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A B S T R A C T   

Lithium-sulfur batteries (LSBs) have stimulated burgeoning interest in both the academic and industrial com-
munities due to their ultrahigh energy density and high cost-effectiveness. However, the real-world application 
of LSBs has long been plagued by the shuttling effect and sluggish conversion kinetics of soluble lithium poly-
sulfides (LiPSn). Herein, we have designed and synthesized creative metallic and polar Co9S8 nanoparticles with 
in situ growth of CNTs anchored on pyrrole-modified graphene (Co9S8/CNTs-Gr) via a facile pyrolysis method, 
which further demonstrates superior electrochemical performance for the fixation of sulfur and effective acti-
vation of LiPSn redox conversion. The in situ growth of CNTs and introduction of pyrrole-modified graphene are 
beneficial for electron migration, thus significantly boost the rate performance of LSBs. Concurrently, the Co9S8 
electrocatalyst shows high catalytic activity to reinforce the polysulfide conversion. Benefiting from this 
exquisite nanoarchitecture design, LSBs with a S@Co9S8/CNTs-Gr cathode exhibit outstanding performance, 
delivering a high reversible specific capacity of 950 mA h g− 1 at 1C with a decay rate of only 0.01 % per cycle. 
Moreover, the S@Co9S8/CNTs-Gr electrode still achieves good cycling stability with a high sulfur loading of 7.2 
mg cm− 2, and the specific area capacity reaches as high as ~ 6 mA h cm− 2. This work provides a delicate design 
to construct Co9S8-based media for high-performance LSBs and can also promote one’s understanding of the 
advantages of the process of adsorption and redox conversion of LiPSn.   

1. Introduction 

The energy density of sought-after lithium-ion batteries (LIBs) is 
rapidly approaching its theoretical limit. Furthermore, lithium-sulfur 
batteries (LSBs) are receiving increasing attention for post-LIB technol-
ogies owing to their ultrahigh theoretical energy densities (2600 Wh 
kg− 1 and 2800 Wh/L). [1] Moreover, elemental sulfur, which serves as 
the cathode active material, also has a multitude of auspicious proper-
ties, e.g., low cost, environmental friendliness, abundance and non-
toxicity. [2] On the other hand, with the rapid development of advanced 
flexible modern electronics, such as foldable mobile phones and wear-
able devices, as the most important part of flexible electronics, flexible 
energy storage devices (especially flexible batteries) are attracting 

increasing attention. [3] Therefore, the combination of high energy 
density LSBs and flexible characteristics is significant. 

However, the real-world application of LSBs is severely hindered by 
their inadequate capacity and reduced lifetimes, which are mainly 
derived from the notorious shuttle effect of polysulfides (LiPSn). [4] 
Tremendous efforts targeting the optimization of the cathode, electro-
lyte, separator, and lithium metal anode have, thus, been devoted to 
tackling these issues. [5–8] Among them, designing and developing 
optimal sulfur hosts has been demonstrated to be efficient in suppressing 
the shuttle effect in LSBs. In addition, the irreversible volume expansion 
of the cathode during repeated cycling and the inherent insulating 
properties of sulfur (the conductivity of elemental sulfur is merely 5 ×
10− 30 S cm− 1) and LiPSn impede the real-world application of LSBs. [9] 
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Therefore, how to integrate the highly efficient electrocatalytic con-
version of LiPSn, rapid electron migration, high sulfur loading, and self- 
supporting feature into sulfur-host cathodes still remains a challenge. 

To address the abovementioned issues from the perspective of 
cathode design, several principles should be followed: 1) The undoped 
and defect-free carbonaceous materials show obscure interactions with 
LiPSn due to nonpolar covalent bonding; thus, some polar metals, [10] 
oxides, [11–12] sulfides, [13] carbides, [14] nitrides [15] and phos-
phides [16] are usually employed as effective electrocatalysts to pro-
mote the redox conversion of LiPSn; 2) The sulfur carriers should 
represent some advantages, such as achieving a high surface area to 
improve the sulfur loading and the formation of highly interlaced 
conductive networks to facilitate electron migration; 3) With regard to 
realizing a flexible self-supporting electrode, some modifications should 
be made, e.g., the addition of 1D or 2D structured materials (graphene, 
carbon nanotubes/fibers), to enhance the self-supported strength of the 
electrode. [17]. 

