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a b s t r a c t

Popularization of lithium-sulfur batteries (LSBs) is still hindered by shuttle effect and volume expansion.

Herein, a new modularized sulfur storage strategy is proposed to solve above problems and accomplished

via employing 100% space utilization host material of cobalt loaded carbon nanoparticles derived from

ZIF-67. The modular dispersed storage of sulfur not only greatly increases the proportion of active sulfur,

but also inhibits the occurrence of volume expansion. Meanwhile, 100% space utilization host material

can greatly improve the conductivity of the cathode, provide a larger electrolyte wetting interface and

effectively suppress the shuttle effect. Moreover, loaded cobalt particles have high catalytic activity for

electrochemical reaction and can effectively improve the redox kinetics. The cell with new cathode host

material carbonized at 650 °C (ZIF-67 (650 °C)) exhibits superior rate performance and can maintain a

high specific capacity of 950 mAh/g after 100 cycles at 0.2 C, showing a good cycle stability.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the widespread application of new energy vehicles and

large-capacity portable electronic devices, conventional lithium-

ion batteries have been difficult to meet the requirements for the

above emerging markets. Thus, it is very urgent to develop an ef-

fective substitute for lithium-ion batteries. Lithium-sulfur batteries

(LSBs), with high energy density (2600 Wh/kg) and theoretical spe-

cific capacity (1675 mAh/g), unique advantages of rich sulfur re-

sources, environment-friendly and low manufacturing cost [1–3],

are widely regarded as one of the most potential commercial bat-

tery systems in the next generation.

However, at present, lithium-sulfur battery cannot be put into

commercial use on a large scale because of some intractable sci-

entific and technical problems: (1) The shuttle effect, caused by

the high solubility of polysulfides and the intermediate product

of electrode reaction dissolved in organic ether liquid electrolyte,

makes the content of active substances involved in electrode re-

action decrease and the interface deteriorate. The direct reaction

between the intermediate products (such as Li2S8, Li2S6, Li2S4 and
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other polysulfides) and the anode lithium, seriously reduces the

utilization rate of sulfur cathode and thus leads to rapid decline in

capacity, low coulombic efficiency and battery failure. (2) The vol-

ume expansion/contraction, which is up to 79% during charge and

discharge, causes the change of the morphology and structure of

sulfur cathode, resulting in battery capacity attenuation and even

battery damage. (3) The lithium dendrites, induced by inhomoge-

neous deposition of lithium ions, can not only reduce the coulom-

bic efficiency, but also pierce the separator, leading to the internal

short circuit and even combustion explosion of the battery.

It has been demonstrated that the ingenious construction of

sulfur cathode multifunctional host materials with strong interac-

tion and efficient catalytic conversion for polysulfides is expected

to suppress the shuttle effect from the source as well as provide

buffer space to accommodate the volume expansion/contraction

and thus improve the actual energy density and service life of the

battery [4–7]. Carbon-based nanomaterials have been widely used

as sulfur cathode host materials due to good mechanical stability,

excellent electrical conductivity, high natural abundance and large

specific surface area [8]. Their excellent electrical conductivity can

quickly conduct charge. Meanwhile, the large specific surface area

has a strong adsorption effect on sulfur and polysulfides, facilitat-
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Fig. 1. Space utilization diagram of rhombic dodecahedron and sphere structure.

ing to load more sulfur. Also, the nanostructures can limit polysul-

fides to the carbon matrix, thereby inhibit the occurrence of shut-

tle effect [9]. So far, many different shapes of carbon-based nano-

materials have been reported to be used as cathode host materials

for LSBs, such as sphere [10], rods [11], sheets [12]. However, rel-

atively little attention has been paid to the space utilization and

the ability to increase the active sulfur content of these materials.

Taking the spherical host materials as an example, according to the

Kepler conjecture (proved by Thomas C. Hales [13]):

st =
b∮

a

sin x

x
, b− a = n

(
n = dimension

)
(1)

the maximum space utilization rate of sphere structure is 74%

(n=3) (Fig. 1). Particles are mostly in point-point contacting, lead-

ing to the small reaction area and less reaction active sites. The

loose accumulation also causes the problem that the shuttle effect

will still occur when some sulfur escapes from a single host par-

ticle. Therefore, the shape of the cathode host materials must be

considered to achieve maximum space utilization and more effec-

tively suppress the shuttle effect.

