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Abstract

The lithium-sulfur (Li-S) battery is widely regarded as a promising energy storage device due
to its low price and earth-abundant materials employed. However, the shuttle effect of lithium
polysulfides (LiPSs) and sluggish redox conversion result in inefficient sulfur utilization, low
power density, and rapid electrode deterioration. Herein, we address these challenges with
two strategies (1) increasing LiPSs conversion kinetics through catalysis, and (2) alleviating
the shuttle effect by enhanced trapping and adsorption of LiPSs. We achieve these
improvements by constructing double-shelled hollow nanocages derived from core-shell
metal organic frameworks, decorated with cobalt nitride catalyst. The N-doped hollow inner
carbon shell not only serves as a physical trap and chemical absorber for LiPSs, but also
improves the electrical conductivity of the electrode, resulting in a largely mitigated shuttle
effect. Cobalt nitride (CosN) nanoparticles, embedded in nitrogen-doped carbon in the outer
shell, catalyze the conversion of LiPSs, leading to decreased polarization and fast kinetics
during cycling. Density functional theory simulations of the Li intercalation energetics
confirm the improved catalytic activity of the CosN compared to metallic Co catalyst.
Altogether, the double-shell hollow nanocage electrode shows large reversible capacity of
1242 mAh g at 0.1 C, robust stability (a capacity retention of 658 mAh g* at 5 C after 400
cycles with low capacity fading of 0.04% per cycle), and superior cycling stability at high

sulfur loading (4.5 mg cm?).
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1. Introduction

Extensive efforts have been devoted to constructing the cathode of lithium-sulfur (Li-S)
batteries to meet the ever-increasing energy demands due to the abundant reserves of
materials involved, and affordable cost.l**] However, the commercial application of the sulfur
cathode for the Li-S batteries is restrained by several technical barriers“®! compared with Li-
ion battery.[’l Firstly, the poor conductivity of sulfur and its reaction intermediates limit the
sulfur utilization,® thus lead to decreased energy density and power density. Secondly,
during the charge/discharge process, there is a large volume change, resulting in rapid
deterioration of the electrode structure. Various strategies have been investigated to increase
electrode conductivity and to accommodate the volume expansion,®1 Last but not least, the
dissolution and transport of lithium polysulfides (LiPSs) in the electrolyte result in the fatal
“shuttle effect” that causes the deposition of Li>S on Li anode and then degrades the cycle
performance. This shuttle effect could be mitigated by (1) trapping/confining the soluble
LiPSs in the cathode by physical and chemical adsorption,™?-*5 which prevents the transport
of soluble LiPSs in the electrolyte, and (2) enhancing the kinetics of LiPS conversion
reactions so that the soluble long-chain LiPS could transform to insoluble short-chain LiPS
quickly, limiting the lifetime of soluble LiPSé 1. Putting together, a superior Li-S battery
could be achieved by designing a cathode with high electrical conductivity (to facilitate
electron transport),[*® 1°1 a porous structure (to accommodate volume expansion),® 2% strong
polar affinity for LiPSs (to increase physiochemical adsorption),i*® 2% 221 and fast kinetics for
LiPSs conversion (to accelerate the reaction kinetics)[?l.

Recent work has found that the use of a carbon support with properly designed structures
can effectively mitigate the poor electrical conductivity of the cathode, serious volume
expansion, as well the loss of soluble LiPSs,?4281 Various carbon-based hosts have been
widespreadly investigated as sulfur hosts, which physically confine LiPSs to enhance the

electrochemical performance. Examples include graphene/graphene oxide?” 28 hollow
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carbon?®®!, carbon nanotubes (CNTSs),2* 2% 301 carbon fibers,®™ and porous carbon.!?!
Generally, constructing three-dimensional (3D) porous carbon materials with abundant open
access can effectively ensure high sulfur loading, efficient electrolyte infiltration, fast Li ion
diffusion, and efficient electron transfer.[32-3]