Among various electrocatalysts, Co9S8 has been demonstrated to be 
one of the most promising alternatives due to its superior thermody-
namic stability, high electrical conductivity (~0.29 × 10− 30 S cm− 1), 
strong chemical affinity with LiPSn, and favorable electrocatalytic ca-
pabilities for the redox reactions of LiPSn. [18] For example, Xu et al. 
developed a facile solvothermal method to construct hollow Co9S8 tu-
bules as cathodes for advanced LSBs. The S@Co9S8 composite cathode 
delivers a low capacity decay of ~ 0.026 % per cycle after 600 char-
ge–discharge cycles at a 1C rate. [19] However, it should be noted that 
although pure Co9S8 shows relatively high electrical conductivity, the 
deteriorating rate performance and limited sulfur loading are also pre-
sented. Hence, the combination of highly effective catalysis of Co9S8 
with some superior electron migration substrates, e.g. graphene (Gr), 
[9,20] carbon nanotubes (CNTs), [21,22] and amorphous carbon, [23] 
is deemed urgent and necessary. This can be ascribed to the high elec-
trical conductivity, large surface areas and tunable structures of carbo-
naceous materials, which exhibit advantages for holding more sulfur 
species, alleviating the volume expansion, and preventing the shuttle 
effect. Meanwhile, if the flexibility of electrodes is considered, various 
studies have been carried out to demonstrate that the CNTs are the su-
perior substrates to host sulfur due to their high electrical conductivity 
and flexibility. However, under normal circumstances, the combination 
of metallic compounds and CNTs requires multiple steps and complex 
fabrication procedures. Furthermore, the CNT additives are difficult to 
well disperse in the matrices, and, thus, to reduce the electrochemical 
performance. 

Herein, we rationally demonstrate a multifunctional self-supporting 
S@Co9S8/CNTs-Gr cathode for advanced LSBs. CNTs are grown in situ 
on Co9S8 nanoparticles via a self-template strategy, and pyrrole- 
modified graphene is introduced as a carrier. This rational design rep-
resents some advantages: 1) the formation of Co9S8 shows high elec-
trocatalytic activity and strong chemisorption for LiPSn; 2) the in situ 
growth of CNTs exhibits good dispersibility and enhanced electron 
migration; 3) the pyrrole-modified graphene provides enough space for 
sulfur loading and a wide electron transfer path; and 4) the existence of 
both CNTs and graphene effectively enhances the self-supporting 
capability of the electrode. Benefiting from the above merits, the pre-
pared S@Co9S8/CNTs-Gr cathode is found to deliver an excellent spe-
cific capacity of 1000 mA h g− 1 at a high current density of 1C and 
achieves a long cycle span of 600 cycles with negligible capacity decay. 
Additionally, the electrode shows a high area capacity of ~ 6. mA h 
cm− 2 with a high sulfur loading of 7.2 mg cm− 2 at a current density of 
0.5C. It is believed that this work for designing a multifunctional Co9S8- 
based cathode will open up new avenues to overcome the multistep 
synthesis process and endow the cathode with superior electrochemical 
performance and flexibility. 

2. Material and methods 

2.1. Synthesis of ZIF-67 nanocubes (NCs). 

ZIF-67 NCs were obtained using a surfactant-assisted solution 
method. Typically, Co(NO3)2⋅6H2O (0.5 g) and cetyl-
trimethylammonium bromide (CTAB, 10 mg) were dissolved in deion-
ized water (20 mL). 2-Methyimidazole (2-MIM, 9.08 g) dissolved in 140 
mL of deionized water was rapidly injected into the formed solution and 
magnetically stirred at room temperature for 30 min. The ZIF-67 NCs 
were collected by centrifugation and washed with ethanol several times. 