ZIF-67, prepared from the complexation and self-assembly of

2-methylimidazole and Co2+ [14], has large specific surface area,

adjustable pore size [15] and most importantly, its rhombic do-

decahedron structure enables tightest stacking for 100% space uti-

lization (Fig. 1). In recent years, many researchers have found

that MOFs materials can be used as precursors to prepare carbon-

supported transition metal compounds by carbonization treatment,

which can not only retain the original structure and morphol-

ogy, but also enhance the interaction between carbon support and

catalyst [16–18]. During carbonization treatment, ZIF-67’s original

three-dimensional crystal framework will shrink inward but still

maintain a rhombic dodecahedron structure, therefore, it is ex-

pected to be used as a prefect sulfur host material [19].

In this work, a new modularized sulfur storage strategy is

proposed and accomplished via employing 100% space utilization

host material of cobalt loaded carbon nanoparticles derived from

ZIF-67. The modularized sulfur storage strategy can not only ef-

fectively suppress the shuttle effect and volume expansion, but

also increase the active sites of sulfur participating in reaction.

More importantly, unlike most spherical cathode host materials,

the as-obtained cobalt loaded carbon nanoparticles inherit unique

rhombic dodecahedron structure of ZIF-67, which can theoretically

achieve 100% space utilization. When the host particles are tightly

packed, surface-to-surface contact can greatly improve the conduc-

tivity of the cathode and provide a larger electrolyte wetting inter-

face. Moreover, when sulfur escapes from a single host particle, it

will still enter another one, thereby avoiding the loss of active sul-

fur. Also, parallel experiments confirm that the sample carbonized

at 650 °C has the best effect of storing sulfur. As a result, the

Fig. 2. The preparation of cathode composite.

assembled Li–S battery delivers a high discharge capacity of 950

mAh/g and the capacity retention rate is up to 84% after 100 cycles

at 0.2 C, which is significantly better than lithium-sulfur batteries

assembled with other different shapes of host materials.

Cobalt nitrate hexahydrate and 2-methylimidazole were used as

raw materials to prepare the precursor ZIF-67 (Fig. 2). The nitrogen

atoms at the 1,3 positions of the imidazole rings will release pro-

tons to cooperate with Co2+, thereby forming an extended three-

dimensional crystal network structure with a periodic arrangement

of metal node-imidazole ring-metal node as the monomer (Fig. S1

in Supporting information) [20]. The SEM image of ZIF-67 precur-

sor is shown in Fig. S2a (Supporting information). It can be seen

that ZIF-67 precursor has a typical rhombic dodecahedron struc-

ture and the width and height of ZIF-67 crystal are both about

0.5 μm [21]. Also, because the size of ZIF-67 particles is at the

nanometer level, most of the particles are clustered together [22].

The X-ray diffraction (XRD) and Raman spectroscopy were applied

to verify the crystallographic structure and chemical compositions.

The XRD pattern of ZIF-67 is in good agreement with the simulated

crystal pattern, indicative of a significant crystallinity (Fig. S2b in

Supporting information). In Raman spectrum (Fig. S2c in Support-

ing information), the stretching vibration peaks of Co-N, C-N and

C-C bonds are observed at 265, 685 and 1455 cm–1 [23]. ZIF-67

precursor possesses a high BET specific surface area of 1200 m2/g

and abundant mesoporous and micropores (Fig. S2d in Supporting

information).

ZIF-67 precursor was further used to prepare cobalt loaded car-

bon nanoparticles cathode host material by one-step heat treat-

ment method. During the carbonization process of ZIF-67, NH3 and

H2 are generated by ligand decomposition of ZIF-67, which can

reduce Co2+ to metal cobalt particles with high catalytic activ-

ity for the electrochemical reaction of the cells, and thus effec-

tively improving the redox kinetics [24]. Meanwhile, organic lig-

and residues will be further converted into N-doped carbon on Co

particles under Co particles catalysis. As-obtained ZIF-67 (500 °C),
ZIF-67 (650 °C) and ZIF-67 (800 °C) samples still retained the orig-

