still exist even after the
acid treatment. In the case of Co-NC, cubic Co phase is recognized with the diffraction peaks at
44.2°,51.5°, and 75.9° corresponding to the (111), (200), and (220) planes, respectively.

We also collected the Raman spectra to verify the chemical composition of the as-synthesized
samples, which are compared in Figure 3b. From the spectrum of Co/Co30s-NHC, four
characteristic Raman peaks corresponding to the Eg, F2,, and Ag modes of crystalline Co304 are
identified at 475, 515 and 611, and 679 cm™!, respectively [44,45]. Two additional peaks at 1341
and 1590 cm™! are assigned to the D (disordered carbon) and G bands (graphitic carbon) of carbon
species, respectively. The Raman spectrum of NHC exhibits only the carbon-related peaks,
suggesting that most of Co species are removed by the acid treatment. Similar to the Co/Co30s-
NHC, the Raman features of Co3O4 and carbon species are found from the Co-NC.

The synthesis of Co/Co304-NHC using the ZnO template allows the formation of hollow
structure with extensive pores in the shell, which would largely benefit the performance as the

sulfur host in Li-S battery. We evaluated the porosity of as-prepared samples by measuring the N»
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adsorption-desorption isotherms (Figure 3¢). Both Co/Co304-NHC and NHC display a mixture of
type I and type IV isotherms with a hysteresis loop, indicating the coexistence of meso- and
micropores in their structures. The Brunauer-Emmett-Teller (BET) surface area and the total pore
volume of Co/C0304-NHC are 453.6 m?> g! and 0.72 cm?® g'!, respectively, while NHC shows the
higher values of 588.0 m? g! and 0.93 cm® g’!, respectively, as the removal of Co/Co03Os
nanoparticles results in increasing the volume of mesopores (Figure S7). Such hierarchical
structure with two dimensions of pores can facilitate the diffusion of Li-ion and provide enough
space for high sulfur loading. In the case of Co-NC, the BET surface area and total pore volume
are measured to be 182.7 m? g'! and 0.37 cm® g’!, respectively, indicating the insufficient pore
volume for sulfur loading.

As stated earlier, the Co/Co304 nanoparticles are known to effectively adsorb the LiPSs
[39,46,47], which is a great advantage in developing the sulfur host for the high specific capacity
and stable cyclability for Li-S battery. The amount of Co/C0304 in the samples was determined by
thermogravimetric analysis (TGA) engaged in an air atmosphere (Figure 3d). The Co/Co304
contents in Co/Co304-NHC is estimated to be ca. 35 wt%, which is lower than Co contents of Co-
NC (ca. 62 wt%). This is because the Co/Co304-NHC is fabricated from the bimetallic Zn/Co-
MOFs in which Co ions are partially replaced by Zn ions from ZnO nanosphere, whereas the Co-
NC is converted from Co-MOFs (ZIF-67). Meanwhile, the NHC has merely 6 wt% Co304 and Co
nanoparticles due to the acid treatment, which is in good agreement with previous
characterizations. Interestingly, the onset of weight loss in TGA analysis begins at much lower
temperatures for Co/Co0304-NHC and Co-NC compared to NHC. The Co304 and/or metallic Co
nanoparticles in Co/Co0304-NHC and Co-NC are believed to facilitate the oxidation of carbon

materials, thus causing the earlier decomposition of carbon during TGA analysis [48].

13



We employed the X-ray photoelectron spectroscopy (XPS) to investigate the chemical
composition and oxidation state of samples. The XPS survey spectrum of Co/Co304-NHC, shown
in Figure S8a, confirms the presence of C, N, O, and Co. From the high-resolution C 1s XPS
spectrum (Figure S8b), four peaks are observed at 284.7, 285.2,286.8, and 288.2 eV corresponding
to the sp®> C, sp> C, C-O/C-N, and C=O0, respectively. The high-resolution N 1s XPS spectrum
(Figure 3e) shows the peaks at 398.7, 400.1, and 401.2 eV attributed to the pyridinic N (28.8 %),
pyrrolic N (49.3 %), and graphitic N (21.9 %), respectively. The abundant pyridinic and pyrrolic
N atoms are expected to enhance the cycle stability and electrical conductivity as they can provide
the active sites for strong chemical adsorption of LiPSs [49-51]. The high-resolution Co 2p3» XPS
spectrum (Figure 3f) can be deconvoluted into four peaks at 778.4, 780.2, 781.0, and 786.2 eV,
which are assigned to the metallic Co, Co®", Co?", and satellite peaks, respectively. In addition to
Co nanoparticles, the existence of Co3O4 is confirmed by these Co**, Co**, and satellite peaks
[52,53]. It was reported that the Co/Co3O4 nanoparticles not only efficiently anchor and
immobilize LiPSs but also accelerate the redox kinetics of LiPSs during cycling [39,47,54]. The
decreased Co304 peak intensities are evident in the high-resolution Co 2p3» spectrum of NHC
(Figure S9), which agrees well with the XRD results (Figure 3a). In contrast, the high-resolution
N Is XPS spectrum of NHC exhibits no obvious changes, confirming that the content and types of
N-doping sites are retained after acid treatment (Figure S9c).