2.2. Preparation of Co9S8/CNTs-Gr. 

In a typical synthesis, 75 mg of thioacetamide (TAA) and 0.2 g of ZIF- 
67 were added to 38 mL (commercial, 0.5 mg mL− 1) of GO solution with 
continuous stirring for 10 min. Then, 2 mL of pyrrole monomer was 
added dropwise to the above dispersion and further magnetically stirred 
for 5 min. Afterward, the formed uniform dispersion was transferred to a 
Teflon-lind stainless steel autoclave, which was then held at a temper-
ature of 180 ℃ for 12 h. After the autoclave cooled to room temperature, 
the resultant product was further freeze dried for 48 h and then heat 
treated at a temperature of 1050 ℃ for 3 h in a high-purity Ar protective 
atmosphere. In this way, the target product for the self-templated 
growth of CNTs on Co9S8 nanoparticles planted on pyrrole-modified 
graphene (Co9S8/CNTs-Gr) was produced. 

For comparison, pyrrole-modified graphene was prepared according 
to the above procedure but with the absence of ZIF-67 NCs and Co/C-Gr 
sample was prepared according to the above procedure but with the 
absence of TAA. 

2.3. Preparation of the free-standing S@Co9S8/CNTs-Gr cathode. 

The sulfur fixation process was realized by a simple melting diffusion 
method. In a typical synthesis, 40 mg of Co9S8/CNTs-Gr or another 
comparison sample and 160 mg of high-purity sublimed sulfur powder 
were dispersed into 30 mL of CS2 under stirring. After the evaporation of 
CS2, the obtained mixture was sealed in a glass tube and heated at 155 ℃ 
for 8 h to permit the permeation of sulfur into the samples. Afterward, 
the cooled sample was further heat treated in a horizontal tube furnace 
at 200 ℃ for 10 min to remove the sulfur adsorbed on the surface. 

2.4. Li2S6 absorption measurement. 

The lithium polysulfide Li2S6 solution was prepared by mixing Li2S 
and sublimed sulfur with a molar ratio of 1:5 in 1,3-dioxolane/1,2-dime-
thoxyethane (DOL/DME V:V, 1:1). The mixture was continuously stirred 
until the solids were completely dissolved. The concentration of Li2S6 in 
the formed yellow solution was 5 mM. Afterward, 10 mg of different 
electrocatalysts was added to the individually placed Li2S6 solution in 
equal amounts. After standing for a period of time, 5 mL of the super-
natant liquid was collected in a glove box for UV–vis absorption tests. 

2.5. Material characterization. 

The material morphologies and elemental composition were 
observed and measured by field emission scanning electron microscopy 
(FE-SEM, Nova NanoSEM 450), transmission electron microscopy (TEM, 
JEM-1400-plus), and energy dispersive X-ray spectroscopy (EDS). The 
phase purity of the investigated samples was verified by a powder X-ray 
diffractive apparatus (PANalytical, Netherlands) with Cu Kα radiation at 
room temperature. The TGA curve was acquired using a thermogravi-
metric analyzer (STA449C) to determine the sulfur content with a 
heating rate of 10 ℃ min− 1. X-ray photoelectron spectroscopy (XPS) was 
carried out using an ESCALAB 250Xi instrument (Thermo Fisher Sci-
entific). The Raman spectra were obtained by using an InVia-Reflex, 
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Renishaw utilizing a laser source with a wavelength of 663 nm. The BET 
surface area and pore distributions were obtained by N2 adsorption 
measurements using a micrometrics ASAP2020 analyzer. 