inal rhombic dodecahedron structure of ZIF-67 (Figs. 3a, d and

g). However, after sulfur loading treatment, ZIF-67 (500 °C) and

ZIF-67 (800 °C) are entirely wrapped with sulfur (Figs. 3b, c, e

and f), implying a failed sulfur storage. But surprisingly, for ZIF-

67(650 °C), nearly all the sulfur is encapsulated successfully and

there is no visible sulfur on the surface (Figs. 3h-i). The EDS map-

pings (Figs. 3j-m) and TGA curve (Fig. S3 in Supporting informa-

tion) were employed to confirm the successful storage of sulfur in

ZIF-67 (650 °C). As shown in Fig. S3, all sulfur was triumphantly

stored in ZIF-67 (650 °C), which proves the excellent sulfur storage

capacity of this host material.

The XRD patterns and the Raman spectra of carbonized prod-

ucts are shown in Fig. 4a and Fig. S4a (Supporting information).

The intensity of peaks at 44° and 52° attributed to metal Co in-

creases with the enhanced carbonization temperature, indicating

that Co2+ has been reduced to Co (JCPDS card No. 15–0816) dur-
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Fig. 3. SEM of samples carbonized at (a) 500 °C, (d) 800 °C, (g) 650 °C, (b, c) S@ZIF-

67 (500 °C), (e, f) S@ZIF-67 (800 °C), (h, i) S@ZIF-67 (650 °C). EDS image of S@ZIF-67

(650 °C): (j) S, (k) C, (l) Co, (m) N (corresponding to Fig. 3h).

ing carbonization process. The cobalt catalyst can be expected to

accelerate the transformation of polysulfides, inhibit the shuttle ef-

fect and thus improve cell performance [25]. After sulfur loading

treatment, the XRD patterns (Fig. 4b) and the Raman spectra (Fig.

S4b in Supporting information) display characteristic peaks of sul-

fur, further demonstrated that the sulfur have already been loaded

in the ZIF-67 (650 °C).
The BET specific surface area and pore size distribution of ZIF-

67 (650 °C) both of before and after sulfur loading were tested as

contrast (Fig. 4c). It can be seen that ZIF-67 (650 °C) has a high

BET specific surface area of (290 m2/g) with abundant mesoporous

and micropores. After sulfur loading treatment, the BET specific

surface area of S@ZIF-67 (650 °C) dramatically decreases from 290

m2/g to 3 m2/g. Meanwhile, all the mesoporous and micropores

also disappear (Fig. S5 in Supporting information). This may be as-

cribed to the fact that all the sulfur are encapsulated in ZIF-67

(650 °C) via capillary condensation. Moreover, the large specific

surface area and rich pore structure of ZIF-67 (650 °C) can be used

to anchor polysulfides through physical limitation and chemical

adsorption.

With copious N-doped structures, ZIF-67 (650 °C) has strong

chemical adsorption capacity for LPSs and can efficiently inhibit

the shuttle of LPSs and enhance stability of LSBs. Adsorption ex-

periments of Li2S6 solutions (2 mmol/L) were carried out in par-

allel to visually explore the trapping effect of the carbonized sam-

ples toward polysulfides. In general, the adsorption of LPSs is cor-

related with the BET surface area of the adsorbent. However, even

though the precursor’s BET surface area is 4 times as large as the

carbonized samples, the adsorption effect of the latter is much bet-

ter than the former. As shown in Fig. 4d, the color of Li2S6 solution

was initially dark yellow and its color strength decreased to vary-

ing degrees along with the adding of different carbonized products,

among which the effect of ZIF-67 (650 °C) is the most significant,

whose color has already been vitreous and clear after immersion

for 6 h. The ultraviolet (UV) spectrum was utilized to further ex-

plore the degree of adsorption toward LPSs (Fig. 4d). Predictably

ZIF-67 (650 °C) showed the weakest LPSs adsorption peaks, indi-

cating its best adsorption capacity toward LPSs [26].

XPS measurements were performed to help us better evaluate

the strong chemical interactions between ZIF-67 (650 °C) and LPSs.