Nevertheless, the relatively weak interaction among carbon and LiPSs makes it difficult
to trap the dissolved LiPSs.*8 371 Heteroatom doping into carbon frameworks has been
proved to be an effective technique to improve the interaction between carbon host and LiPSs,
as well as to enhance the electrical conductivity of carbon by doping-increased electrical
charge density.[> %840 For example, Pan et al.[*%l prepared nitrogen-doped (N-) graphene
nanohollows with 3D electronically conductive frameworks and strong interaction of LiPSs,
which could increase the adsorption of LiPSs and maintain the structural integrity during
cycling. An N, P-codoped carbon framework™ can effectively prevent LiPSs dissolution by
physical trapping and chemical adsorption. An even stronger chemical adsorption of
dissolved LiPSs can occur on polar metal-based compounds, such as metal oxides/sulfides."
41441 However, these materials often have low electrical conductivities, which lead to poor
electron transport.®¥! In addition, the transformation of LiPSs during the charge/discharge
process also has slow kinetics on these materials, which result in poor rate performance.[*]
Additionally, some noble metals and metal phosphides as sulfur hosts are found to accelerate
the reaction kinetics of LiPSs conversion.[6-47]

In this work, we introduce cobalt nitride (CosN)8 41 as the catalyst to enhance the
kinetics of LiPSs conversion. We embedded the CosN nanoparticles in N-doped carbon,
which forms the outer shell of a double-shelled hollow nanocage whose inner shell is N-
doped carbon (denoted as h-CosN@NC). Such a hollow nanocage not only enhances the
sulfur loading, but also buffers the volume expansion of sulfur. Moreover, the N-doped inner

shell can effectively trap the LiPSs by physical confinement and chemical adsorption.
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Additionally, the CosN nanoparticles embedded in N-doped carbon outer shell can efficiently
catalyze the reversible conversion of the polysulfide during charge/discharge cycling, as
verified both experimentally and theoretically. The performances of the CosN catalyst are
benchmarked against a cobalt-free nanocage (denoted as h-NC), and a metallic Co catalyst
(denoted as h-Co@NC). Lastly, the N doping in carbon support can boost the conductivity of
the integrated electrode. As a consequence, the electrode displays remarkable catalytic
activity (low overpotential, small Tafel slope, and fast redox kinetics), high specific capacity
(1242 mAh gt at 0.1 C), and robust stability (a capacity retention of 658 mAh g at 5 C after

400 cycles), and excellent cycling stability at high sulfur loading.
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2. Results and Discussion
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Figure 1 The synthesis process of the h-CosN@NC/S electrode.

The preparation process of the h-CosN@NC/S is shown in Figure 1. First, ZIF-8 was
prepared at room temperature similar to a previous report.’% Then, with ZIF-8 as the
template, a core-shelled ZIF-8@ZIF-67 structure was prepared via epitaxial growth using

Co(NO3)2 * 6H.0 and 2-Methylimidazole as the precursors. A double-shell hollow

architecture was obtained by pyrolysis of the core-shelled ZIF-8@ZIF-67 at 800 °C for 3 h in
Ar atmosphere. Then, the harvested composite was further calcined at 600 °C for 2 h in NH3
atmosphere. Finally, the h-CosN@NC/S electrode was prepared by heating the mixture of h-
CosN@NC and sulfur. The XRD patterns and morphologies of the ZIF-8 and ZIF-67 crystals
were shown in Supporting Figure S1 and Figure S2, respectively. The ZIF-8 and ZIF-67
crystals with uniform sizes of 500 nm and 600 nm, respectively, have smooth surfaces. 51!
After epitaxial growth, the ZIF-8@ZIF-67 was synthesized (Supporting Figure S2), which
had the same morphology as that of ZIF-8. Supporting Figure S3a shows the TEM image of

the ZIF-8@ZIF-67 structure, which confirms the polyhedral crystal and uniform sizes. The
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composition of the composite was verified by the EDX elemental mapping, as shown in
Supporting Figure S3b. All of the aforementioned characterizations suggest the successful

formation of the ZIF-8@ZIF-67 structure.

Figure 2 (a, b) TEM images of h-CosN@NC. (c, d) Typical HRTEM images of h-CosaN@NC.
(e) TEM image and SEAD pattern (inset) of h-CosN@NC/S. (f) HRTEM image of h-
CosN@NC/S. (f) EDX element mapping images of h-CosN@NC/S. The shape of the particle

is labeled with dotted polygons.