2.6. Assembly of symmetric batteries for kinetic evaluation of LiPSn 
conversion. 

Co9S8/CNTs-Gr (or contrast samples), conductive graphite and PVDF 
were ground with a weight ratio of 7:1:1 and dispersed in NMP solvent. 
The formed slurry was coated onto Al foil with a mass loading of ~ 1 mg 
cm− 2. The CR2025-type coin cell was assembled using vacuum-dried 
electrodes as both working and counter electrodes to evaluate the ki-
netics for LiPSn conversion. 50 μL of catholyte (0.5 M Li2S6 and 1.0 
mol− 1 solution of LiTFSI with 1 wt% LiNO3 in DOL and DME, v/v = 1:1) 
was added to each coin cell. The CV curves for the symmetric battery 
were collected at a scan rate of 0.3 mV s− 1 in the voltage window of − 1 
to 1 V. 

2.7. Electrochemical measurements. 

Typically, the Co9S8/CNTs-Gr sample, Super P, and polyvinylidene 
fluoride (PVDF) binder were mixed in N-methyl pyrrolidone (NMP) 
solvent with a mass ratio of 8:1:1 to obtain a slurry. The cathode was 
fabricated by coating the slurry onto an Al foil current collector using a 
film applicator. The sulfur area loadings were controlled from 1 to 7 mg 
cm− 2. After vacuum drying at 50 ℃, the free-standing S@Co9S8/CNTs- 
Gr electrode can be easily stripped off from the current collector of Al 
foil. The electrolyte was composed of lithium bis (tri-
fluoromethanesulfonyl) imide (LiTFSI) (1 M) and a mixed solvent of 
DOL/DME (1:1, volume ratio) with a 2 wt% LiNO3 additive. The ratios of 
electrolyte versus sulfur (E/S) were 10 μL mg− 1 (for typical sulfur 
loading of ~ 1.0 mg cm− 2) and 7 μL mg− 1 (for high sulfur loadings over 
3 mg cm− 2), respectively. Galvanostatic cycling was performed using a 
multichannel battery tester (Neware, Shenzhen, China) within a cutoff 
voltage window of 1.7–2.8 V (vs Li+/Li). Cyclic voltammetry (CV) and 

AC impedance was evaluated using an electrochemical workstation. 

2.8. Theoretical calculations. 

First-principles calculations based on density functional theory 
(DFT) were performed using the Vienna Ab initio Simulation Package 
(VASP) to investigate the equilibrium structures and adsorption energy 
of LiPSn on the (311) surfaces of the Co9S8 crystal and graphene. [24] 
The generalized gradient approximation (GAA) for the exchan-
ge–correlation function was described by the Perdew-Burke-Ernzerhof 
(PBE) functional using a plane-wave basis with an energy cutoff of 
500 eV. [25] The binding energy (Eb) for LiPSn on Co9S8/CNTs-Gr and 
graphene was defined as follows. 

Eb = ELi2Sx +Esub − Esub/Li2Sx 

Where Esub/Li2Sx is the energy of the Li2Sx (x = 8, 6, 4, 2, 1) and host 
material (Co9S8/CNTs-Gr and graphene) interaction systems and ELi2Sx 

and Esub are the energies of the Li2Sx and host materials, respectively. 
More negative values signify a stronger binding interaction. 

3. Results and discussions 

The synthetic procedure for Co9S8/CNTs-Gr is illustrated in Fig. 1a. 
First, the graphene oxide (GO) dispersion, pyrrole (py), thioacetamide 
(TAA) and the prepared ZIF-67 octahedra with ~ 600 nm on a side 
(Figure S1) were mixed and transferred into a Teflon-lind stainless steel 
autoclave. After treatment by the solvothermal reaction, the product 
was freeze dried and further heat treated in a high-purity Ar atmosphere 
to form Co9S8/CNTs-Gr. The morphology characterizations were inves-
tigated by SEM and TEM images, as shown in Fig. 1b-e. Fig. 1b shows 
that the Co9S8/CNTs-Gr product is composed of curly lamellar and 
needle-like structures. The lamellar structures are ascribed to the 
reduced graphene oxide, and the needle-like structures are generated 
due to the growth of CNTs. The TEM image (Fig. 1c) clearly demon-
strates that the nanoparticles are uniformly distributed on graphene and 