The S-infiltrated cathodes were prepared by impregnating Co/Co304-NHC, NHC, and Co-NC
with S powder (S-to-host weight ratio = 7:3) by the typical melt-diffusion method (denoted as
S@Co/Co304-NHC, S@NHC, and S@Co-NC, respectively). The SEM image in Figure S10a
shows that the S@Co/C0304-NHC maintains its spherical morphology without any aggregated

sulfur particles. Moreover, the TEM and EDX elemental mapping images in Figure S10b and S10c¢
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show that sulfur powder was successfully diffused into the pores of Co/Co304-NHC. This is also
supported by the XRD pattern (Figure S11) that displays the diffraction peaks for S (JCPDS No.
08-0247) and Co0304 (JCPDS No. 42-1467). The SEM, TEM, and the EDX elemental mapping
images of S@NHC (Figure S10d-f) show that sulfur powder was also diffused into the pores of
NHC without any aggregated sulfur particles. The unchanged chemical composition of
S@Co0/Co304-NHC is confirmed by Raman and XPS survey spectra (Figure S12a and S12b). The
XPS survey spectrum exhibits an additional S peak, and the high-resolution S 2p XPS spectrum
(Figure S12c) shows two peaks at 163.5 and 164.7 eV attributed to S 2p*? and S 2p'? spin orbits,
respectively, and another peak at 167.8 eV assigned to the sulfate due to oxidation of S in an air
[55]. Upon the S impregnation, the BET surface area and the total pore volume of S@Co/C0304-
NHC are substantially reduced to 7.0 m? g! and 0.07 cm® g! from 453.6 m? g! and 0.72 cm® g’!,
respectively, confirming the successful S loading in the Co/C0304-NHC (Figure S12d). The S
contents of the composites measured by TGA in the N> atmosphere (Figure S13) are 71, 71, and
63 wt% in the S@Co/Co304-NHC, S@NHC, and S@Co-NC, respectively, indicating insufficient
space in Co-NC for S loading, as shown in Figure S14.

To reveal the electrocatalytic effect of Co/Co0304 nanoparticles, cyclic voltammetry (CV) was
performed on two samples with comparable porosities but contrasting Co/Co030O4 contents,
S@Co0/Co304-NHC and S@NHC, within the voltage range of 1.7 and 2.8 V at different scan rates
(Figure 4a and S15). At a slow scan rate of 0.1 mV s’!, two cathodic peaks appear in the CVs of
both S@Co/Co304-NHC and S@NHC; one located at ca. 2.26 V and the other at ca. 2.00 V, which
arise from the reduction of S to high-order LiPSs (Li2Sx, 4 < x < 8) and the further reduction of
these polysulfides to solid-state Li>S»/Li,S, respectively. The anodic peaks located at ca. 2.40 V

indicate the oxidation of Li2S2/Li>S back to S. In both electrodes, peak separation is observed as
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the scan rate increases. In the case of S@Co/Co0304-NHC, two cathodic peaks are negatively
shifted by 0.03 and 0.10 V while the anodic peak is positively shifted by 0.11 V. Similar peak
shifts are observed from S@NHC but with larger extents (0.05 and 0.12 V for cathodic peaks and
0.16 V for anodic peak). This implies that the Co/C0304 nanoparticles can effectively decrease the
polarization activation and enhance the redox kinetics.

The redox kinetics of both electrodes are further analyzed by the Randles—Sevcik equation (1)
[56-58]:

I, = (2.69 x 10%)n'° 4D Cpiv®? (1)

where /, is the peak current, n is the number of electrons transferred, A4 is the surface area of the
electrode, Dy 1s the Li-ion diffusion coefficient, Cy; is the Li-ion concentration in the electrolyte,
and v is the scan rate. The cathodic and anodic Dy; values of the two electrodes are calculated from
the linear relationship of I, vs. v*, as compared in Figure 4b, 4c and S16. The S@Co0/C0304-NHC
exhibits the steeper slopes than S@NHC for both cathodic and anodic peaks, indicating the higher
Li-ion diffusivity due to the chemical affinity of Co/Co304 nanoparticles, thus providing the faster
kinetics during cycling.