After pyrolysis, the core-shell structure turned into a hollow structure with abundant
CNT grown on the surface catalysed by Co during pyrolysis, as shown in Supporting Figure

S4. The polyhedral structure of the h-Co@NC remained but the crystal became smaller. The
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XRD patterns of the h-Co@NC are shown in Supporting Figure S5a. One broad peak
located at 26° is attributed to amorphous carbon, and two diffraction peaks centered at 44.25°
and 51.55° match well with the (111) and (200) planes of metal Col®!l (JCPDS#15-0806).
There are no diffraction peaks of Zn-based compounds, indicating that Zn atoms were
evaporated during high-temperature pyrolysis or Zn-based compounds may exist in
amorphous state. After the acid etching, the diffraction peaks of Co metal in the h-Co@NC
disappear (Supporting Figure S5b), indicating that the Co metal was completely removed. It
is worth noting that the morphology has no apparent change compared with that of the h-
Co@NC. TEM images of the h-Co@NC depicted in Supporting Figure S6 show the double-
shelled nanocage formation, which is in agreement with the SEM images. The inner shell is
amorphous carbon, derived from ZIF-8. The outer shell of pyrolysed ZIF-67 is composed of
CNT decorated with sub-10-nm Co nanoparticles (Supporting Figure S6d). After the
nitridation process, the double-shelled morphologies of the polyhedral structure remained, as
shown in Supporting Figure S7. TEM images of the h-CosN@NC are shown in Figure 2a,
2b, which also display double-shelled structure with the N-doped carbon (inner shell)
wrapped by the nanoparticle-decorated CNT (outer shell). The diameter of the N-doped CNT
is about 5.6 nm (Figure 2c), which are uniformly distributed on the outer shell. The sub-10-
nm nanoparticles on the outer shell are composed of CosN with lattice distance of about
0.207 nm (Figure 2d and Supporting Figure S8), corresponding to the (111) plane of
Co4N.B2 After sulfur injection, the morphology remains unchanged (Supporting Figure S9
and Figure 2e). The HRTEM image and its corresponding EDX elemental mapping in the
dashed polygon (Figure 2f) show the distribution of N, C, Co and S elements. It is worth
noting that N, C, and Co elements are homogeneously distributed in the box, however, S

element distribution shows regular polygon shape, corresponding to the geometry of the
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particle. This difference in element distribution suggests that sulfur nanoparticles are mainly
confined inside the hollow nanocages.

XRD patterns of the h-Co@NC/S composite show the typical characteristic peaks of Sg
(JCPDS#08-0243) besides that of metal Co, compared with the patterns of the h-Co@NC
(Supporting Figure S10). Also, the results of the XRD patterns of the h-CosN@NC/S have
the same traits with that of the h-Co@NC/S composite (Supporting Figure S1l1a). The
content of the sulfur in the h-CosN@NC/S is evaluated to be about 75.5wt% according to the
TGA curve of the h-CosN@NC/S composite (Supporting Figure S11b). The BET specific
surface area of the h-CosN@NC material is characterized to be around 576 m? g*
(Supporting Figure Sl1ic), and the pore distribution ranges from 1 to 4 nm with the
coexistence of micropores and mesopores (Supporting Figure S11d). After sulfur injection,
the surface area of the composite decreases to 30 m? g*, and the fingerprint features of
mesoporous structure disappear, suggesting that sulfur is filled into the hollow nanocages and
mesopores. The Raman spectrum of the h-CosN@NC composite (Supporting Figure S12a)
shows the presence of CNTs (RBM peak below 200 cm™), CosN (Eg, F2g and Ayg peaks
between 450 and 700 cm™), and doped/defective carbon (D and G peaks between 1200 and
1500 cmt). The XPS spectra of the h-CosN@NC sample confirm the presence of the Co, N,
and C elements in the composite (Supporting Figure S12b). As shown in Supporting
Figure S12d, the N 1s spectrum of the h-CosN@NC/S composite can be deconvoluted into
pyridinic (398.6 eV), and graphitic N (401.8 eV).’% The presence of the N element could
facilitate the LiPSs adsorption and accelerate the redox Kinetics of the LiPSs, then favor the
energy storage of the Li-S batteries.[®® 54 In addition, the LiPSs adsorption capability of h-
NC, h-Co@NC, and h-CosN@NC composites are compared in Supporting Figure S13. The
guantitative comparison among the UV-vis spectra of the three solutions after the adsorption

test is presented in Figure S14, with the bare Li>Se solution as the reference. The UV-vis
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spectra of the solution with added h-CosN@NC after the adsorption test shows that the h-
CosN@NC sample has the highest adsorption capability. The much better adsorption
capability of the h-CosN@NC composite than the rest can be seen from the colorless solution,

which also demonstrates the strong chemical affinity between LiPSs and CosN nanoparticles.
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Figure 3 (a) First cycle charge voltage profiles of the h-NC/S, h-Co@NC/S, and h-
CosN@NC/S electrodes. (b) The first CV curves of the h-NC/S, h-Co@NC/S, and h-
CosN@NC/S electrodes. (c) Onset potential and (d) Peak voltage of the h-NC/S, h-

Co@NCI/S, and h-CosN@NC/S electrodes from the first CV curves. (e, f) Tafel slopes of the
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h-NC/S, h-Co@NC/S, and h-CosN@NC/S electrodes from the cathodic peaks of the first CV

curves.