Fig. 1. (a) Schematic illustration of the preparation process of Co9S8/CNTs-Gr. (b) SEM, (c-e) TEM and HRTEM, (f) EDS spectrum, and (g-j) corresponding elemental 
mapping of Co9S8/CNTs-Gr. 
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the CNTs are in situ grown on the nanoparticles. In addition, the 
magnified TEM images (Fig. 1 d and e) further confirm the presence of 
CNTs (the carbon wall and the cavity are clearly observed in Fig. 1 d) 
and Co9S8 nanoparticles. Fig. 1d shows that the diameter of CNTs is 
approximately 20 nm, and Fig. 1e clearly shows crystal lattice fringes 
with a lattice spacing of 0.30 nm, corresponding to the (311) plane of 
Co9S8. From the EDS spectrum shown in Fig. 1f, it is confirmed that the 
atomic ratio of Co to S is 1.13, which is coincident with the Co9S8 
component. No impurities can be detected other than the elements C, N, 
O, Co, and S (the element Cu is derived from the copper mesh). 
Furthermore, energy-dispersive spectroscopy (EDX) elemental mapping 
offers an effective demonstration of the uniform distribution of 
elemental Co and S (Fig. 1g-j). 

The phase structures were revealed by XRD techniques. As shown in 
Fig. 2a, the XRD pattern of the Co9S8/CNTs-Gr product shows that the 
diffractive peaks are correctly assigned to Co9S8 (JCPDS No. 19–0364). 
It is worth considering that the diffraction peaks for Co9S8 can also be 
detected after sulfur loading, as presented in Figure S2. As shown in the 
Raman spectrum (Fig. 2b), the peaks in the wavenumber range of 
400–600 cm− 1 correspond to various vibrational modes of Co9S8, [9] 
and the peaks located at 1355 and 1584 cm− 1 are assigned to the D 
(disorder induced band) and G (graphitic band) bands of carbon, 
respectively. [10] The ratio of ID/IG is determined to be ~ 0.79, 
demonstrating that some defects are introduced into the graphene or 
CNT structures. At the same time, the 2D peak is obvious, which ac-
counts for the formation of few-layered graphene. [26]. 

The surface area and pore distribution of the Co9S8/CNTs-Gr product 
were evaluated from N2 adsorption/desorption isotherms, and the re-
sults are shown in Fig. 2c and d. The adsorption/desorption curve 
(Fig. 2c) for Co9S8/CNTs-Gr shows a type IV physisorption isotherm, 
which implies the presence of mesopores. The BET specific surface area 
of Co9S8/CNTs-Gr is determined to be 70 m2/g, and a narrow pore 
distribution of 3.9 nm is observed (Fig. 2d). After sulfur loading, the 
surface area is reduced to 8 m2/g and no pore characteristics are 
exhibited, as shown in Figures S 3a and b. This is additional evidence 
demonstrating that sulfur is fully loaded into the pores of Co9S8/CNTs- 
Gr. 

XPS analysis was further performed to specifically illustrate the 
chemical components and the elemental valence state on the surface of 
the materials. From the survey spectrum shown in Fig. 2e, the elements 
Co, S, C, N, and O are identified, which are in accordance with the EDS 
results. The high-resolution Co 2p XPS spectrum exhibits characteristic 
peaks for Co3+ and Co2+, as shown in Fig. 2f. [27] Specifically, two 
spin–orbit doublet peaks at ~ 778.2 and ~ 780.5 eV are clearly observed 
in the high-resolution Co 2p3/2 spectrum. Concurrently, another pair of 
peaks located at 793.2 and 796.6 eV in the Co 2p1/2 spectrum can also be 
observed, which are both attributed to Co3+ and Co2+ in Co9S8. [18,28] 
The binding energies centered at 784.7 and 803.5 eV are accompanied 
by shake-up satellite peaks. [29] Fig. 2g shows the high resolution 
deconvoluted S 2p spectrum. Six peaks are located at 162.6, 163.9, 
165.0, and 169.0 eV, which are assigned to S 2p3/2, S 2p1/2, C–S bonds, 
and SO4