Figs. 4e and f exhibit the high-resolution N 1s and Co 2p XPS spec-

tra of ZIF-67 (650 °C) before and after the Li2S6 adsorption test,

respectively. After interacting with Li2S6, the N 1s and Co 2p peaks

significantly shift to lower binding energy while the S 2p peaks

shift to higher binding energy (Fig. S6 in Supporting information),

which denotes the electron transfer from S to N and Co to form

strong chemical interaction. Also, a new Co-S peak (779.2 eV) ap-

peared after ZIF-67 (650 °C) interacts with Li2S6, indicating Co and

S atoms have been bonded as well [27,28].

The anchoring effects of ZIF-67 (650 °C) for polysulfides can be

quantified by calculating the binding energy between polysulfides

and substrates. Herein, the binding energies of S8 and Li2Sn (n=1,

2, 4, 6 and 8) with graphitic N, pyrrolic N and pyridinic N, which

has been detected in XPS measurements have been displayed in

Figs. 5a and b and Fig. S7 (Supporting information). The binding

energies of Li2S, Li2S2, Li2S4, Li2S6 and Li2S8 on pyridinic N reaches

2.63, 2.75, 2.32, 2.04 and 2.45 eV, respectively. With regards to

the pyrrolic N, the binding energies are 2.10, 2.51, 2.17, 1.95 and

2.16 eV, respectively, indicating the rich pyridinic N and pyrrolic N

structures of ZIF-67 (650 °C) have high binding strength for poly-

Fig. 4. XRD patterns of (a) carbonized samples and (b) carbonized samples@S. (c) N2 adsorption/desorption isothermal linear plots and pore size distribution of ZIF-67

(650 °C) before/after sulfur loading. (d) Static adsorption test of Li2S6 on different materials and UV−vis spectra with corresponding photos of Li2S6 solution before and after

adsorption test. (e, f) High-resolution N 1s and Co 2p XPS spectra of the ZIF-67 (650 °C) and ZIF-67 (650 °C) after adsorption test of Li2S6.
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Fig. 5. (a) Binding energy between Li2Sn, S8 and pyridinic N, pyrrolic N and graphitic N. (b) Adsorption model of Li2S4, S8 with pyridinic N, pyrrolic N and graphitic N.

sulfides. Therefore, as cathode host material, ZIF-67 (650 °C) can

effectively capture polysulfides, thus inhibiting the occurrence of

shuttle effect.

To deeply figure out the effect of carbonized samples in in-

hibiting the shuttle of polysulfides, in-situ Raman spectroscopy was

conducted to help us achieve a better comprehension of the reac-

tion mechanism of LSBs by detecting the Raman signal of poly-

sulfides shuttling to the anode in real-time (The test conditions

are detailed in Supporting information) [29]. The discharge pro-

cess of LSBs assembled with ZIF-67 (800 °C) is shown in Fig. S8

(Supporting information), during the preliminary stage (>2.30 V),

three distinct characteristic peaks appeared at 152, 218 and 473

cm−1, which should be respectively attributed to the bending and

stretching vibration of S8
2− [30,31]. Besides that, a Raman signal

of S6
2− is also detected at 399 cm−1. Proceeded to discharge to

2.30 V, S8
2− gradually transforms into S6

2−, thus the intensity of

characteristic peaks of S8
2− and S6

2− significantly decrease and

increase. However, along with the conversion, the shuttle effect

becomes more severe as well. With the discharge going on, two

peaks with gradually enhanced intensity of S4
2− are observed at

200 and 448 cm−1, which indicates that sustained shuttle effect

should also be partly attributed to S4
2−. As for the charge proce-

dure, the shuttle effect is equally severe as well (Fig. S9 in Sup-

porting information). Therefore, in this cell, the serious shuttle ef-

fect caused by LPSs (mainly S6
2− and S4

2−) occurs throughout the

whole battery reaction process, leading to nonreversible loss of

sulfur. Contrarily, for the LSBs assembled with ZIF-67 (650 °C), dur-
ing the discharge (Figs. 6a and b) and charge (Fig. S10 in Support-

ing information) process, peaks of S4
2− surprisingly disappeared

and the intensity of S6
2− characteristic peaks was also greatly

weaken, indicating that LPSs have been firmly fixed on the cathode

and the shuttle effect was effectively pressed by ZIF-67 (650 °C).
Above results can powerfully demonstrate that ZIF-67 (650 °C) ef-

fectively suppresses the shuttle effect of LPSs through the syner-

gistic effect of abundant chemisorption sites and strong physical

adsorption.