The aforementioned material characterizations confirm that we have successfully
synthesized the double-shelled hollow nanocages with N-doped carbon as the inner shell, and
CosN nanoparticle-embedded N-doped CNTs as the outer shell. Next, we discuss the
electrochemical performance of the electrode. To verify the different activation barriers on
the three composites, the first charge process is shown in Figure 3a. The h-CosN@NC/S
electrode shows the lowest activation barrier as seen from the activation peak that is the
potential peak at the beginning of the first charge process®> %1 suggesting the highest
catalytic ability and the fastest redox Kinetics. Figure 3c shows the onset potentials of the
three electrodes according to the first CV curves (Figure 3b). The h-CosN@NC/S electrode
shows the cathodic onset potentials of 2.42, and 2.07 V respectively, which are larger than
those of the h-NC/S and h-Co@NC/S electrode. Furthermore, the anodic onset potential of
the h-CosN@NC/S is 2.30 V, smaller than those of the h-NC/S and h-Co@NC/S electrode.
Also, the trend of the peak potentials is similar to those of onset potentials (Figure 3d). In
addition, the Tafel slopes of the three electrodes are shown in Figure 3e and 3f, derived from
the CV curves. During the cathodic and anodic processes, the h-CosN@NC/S electrode has
the lowest Tafel slope among the three electrodes. The above results demonstrate that the h-
CosN@NC can efficiently catalyze the conversion of the LiPSs and enhance the redox
kinetics of LiPSs.

The catalytic effects of CosN were verified using density functional theory calculations.
We investigated Li intercalation into S covered Co (101), CosN (111), and CosN (100)
surfaces. Co(101) is the most abundant facet of metallic Co," while CosN(111) and CosN
(100) are the CosN facets with the lowest surface energies (Supplementary Table 1). All

three facets were highly reactive, and Sg rings spontaneously dissociate completely to
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separate S* upon contact with the surface. The considerable stability of chemisorbed S*
atoms relative to physisorbed polysulfides is consistent with the reduced capacity losses
during battery cycling. In what follows, we assume all S* atoms in our model systems to be

chemisorbed.
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Figure 4 Sulfur coverage and potential dependence of Li intercalation of the Co and CosN
catalysts from DFT simulations. (a-c) Convex hull depiction for S loading on Co(101),
CosN(111), and CosN(100), respectively. The insets show the most stable S loading x=2
configuration for each surface. (d) Free energy pathway for lithiation on the considered
surfaces at x = 2. The vertical arrow indicates the limiting cathodic potential Uc=-1.63V at
which lithiation becomes facile for Co4sN(111). The horizontal arrows indicate the charging
and discharge processes. (e¢) Configurations of the most stable lithiated phases at a
stoichiometry of LixS for Co(101) (left) and Co4N(100) (right). Black lines indicate the unit

cell.
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Given the large configuration space for this multicomponent system, the S and mixed S/Li
loadings were then systematically sampled for a substantial number of surface configurations
of a given composition. Distance cut-offs based on preliminary sampling were imposed when
generating initial structures (see details in Supplementary Information). The formation
energies of the S loaded surfaces are depicted in Figure 4a-c as a convex hull representation
computed as EfP™e* =ML (S, A) = E(S4A) — xE (SyimA) — (1 — x)E(A) with A=Co(101)stab,
C0sN(111)s1ab, Or Co4N(100)s1an, and where Sy, is the respective maximum S coverage.8
For all surfaces, two S atoms (x=2) per unit cell yields the most thermodynamically stable
loading. Electrically insulating surfaces of multi-layer S (x>3) are thermodynamically
unfavorable. This suggests the surface is conductive as confirmed via density of state
calculations (see Supporting Figure S17, S18).