2− , respectively. [30] It is worth indicating that the emerging 

Fig. 2. (a) XRD pattern, (b) Raman spectra, (c, d) The nitrogen adsorption–desorption isotherm and the pore distribution, (e) Survey XPS spectra of Co9S8/CNTs-Gr. 
(f-i) High-resolution XPS spectra of Co9S8/CNTs-Gr (f) Co 2p, (g) S 2p, (h) N 1 s and (i) C 1 s. 
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C–S peak also illuminates the coupling effect between Co9S8 and the 
graphene/CNTs, which is beneficial to the rapid carrier migration. The N 
1 s spectrum can be deconvoluted into four peaks at 398.4, 398.9, 401.1, 
and 404.5 eV, which are indexed to pyridinic N, pyrrolic N, graphitic N, 
and oxidized N, respectively, as illustrated in Fig. 2h. The nitrogen 
groups are derived from the pyrolysis of imidazole ligands in ZIF-67 and 
the addition of pyrrole modifier. The presence of nitrogen species has 
been proven effective in confining the diffusion of LiPSn via strong polar 
interactions. [31] Especially in recent reports, the graphitic-N group is 
determined to play a pivotal role in the electrocatalytic conversion and 
confinement of LiPSn. [32] In our host material Co9S8/CNTs-Gr, 
graphitic N is dominate and is expected to act as a promoter for boosting 
the electrochemical performance of LSBs. In addition, the C 1 s XPS 
spectrum (Fig. 2i) also demonstrates the presence of C–S bonds in the 
Co9S8/CNTs-Gr sample. 

To better probe the advantages of Co9S8/CNTs-Gr for trapping LiPSn, 
a visualized adsorption measurement was carried out. As shown in 
Fig. 3a, different electrocatalysts composed of pure graphene, Co/C-Gr, 
and Co9S8/CNTs-Gr of the same amount are added to the prepared Li2S6 
solution in vitro. After adsorption for 3 h, the solution immersed with 
Co9S8/CNTs-Gr turns completely colorless, and the characteristic Li2S6 
peak disappears. [33] In contrast, the Li2S6 solutions immersed with 
graphene and Co/C-Gr exhibit no significant changes in color, and the 
characteristic Li2S6 peak remains in the UV–vis spectrum. 

The electrochemical performance of the S@Co9S8/CNTs-Gr cathode 
with a sulfur mass loading of 1.3 mg cm− 2 was evaluated using CR2025 
coin cells. The S@Graphene cathode was employed as a control sample 

and investigated under the same experimental conditions. A typical 
cyclic voltammetry (CV) profile of the S@Co9S8/CNTs-Gr electrode was 
measured for the first cycle in the potential range of 1.7–2.8 V with a 
scan rate of 0.2 mV s− 1 (Fig. 3c). In the reduction process of S@Co9S8/ 
CNTs-Gr, the peaks at 2.24 and ~ 1.76 V correspond to the reduction of 
sulfur to soluble LiPSn (S8 + 4e− 1 → 2S4

2− ) and the conversion of LiPSn to 
insoluble L2S2/Li2S (2S4

2− + 12e− 1 → 8S2− ), respectively. [34] After-
ward, in the oxidation process, the oxidative peak at ~ 2.5 V can be 
assigned to the gradual delithiation of Li2S to soluble LiPSn and S8. 
Concurrently, the sulfur content of ~ 75 wt% in S@Co9S8/CNTs-Gr is 
confirmed by TGA analysis (Fig. 3b). 