The electrochemical impedance spectroscopy (EIS) can provide further insights into the
electrochemical kinetics. Figure S17 shows the Nyquist plots of Co/Co0304-NHC and NHC
electrodes that are freshly prepared to fabricate the symmetric cells with the electrolyte containing
10 mM LixSe. The smaller semicircle (12.2 £ 0.4 Q) observed from Co/Co0304+-NHC electrode
reflects the lower charge transfer resistance (Rc) in the high-frequency region, compared with
NHC (24.2 £0.5 Q2). Combined with CV results, the Co/Co304 nanoparticles in the S@Co/Co0304-
NHC are found to play crucial roles in enhancing the redox kinetics and facilitating the conversion

of polysulfides to LiPSs, as well as fast electron transport.
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The rate performances of the S@Co/Co304-NHC, S@NHC, and S@Co-NC cathodes are tested
at various current densities from 0.2 to 7 C, as shown in Figure 4d. The S@Co/Co304-NHC
cathode exhibits good specific discharge capacities of 957.1, 776.6, 658.9, 538.2, 494.4, 447.9,
and 423.0mA h g'at 0.2, 0.5, 1, 2, 3, and even at high current densities of 5 and 7C, respectively,
while the S@NHC cathode exhibits the lower specific discharge capacities. The enhanced rate
capability of S@Co/Co0304-NHC cathode is attributed to the presence of Co/Co304 nanoparticles
that enable the fast LiPSs redox kinetics, as revealed with CV and EIS results. Moreover, the
discharge capacity of the S@Co/Co304-NHC cathode is recovered to 886.4 mA h g'! when the
current density returns to 0.2 C, indicating good structural stability of S@Co/Co304-NHC
composites. The corresponding charge/discharge profiles of the samples are presented in Figure
4e and S18. Two distinct discharge and charge plateaus are evident in S@Co/C0304-NHC cathode
even at high current densities. In contrast, at high current densities of 5 and 7C, these plateaus are
not observed from the S@NHC cathode due to the slow kinetics of the LiPSs conversion.
Moreover, the S@Co-NC cathode shows the large polarization due to the small surface area that
limits the active sites and the utilization of sulfur. We also evaluated the cycling performance of
the S@Co/Co304-NHC cathode with a higher sulfur loading of 4 mg cm™ at 1C rate (Figure 4f).
The specific discharge capacity increases during the initial ten cycles due to the activation of high-
loaded electrode. The corresponding galvanostatic discharge/charge profiles of the high loading
S@Co0/Co304-NHC cathode (Figure S19) also display a similar activation process for the initial
ten cycles followed by a stable cyclability till 250 cycles. The specific discharge capacity of 371.9
mA h g! is still maintained after 250 cycles with a capacity retention of 87.8%, corresponding to
a low capacity decay of 0.048% per cycle. Figure 4g displays the long-term cycling performances

of the S@Co/Co304-NHC, S@NHC, and S@Co-NC cathodes evaluated at 1C. The S@Co/Co30s-
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NHC cathode exhibits the best cycling stability as manifested by a high discharge capacity of 553.4
mA h g'! after 500 cycles with a capacity retention of 84.1%. The corresponding charge/discharge
profiles of the S@Co/Co304-NHC (Figure S20) show two distinct discharge and charge plateaus,
confirming a stable cyclability. On the other hand, S@NHC cathode has a discharge capacity of
439.1 mA h g'! after 500 cycles with the lowest capacity retention of 74.2% due to the low chemical
affinity with LiPSs resulting in the largest capacity fading during long-term cycling. Moreover,
S@Co-NC cathode has a discharge capacity of 356.9 mA h g! after 500 cycles with a capacity
retention of 79.7%, showing higher capacity retention than the S@NHC cathode benefited by the
presence of Co nanoparticles in the composites. Although some Co nanoparticles in S@Co-NC
can suppress the dissolution of LiPSs, the insufficient surface area results in low utilization of
sulfur and the lowest discharge capacity. These results clearly indicate that the S@Co/Co304-NHC
cathode not only immobilizes the LiPSs with strong chemical affinity by introducing Co/C0304
nanoparticles but also provides large surface area for high utilization of sulfur, showing the
improved long-term cycling performance.