In-situ XRD technique was conducted to directly supervise the

evolution of polysulfide and reveal how the carbonized samples in-

hibit shuttle effect (The test conditions are detailed in Supporting

information). The result of the cell with ZIF-67 (650 °C) as cath-

ode host material is shown in Fig. 6c, the characteristic peaks at

about 22.6° are assigned to the α-S8 [32,33]. As the discharge pro-

ceeds, the intensities of S8 peaks continuously decrease. When the

discharge process came to the second discharge stage B, a new

characteristic peak with gradually enhanced intensity of crystalline

cubic Li2S appears at the very beginning of the lower-discharge

plateau, indicating the continuous formation of Li2S. Afterwards,

the intensities of Li2S peak continuously increase and eventually

reach the maximum value. Oppositely, oxidation of various sulfur

species occurs during charge, mainly reflecting in the decrease of

Li2S yield (stage D) and generation of new characteristic peaks,

which represent the formation of monoclinic β-S8 [33,34].

Compared with the cell with ZIF-67 (650 °C) as cathode host

material, for the cell with ZIF-67 (800 °C) as cathode host material,

the peak intensity (Fig. S11 in Supporting information) of Li2S is

much weaker and there are fewer characteristic peaks of β-S8 after

the charge is completed, proving that the shuttle effect in this cell

is more severe. Therefore, due to its excellent ability to effectively

store sulfur inside, the performance of the cell with ZIF-67 (650 °C)
as cathode host material is obviously better.

To estimate carbonized samples’ ability to inhibit shuttle of

LPSs, the shuttle currents of LSBs with different cathode host

materials were recorded. The concentration of LPSs reaches a

maximum at a potential of 2.38 V during the charge/discharge

process, resulting in a maximum shuttle current [35,36]. As shown

in Fig. 7a, the cell with ZIF-67 (650 °C) as cathode host material

shows the lowest shuttle current (0.035 mA), almost negligible.

This result also shows ZIF-67 (650 °C)’s outstanding trapping

capacity for LPSs and ability to inhibit the diffusion of LPSs to the

anode electrode.

To verify the electrocatalytic properties of carbonized samples

toward the polysulfide conversion, the cyclic voltammetry (CV)

test of Li2S6-Li2S6 symmetric cells was conducted in the voltage

range of -1.0∼1.0 V. As shown in Fig. 7b, the symmetrical cell with

ZIF-67 (650 °C) as cathode host material shows a higher redox

current and smaller polarization at a scan rate of 6 mV/s, which

demonstrates faster LPSs redox kinetics [37,38].

The electrochemical impedance spectroscopy (EIS) spectra of

the cells with different cathode host materials are shown in Fig. 7c

with an equivalent circuit model inset, which shows the equivalent

circuit. The Rct of the cell with ZIF-67 (650 °C) as cathode host

material (45.84 �) is much smaller than that of other two cells

((ZIF-67 (800 °C) ∼62.15 � and (ZIF-67 (500 °C) ∼147.8 �), indi-

cating higher lithium-ion diffusivity and excellent effect in accel-

erating the ion/electron transfer to the active sites at the cathode

interface. This result can be attributed to the outstanding ability of

ZIF-67 (650 °C) in decreasing the interface resistance and acceler-

ating the charge transport.

To further investigate the role of carbonized samples in the

liquid-solid conversion of LPSs, Li2S nucleation and growth test

were also carried out. The potentiostatic discharging curves of

Li2S precipitation at 2.05 V based on different electrode materi-

als (carbon paper matrix coated by different carbonized samples)

are presented in Figs. 7d-f and the capacity was calculated based

on the mass of sulfur in electrolyte. Obviously, the responsivity

of Li2S nucleation for the cell with ZIF-67 (650 °C) as cathode

host material is earlier than that of other two cells, suggestive of

a relatively faster kinetics of the liquid-solid conversion [39,40].