Fig. 3d shows the voltage–time profile obtained for the S@Co9S8/ 
CNTs-Gr electrode for the first charge/discharge process. The reduction 
process of S8 to soluble LiPSn is clearly revealed in the discharge pro-
cedure (the plateau between 2.1 and 2.3 V), which is in line with the CV 
analysis. The detailed first charge/discharge profiles obtained for the 
battery with the S@Co9S8/CNTs-Gr cathode at different C rates are 
depicted in Fig. 3e. The S@Co9S8/CNTs-Gr electrode delivers high 
specific discharge and charge capacities of 1384 and 1376 mA h g− 1, 
respectively, endowing an initial Coulombic efficiency as high as 99.4 
%. As indicated in Fig. 3e, the battery with the S@Co9S8/CNTs-Gr 
cathode shows a small polarization voltage of 0.13 V, further demon-
strating the highly efficient electrocatalytic activity for polysulfide 
conversion. [35]. 

In addition, high reversible specific capacities of 1362, 1148, 1008, 
824, 791, and 416 mA h g− 1 are obtained at 0.1, 0.5, 1.0, 3.0, 4.0, and 
8.0C rates, respectively (Fig. 3f). More impressively, after the current 

Fig. 3. (a) UV absorption spectra of Li2S6 solutions containing graphene, Co9S8/CNTs-Gr, Co/C-Gr, and pure Co9S8, and the inset shows the corresponding digital 
photographs. (b) TG curves of pure S and S@Co9S8/CNTs-Gr. (c, d) The CV curve and time–voltage profile of the S@Co9S8/CNTs-Gr cathode. (e) First galvanostatic 
charge/discharge profiles of the S@Co9S8/CNTs-Gr electrode at various current densities.(f) rate performance (g-i) The digital photograph of S@Co9S8/CNTs-Gr 
electrode at different bending state. 
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density is reset to a rate of 0.1C, the specific capacity of the S@Co9S8/ 
CNTs-Gr electrode immediately recovers to a value of ~ 1270 mA h g− 1. 
The corresponding coulombic efficiency of Fig. 3f was shown in 
Figure S4, it is shown that even at a high rate of 8.0C, the coulombic 
efficiencies of the S@Co9S8/CNTs-Gr electrode still remains higher than 
95 %. In comparison, the battery with the bare S@Graphene electrode 
shows inferior rate performances, such as a lower initial specific ca-
pacity of 674 mA h g− 1 at 0.1C, and the capacity rapidly decreases to 
140 mA h g− 1 at 8.0C. Furthermore, it is satisfactory that the current 
collector-free S@Co9S8/CNTs-Gr electrode exhibits superior self- 
supporting capability and strength, as shown in Fig. 3g-i. Even after 
bending and crumpling, the free-standing S@Co9S8/CNTs-Gr electrode 
can still maintain its integrity, and no pulverization or fracture phe-
nomenon is observed after the electrode recovers. 

The lithium-ion diffusion coefficient directly represents the conver-
sion kinetics of LiPSn, and, thus, was further investigated. As exhibited in 
Fig. 4a and b, CV measurements for the S@Co9S8/CNTs-Gr and 
S@Graphene cathodes at various scan rates were carried out. With 
increasing scan rate, the redox peak currents are significantly enhanced. 
The high peak currents of the S@Co9S8/CNTs-Gr cathode signify a lower 
electrochemical polarization compared with the S@Graphene cathode. 
The current measured for all redox peaks shows linear variation with the 
square root of the scan rate (Fig. 4c-e). In fact, the lithium-ion diffusion 
coefficient can be determined based on the following Randles-Sevcik 
equation (1): 

Ip = 2.69 × 105n1.5AD0.5
Li+ CLi+ ν0.5 (1) 

where Ip represents the peak current, n is the electron number of the 
redox reaction, A is the area of the electrode, DLi+ represents the Li+

diffusion coefficient, CLi+ is the concentration of Li+, and ν is the scan 
rate. Equation (1) indicates that the Li+ diffusion coefficient is positively 
correlated with the slope of Ip and ν1/2. The slopes of both cathodic 
reduction and anodic oxidation processes for the S@Co9S8/CNTs-Gr 
electrode are significantly larger than those of the S/Graphene elec-
trode, which illustrates the superior reversion kinetics of LiPSn with the 
S@Co9S8/CNTs-Gr electrode. Fig. 4f displays the Nyquist curves of the 