Li intercalation on the different surfaces was sampled for the most stable configurations at
the most favorable S loading (x=2). Corresponding minimum energy structures appeared to
be very ordered, as depicted in Figure 4e. The free energy pathway constructed from the
minimum energy structures for the catalyzed Li intercalation process is shown in Figure 4d.
We find the trends in free energies for the lithiation of LiS to Li.S are consistent with the
experimentally determined cathodic CV peaks (Figure 3b). When the cell voltage is 0 V, the
reaction pathway from an S* covered surface to a surface with maximum lithiation is
downhill in free energy. As the potential is increased, the reverse reaction starts to become
favourable. At 1.63V, the reaction pathway corresponding to charging is completely
exergonic for CosN(111), but contains uphill steps for the other surfaces. This trend reflects a
lower theoretical onset potential for CosN over Co, in agreement with the anodic peak
position shown in Figure 3b, and confirms that CosN is a better redox catalyst. For all three
facets considered, the catalyzed delithiation process is facile at the experimental cell

potentials scanned ~2.0 V. During discharging, a Li ion concentration gradient between the
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CosN or Co catalyst and the surrounding S covered N-doped graphene host material will
build up. We hypothesize that this gradient equilibrates through Li diffusion and subsequent
lithiation/de-lithiation via LiPS formation on the host material. This way, cycling will pass
through the usual lithiation stages of S which is evident from the typical LiPS based cell
potential profile. The better catalytic activity of CosN over Co may arise from the presence of
N at the surface, which has unsaturated bonds that bind more strongly to the LiPS

intermediates.
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Figure 5 Electrochemical properties of Li-S batteries. (a) Cyclic voltammograms of h-
CosN@NC/S electrodes for the first four cycles at 0.2 mV s™. (b) Representative charge-
discharge voltage profiles. (c) Cycling at 0.1 C over 100 cycles of the h-NC/S, h-Co@NC/S,
and h-CosN@NC/S electrodes with sulfur loading of 1.5 mg cm™. (d) Charge-discharge
curves of the h-CosN@NC/S composites at various current densities from 0.1 C to 8 C. (e)
Rate performance of the composites. (f) Cycling performance of the h-CosN@NC/S

composite at high rates.

The electrochemical storage properties of the h-NC/S, h-Co@NC/S, and h-CosN@NC/S
electrodes for Li-S batteries were characterized by coin cells employing a lithium plate as

counter electrode. CV curves of the h-CosN@NC/S electrode are shown in Figure 5a. There
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are two cathodic peaks centered at 2.33 and 2.04 V, respectively, which are attributed to the
conversion of sulfur to LiPSs. In the oxidation process, there is a wide peak located at 2.42 V,
corresponding to the reversible oxidation of LiPSs to Li»Se/S. Supporting Figure S19a,
S19b show the typical CV curves of the other two electrodes, which also display two
cathodic peaks and a broad anodic peak. However, the potentials of the reduction (oxidation)
peaks for the h-NC/S and h-Co@NC/S electrodes are smaller (larger) than those of the h-
CosN@NC/S material, which indicates much larger electrochemical polarization and slower
kinetics. The CV profiles of the h-CosaN@NC/S electrode for the first four cycles almost
overlap, demonstrating the excellent stability. The first charge/discharge profiles of the three
electrodes are shown in Figure 5b at 0.1 C. The charge/discharge capacities for the h-
CosN@NC/S electrode are 1046 and 1242 mAh g, respectively, which are the highest
among the three electrodes. The h-CosN@NC/S electrode also shows the smallest AE,
indicating the smallest electrochemical polarization, in agreement with the CV curves. The
CV measurements were performed at different scan rates from 0.1 to 1.0 mV s to explore
the kinetics of Li* insertion/extraction and Li* diffusion rate in the battery cell, as shown in
Figure S21 and Figure S22, which demonstrates that Li* diffusion kinetics for the electrode
is significantly enhanced by h-CosaN@NC.