Moreover, the nucleation capacity (Li2S4 → Li2S) on ZIF-67 (650 °C)
(621.79 mAh/g) is much larger than that on ZIF-67 (500 °C)
(429.69 mAh/g) and ZIF-67 (800 °C) (528.7 mAh/g) even within

a shorter nucleation and growth time, further revealing that the

effective deposition of Li2S is induced by ZIF-67 (650 °C) catalyst

[41].
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Fig. 6. (a, b) In-situ time-resolved Raman spectra and selected Raman spectra of Li-S cell with ZIF-67 (650 °C) as cathode host material (the aurantia curves represent

the discharging processes). (c) In-situ XRD characterization in contour plots of Li-S cell with ZIF-67 (650 °C) as cathode host material and corresponding change-discharge

profiles.

Fig. 7. (a) The shuttle currents of LSBs with different cathode host materials. (b) CV curves of Li2S6 symmetric cells with different electrodes. (c) The electrochemical

impedance spectroscopy spectra of the cells with different cathode host materials. (d-f) Potentiostatic discharge plots of cells with different cathode host materials at 2.05

V. (g) CV profiles of Li-S cells with different cathode host materials at a scan rate of 0.1 mV/s. (h, i) CV curves and relationships between peak current and scan rate of cell

with ZIF-67 (650 °C) as cathode host material at different scan rates respectively.

Fig. 7g presents the CV profiles of the Li-S coin cells with differ-

ent cathode host materials in the voltage window of 1.7-2.8 V un-

der a scan rate of 0.1 mV/s [42–44]. It should be noted that the cell

with ZIF-67 (650 °C) as cathode host material exhibits the largest

current signals and the lowest reaction polarization (Fig. S12 in

Supporting information) for all redox peaks, indicating a signifi-

cantly reinforced sulfur redox kinetics. This should be attributed

to the synergistic effect between the modularized cathode host

materials and cobalt particles. The surface-to-surface contact be-

tween the modularized carbonized materials greatly improves the

conductivity of the cathode composite. At the same time, the rich

N-doped structure and Co particles can improve the bidirectional

conversion of polysulfides.

CV curves of LSBs with ZIF-67 (650 °C) as cathode host ma-

terial and the corresponding relationships between peak current

and scan rate are shown in Fig. 7h. The linear relationship indi-

cates that this step is mainly controlled by the diffusion process of

LPSs [45–47]. The Li-ion diffusion capability can be described by

5
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Fig. 8. (a) Rate performance of cells with different cathode host materials at differ-

ent specific current. (b) Galvanostatic charge-discharge profiles of cell with ZIF-67

(650 °C) as cathode host material under different C-rates. (c) Cycling performance

of cells with different cathode host materials at 0.2 C. (d) Galvanostatic charge-

discharge profiles of cell with ZIF-67 (650 °C) as cathode host material at 0.2 C. (e)

Long-term cycling stability of cell with ZIF-67 (650 °C) as cathode host material at

1 C.

the Randles−Sevick equation [48,49]:

Ip =
(
2.69 × 105

)
× n1.5 × AD0.5 ×Cv0.5 (25 ◦C) (2)

Ip represents the theoretical peak current, n is the number of

charge transfers during the reaction, A is the area of the active

electrode, D is the lithium-ion diffusion coefficient, C is the con-

centration of lithium-ion and v is the scan rate. The slope of plots

not only stands for the diffusion rate of lithium ions but also in-

dicates the diffusivity of sulfide species. As shown in Fig. 7i, the

slopes of the oxidation peaks (peak 1 and peak 2) are both above

300 and the slopes of the reduction peaks (peak 3 and peak 4)

are also above 120, indicating that the diffusion rate of LPSs in the

electrode reaction is very fast, which proves that ZIF-67 (650 °C)
can realize fast diffusion process. This new cathode host material

has a strong adsorption capacity for polysulfides and can be used

as an effective electrocatalyst to accelerate the diffusion and trans-

formation kinetics of intermediate LPSs and inhibit the shuttle of

LPSs. In addition, the modularized structure can provide sufficient

reactive sites to catalyze the diffusion conversion of LPSs as well.