To verify the chemical affinity of the synthesized materials for LiPSs, a polysulfide adsorption
test was conducted using the Li>Se solution by monitoring the concentration of Li>Se using UV-
vis absorption spectroscopy. As shown in Figure 4h, 10 mM Li,Ss solution containing Co/Co0304-
NHC becomes almost colorless after stirring for 24h, exhibiting the significantly decreased
absorption peaks in the visible region, whereas the Li>S¢ solution with NHC remains light yellow.
The soluble LiPSs are partially entrapped in the NHC due to the chemical adsorption on N, but it
is insufficient to encapsulate the most LiPSs within the composite. In contrast, Co/Co304-NHC
effectively entraps the LiPSs with the synergistic effect of N doping and Co/Co304 nanoparticles,

showing the stronger chemical interaction with LiPSs. In addition, we examined the separators and
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S@Co0/Co304-NHC and S@NHC cathodes after 100 cycles. The digital photo of the separators
disassembled from the cycled cells provides the visual evidence of severe dissolution of the LiPSs
only from the S@NHC cell (Figure S21a). Furthermore, the cycled S@Co/Co0304-NHC cathode
well retains its morphology (Figure S21b), demonstrating that Co/Co304-NHC composites can
effectively suppress the dissolution of the LiPSs. In contrast, the initial morphology of S@NHC
cathode has largely altered with irregular discharge products covering the surface (Figure S21c¢)
because of the insufficient chemical adsorption affinity for the LiPSs, which explains its poor

electrochemical performance.

4. Conclusion

In summary, N-doped hollow and porous carbon composites containing Co/Co3z04 nanoparticles
and CNTs (Co/C0304-NHC) are prepared as an effective S hosting material for Li-S battery. The
ZnO nanospheres used as a sacrificial template and Zn precursor for bimetallic MOFs are reduced
and evaporate during the carbonization to yield the hierarchical porous carbon structures in which
Co/Co0304 nanoparticles are evenly distributed. The use of ZnO also facilitated the in situ growth
of CNTs, as well as the micropores, which physically confine the LiPSs and enhance the Li-ion
and electron transports. Moreover, the carbonization of bimetallic Co/Zn-MOFs afforded evenly
distributed Co/C0304 nanoparticles in the N-doped carbon matrix, providing abundant active sites
to accelerate the S redox reactions and chemically interact with LiPSs, thus preventing the
dissolution and diffusion of LiPSs. An outstanding rate capability (447.9 mA h g'! at 5 C rate) and
good cycling stability (553.4 mA h g after 500 cycles at 1 C rate) are demonstrated based on
S@C0/Co304-NHC cathode. Also, with a higher S loading (4 mg cm™), a stable specific discharge

capacity of 371.9 mA h g'! is retained after 250 cycles with a capacity retention of 87.8%. This
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work can offer a promising strategy to develop high-performance Li-S batteries and other

catalysis-related applications.
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Figure 1. (a) Schematic illustration of the synthetic procedure for S@Co/Co304-NHC. (b) Low-
and (c) high-magnification FE-SEM images, (d) TEM image, and (¢) EDX elemental mapping

images of ZnO@Zn/Co-MOF. The inset in (d) is the STEM image.
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Figure 2. (a) Low- and (b) high-magnification FE-SEM images, (c) TEM image, (d) EDX
elemental mapping images, and (¢) HR-TEM image of Co/Co304-NHC. The inset in (e) is the
corresponding FFT image. (f) Schematic illustrating the effective roles of ZnO core in the synthetic

process of Co/Co304-NHC.
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Figure 3. (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption-desorption isotherms, and (d)

TGA curves of Co/C0304-NHC, NHC, and Co-NC. High-resolution XPS spectra for (¢) N 1s and

() Co 2p3/2 regions of Co/Co304-NHC.
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Figure 4. (a) CV curves of S@Co/C0304-NHC electrode at various scan rates from 0.1 to 1.0 mV
s, Plots of CV peak current of the (b) cathodic peak (Li>Sx—Li>S2/Li»S) and (c) anodic peak
(Li2S2/Li2S—Sg) against the square root of scan rate for the S@Co/Co304-NHC and S@NHC
electrodes. (d) Rate performance of S@Co/C0304-NHC, S@NHC, and S@Co-NC electrodes. (¢)
Galvanostatic discharge/charge profiles of S@Co/Co304-NHC electrode at various current
densities from 0.2 to 7.0 C. (f) Cycling performance of S@Co/C0304-NHC with a sulfur loading
of 4 mg cm™ at 1C for 250 cycles. (g) Long-term cycling performance of S@Co/Co304-NHC,
S@NHC, and S@Co-NC electrodes at 1C for 500 cycles. (h) UV-vis absorption spectra of 10 mM
Li>S¢ solutions containing Co/Co304-NHC, NHC, and Co-NC. Inset is the digital photos of Li>Se

solutions after 24 h stirring.
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