The above results demonstrate the fast reaction kinetics and the thermodynamically
favorable conversion between LiPSs and Li>Sg/S on the h-CosN@NC/S composite. The latter
also leads to excellent cycling stability over 100 cycles at 0.1 C, as displayed in Figure 5c.
The first discharge capacity of the h-CosaN@NC/S electrode is about 1246 mAh g?. In
contrast, the h-NC/S and h-Co@NC/S electrodes deliver 951 and 1038 mAh g, respectively.
After 100 cycles, the capacity for the h-CosN@NC/S electrode still retains 1102 mAh g*
with coulombic efficiencies (CE) of almost 100%. In obvious contrast, the h-NC/S and h-

Co@NC/S electrodes undergo fast capacity fade with low capacities of 726 and 835 mAh g2,
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respectively, after 100 cycles. In addition, the h-CosN@NC/S electrode also delivers
excellent rate capabilities, as shown in Fig 5d and 5e. At the current rates from 0.1 to 8 C, the
capacities of the h-CosaN@NC/S electrode are 1272, 1014, 928, 856, 760 and 574 mAh g,
respectively, superior to those of the h-NC/S and h-Co@NC/S electrodes. Finally, when the
current density returns to 1 C, the capacities of the h-NC/S, h-Co@NC/S, and h-CosaN@NC/S
electrodes are 712, 818 and 935 mAh g%, respectively, indicating the much better retention of
the h-CosN@NC/S electrode. The much longer cycle life at high current rates for the h-
CosN@NC/S electrode is depicted in Figure 5f. The first discharge capacities of the h-
CosN@NC/S electrode at current rates of 5C and 8C are 786 and 609 mAh g, respectively.
After 400 cycles, the capacities of the electrode at 5C and 8C retain 658 and 481 mAh g%,

respectively, with a CE of about 100%, displaying the excellent cycling stability.
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Figure 6 (a) Cycling performance of the h-CosN@NC/S composite with different sulfur
loading. (b) Areal capacity and sulfur weight comparisons of the h-CosN@NC/S composites

with the recent reports. (¢) Schematic structure of the h-CosN@NC/S composite.
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We further characterize the cycle properties with different sulfur loading to achieve the
high-energy-density Li-S batteries, as displayed in Figure 6a. The h-CosN@NC/S electrode
with different sulfur loadings of 1.5, 3.0 and 4.5 mg cmat 2C delivers capacities of 917, 783,
and 707 mAh g%, respectively. After 400 cycles, the reversible capacities of the electrode still
retain 729, 650 and 516 mAh g, with high capacity retentions of 79.5%, 83.0% and 73.0%,
respectively. The electrode with sulfur loading of 4.5 mg cm at 2C displays high initial areal
capacity of 3.3 mAh cm, which is superior to the most recent work (Figure 6b), such as S-
DIB@CNT,* CeO,-MMNC/S,! YSC@Fes04/S,* and Si/SiO.@C-S.1* In addition, as
shown in Figure S24, the electrodes with sulfur loading of 6 and 8 mgs cm show excellent
cycling performance with the areal capacity of around 4.3 and 5.5 mAh cm, respectively.
The superior electrochemical performance of the h-CosN@NC/S electrode is ascribed to the
following factors (Figure 6c): (1) the double-shelled hollow nanocages can not only buffer
the volume expansion of sulfur, but also promote electron transfer, ion diffusion, and
electrolyte infiltration, (2) the N-doped carbon and CNTSs shell can effectively improve the
conductivity of the electrode and trap the LiPSs by physical confinement and chemical
affinity, and (3) The homo-disperse CosN nanoparticles on the outer shell catalyzes the
reversible conversion of the intermediates and accelerates the reversible conversion of the

LiPSs.

3. Conclusion

In summary, we present a double-shelled hollow nanocage with N-doped carbon as the
inner shell and CosN nanoparticles embedded within N-doped CNTs as the outer shell
derived from the pyrolysis of the core-shell ZIF-8@ZIF-67. The 3D hollow double-shelled
structure can effectively facilitate electron transfer, ion diffusion and electrolyte penetration.
CosN nanoparticles catalyze LiPSs conversion, and reduce the shuttle effect by enhanced

trapping and adsorption of LiPSs. Therefore, the h-CosN@NC/S electrode exhibited superior
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electrochemical performance with a reversible capacity of 658 mAh g* after 400 cycles in a
low capacity-fading rate of 0.04% per cycle at a high rate of 5 C. Moreover, when increasing
the sulfur loading to 4.5 mg cm, the electrode also shows a high reversible capacity of 400
mAh g at 5 C after 400 cycles. This work exemplifies the rational design of high-

performance Li-S batteries with unique catalyst electrode structure.