Rate performances of cells with different cathode host materi-

als were evaluated at 5 different current densities from 0.2 C to 3.0

C (Fig. 8a). Unsurprisingly the cell with ZIF-67 (650 °C) as cathode

host material achieves the highest specific discharge capacities of

990, 900, 800, 750 and 720 mAh/g at 0.2, 0.5, 1.0, 2.0 and 3.0 C,

respectively. When the current density is restored to 0.2 C, the cell

with ZIF-67 (650 °C) as cathode host material still possesses the

capacity of 960 mAh/g, demonstrating the high stability and fast

reaction kinetics. The corresponding galvanostatic charge-discharge

(GCD) profiles are given in Fig. 8b and Fig. S13 (Supporting infor-

mation). All the GCD curves exhibit two typical discharge plateaus

and one charge plateau, which is consistent with the previous CV

results and the multi-step sulfur reaction mechanism.

The cycling performance of cells with different cathode host

materials are depicted in Fig. 8c, among which the cell with ZIF-67

(650 °C) as cathode host material manifests superior cycling per-

formance. After 100 cycles at 0.2 C, the reversible capacity of 950

mAh/g with capacity retention of 84% can be maintained. In con-

trast, the cells with other two carbonized samples as cathode host

materials show a significant capacity fading. After 100 cycles, the

GCD curves still all exhibit two typical discharge plateaus and this

cell has higher high-voltage plateau capacity (QH) and low-voltage

plateau capacity (QL) (Fig. 8d and Fig. S14 in Supporting informa-

tion), indicating its higher sulfur utilization and enhanced conver-

sion kinetics [50]. Also, the lower polarization rate (�E) shows its

better redox reaction kinetics [51,52]. The cell with ZIF-67 (650 °C)
as cathode host material has higher initial capacity and lower ca-

pacity decay rate, indicating that the shuttle effect has been effec-

tively suppressed and the loss of cathode active material in electro-

chemical reaction is less, which should be attributed to the tightly

packed modularized structure.

Additionally, the long-term cycle test of the cell with ZIF-67

(650 °C) as cathode host material was further measured at 1 C

(Fig. 8e), which exhibits the excellent cycling stability. The cell

with ZIF-67 (650 °C) as cathode host material attains outstand-

ing long cycle stability even at a large current density: A re-

versible discharge capacity of 450.3 mAh/g after 500 cycles at 1.0

C, high-capacity retention of 55.3% and a low-capacity fading rate

of 0.089%. This new cathode host material successfully inhibits the

occurrence of the shuttle effect and avoids the loss of active sulfur,

thus improving capacity and cycle stability.

Lastly, we compared the performance of lithium-sulfur bat-

teries assembled with a variety of cathode host materials in

other shapes (Table S2 in Supporting information). As cathode

host material, ZIF-67 (650 °C) can deliver better performance of

lithium-sulfur batteries with less cathode mass ratio. This may

be attributed to the fact that the ZIF-67 (650 °C) inherit unique

rhombic dodecahedron structure of ZIF-67, which can theoreti-

cally achieve 100% space utilization (Fig. 1). When the host par-

ticles are tightly packed, surface-to-surface contact can greatly im-

prove the conductivity of the cathode and provide a larger elec-

trolyte wetting interface. Moreover, when sulfur escapes from a

single host particle, it will still enter another one, thereby avoiding

the loss of active sulfur, resulting in an excellent electrochemical

performance.

In summary, a new modularized sulfur storage strategy is pro-

posed and accomplished via employing 100% space utilization host

material of cobalt loaded carbon nanoparticles derived from ZIF-67.

Modularly dispersing sulfur can not only greatly increase the pro-

portion of active sulfur, but also inhibit the shuttle effect and vol-

ume expansion, thereby improving the cycle stability of the LSBs.

Moreover, due to the close accumulation of the rhombic dodecahe-

dron structure, the surface-to-surface contact between the crystals

also greatly enhances the conductivity of the cathode side. Cells

assembled with ZIF-67 (650 °C) exhibit significantly better perfor-

mance when compared with those assembled with other shapes

of cathode host materials. Moreover, ZIF-67 (650 °C) possesses suf-

ficient excellent conductivity, abundant Co particles and rich N-

doped structures, which have high catalytic activity for electro-

chemical reaction and can effectively improve the redox kinetics.

This work confirms the feasibility of modular dispersion treatment

of sulfur and exhibits a new cathode host material for improving

the performance of LSBs.
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