4. Experimental Section

Preparation of h-CosN@NC: 30 mL methanol with 48 mmol 2-Methylimidazole was
added into 80 mL methanol with 12 mmol Zinc nitrate hexahydrate [Zn(NO3)2-6H20]. The
mixture solution was aged for 24 h. Then, the ZIF-8 was collected by centrifugal treatment
and dried at 70°C. 200 mg ZIF-8 was dispersed into 50 mL methanol. Then 400 mg cobaltous
nitrate hexahydrate [Co(NOz3),-6H.0] was dissolved into the solution. After sonication for 30
min, a 30 mL methanol solution with 12 mmol 2-methylimidazole was poured into the above
suspension. After stirring for 24 h, the ZIF-8@ZIF-67 was prepared. The as-synthesized ZIF-
8@ZIF-67 was pyrolysed at 800 °C for 3 h in Ar atmosphere, subsequent at 600 °C for 2 h in
ammonia (NHs) atmosphere, in order to obtain the double-shelled hollow nanocage with
embedded Co nanoparticles (h-Co@NC). The control sample h-NC was prepared by etching
h-Co@NC using a 6.0 M HCI solution. In contrast, the h-CosaN@NC sample was obtained
after nitridation of h-Co@NC. Lastly, to prepare the sulfur electrodes, the host materials were
mixed with sulfur and heated at 155 °C for 10 h in a sealed vacuum tube.

Materials characterization: The X-ray powder diffraction (XRD) patterns of the
materials were characterized by AXS D8 advance diffractometer. The X-ray photoelectron
spectroscopy (XPS) was evaluated by Axis Ultra DLD. The morphologies of the materials
were measured by a field emission scanning electron microscope (SEM) and a transmission

electron microscope (TEM). The specific surface area and pore distribution of the samples
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were tested by a Micromeritics ASAP 2020M adsorption analyzer. The sulfur content in the
composite was evaluated by a Pyris diamond analyzer in Ar atmosphere.

Lithium LiPSs adsorption tests: To prepare Li>Se solution, a S and Li>S mixture with a
molar ratio of 5:1 was dissolved into 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL)
solvents with a volume ratio of 1:1.

Electrochemical characterization: The electrodes were prepared using the synthesized
catalyst material, conductive agent, and binder (PVVDF) with a ratio of 8:1:1. The diameter of
the electrode was about 16 mm. The thickness of the electrode was about 40 um. The
electrochemical performance of the electrodes was characterized by 2032 coin cells using a
LAND test system. The charge/discharge profiles of the electrodes were carried out using the
as-prepared sulfur composite as the cathode, the Li plate as the anode, 1M lithium
bis(trifluoromethane) sulfonamide (LiTFSI) in DOL/DME containing 3% lithium nitrate
(LiNOs) as the electrolyte. CV curves were recorded at 5 mV s at a potential range of 1.0-
3.0 V. The as-prepared electrode was activated by three consecutive CV scans. Then, the
electrochemcial performances were characterized. Electrochemical impedance spectra were
taken between 10 mHz and 1 MHz.

Density functional theory (DFT) calculations: All calculations were performed with
the Vienna Ab Initio Simulation Package (VASP)[®2 &1 ysing the projector-augmented wave
(PAW) method(® and a plane wave basis set in periodic boundary conditions. The RPBE[®®]
functional was employed in combination with plane wave cutoff energies of 500 eV for all
calculations. Lattice constants were determined using a 6x6x6 Monkhorst-Pack k-point mesh.
These settings produced lattice constants close to previous findings for both hcp-Cof®
(a=2.52 A, ¢=4.05 A) and fcc-CosNI (3.75 A). For surfaces, the Brillouin zone was
sampled with a Monkhorst-Pack grid[®® for 1x1 slab models of Co(101), CosN(111) and with

6x6x1 k-point mesh. A 2x1 slab model was used for CosN(100) with a k-point mesh of
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3x6x1. All slab models contained four atomic layers with the bottom two fixed. Gaussian
smearing with a width of 0.1 eV was employed for all calculations. The electronic structure
was converged until a total energy difference of 107 eV. To obtain minimum energy
structures, geometries were relaxed until residual forces are less than 0.025 eV A Periodic
slab models were separated by a minimum vacuum of 16 A. For the handling of atomistic

models ASE8 and CatKitl®! were employed.
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TOC: A double-shelled hollow nanocage decorated with cobalt nitride embedded in
nitrogen-doped carbon is employed as the cathode for lithium sulfur battery. Cobalt nitride
efficiently catalyzes polysulfide conversion. The porous and hollow structure facilitates
physiochemical polysulfide adsorption, and effectively accommodate volume expansion. As
a result, the shuttle of polysulfide in lithium sulfur battery is greatly suppressed.
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