S@Co9S8/CNTs-Gr electrode after 5 and 200 charging-discharging cy-
cles, where the radius of the semicircle in the high-frequency region is 
relevant to the charge transfer resistance. Fig. 4f shows that the 
S@Co9S8/CNTs-Gr electrode exhibits a smaller charge transfer resis-
tance with increased cycling. [36] Meanwhile, a new semicircle 
appeared after 200 cycles which was related to the deposition of Li2S/ 
Li2S2 on the electrode surface during cycling. [37–39] The above results 
indicate that S@Co9S8/CNTs-Gr has high catalytic ability and excellent 
reaction kinetics for LiPSn, which contributes to the improved electro-
chemical performance. 

To further investigate the electrocatalytic performance of Co9S8/ 
CNTs-Gr on the liquid–liquid conversion of LiPSn, a CV measurement for 
a symmetric battery was performed in the potential range of − 1 to 1 V at 
a scan rate of 3 mV s− 1. As shown in Figures S5a and b, the Co9S8/ 
CNTs-Gr electrode exhibits a higher response current and smaller 
voltage polarization than graphene, signifying a conspicuously accel-
erated LiPSn conversion process. [40]. 

The S@Co9S8/CNTs-Gr cathode was evaluated under a variety of 
conditions to establish the viability for practical high-performance LSBs. 
S@Co9S8/CNTs-Gr, S@Graphene and S@Co/C-Gr in a half-cell paired 
with Li foil show distinct cycling stability, as presented in Fig. 5a, b, and 
S6. Figure S6a shows the FT-IR spectrum of pyrrole modified graphene 
before calcination, the peaks at 1539, 1456, 1304, 1174, 1036, 895, 784, 
608, and 469 cm− 1 are assigned to the characteristic vibrations of pyr-
role. The SEM image of pyrrole modified graphene after heat treatment 
was shown in Figure S6b, it is shown that the graphene retains sheet-like 
structures after pyrrole modification. The S@Co9S8/CNTs-Gr electrode 
delivers a high reversible specific capacity of ~ 950 mA h g− 1 at 1C and 
endows an impressive lifespan of 600 cycles with a sulfur loading of 1.3 
mg cm− 2 and a lean electrolyte. The S@Co9S8/CNTs-Gr electrode ex-
hibits outstanding cycling stability with a capacity decay of only 0.01 %. 
In contrast, as shown in Figure S6c, the S@Graphene electrode exhibits a 
relatively low specific capacity of ~ 500 mA h g− 1 at the same current 
density and with the same sulfur loading, corresponding to a remarkable 
capacity decay of 0.076 %. Furthermore, to make clear the role of the in- 
situ growth of CNTs, the cycle stability of S@Co/C-Gr cathodic LSBs is 

Fig. 4. CV curves of the LSBs with (a) S@Co9S8/CNTs-Gr; (b) S@Graphene cathodes at different scan rates from 0.1 to 0.5 mV s− 1. The plots of peak currents with the 
square root of the scan rate (ν1/2) for the (c and d) cathodic reduction processes and the (e) anodic oxidation process. (f) AC impedance measurements of S@Co9S8/ 
CNTs-Gr electrode after different cycles. 
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also conducted. Figure S7a shows the TEM and HRTEM images of the 
prepared Co/C-Gr, it is indicated that no CNTs can be observed in Co/C- 
Gr sample. The further charge–discharge test (Figure S7b) indicates that 
the capacity of S@Co/C-Gr cathode rapidly degrades from ~ 1200 mA h 
g− 1 to 300 mA h g− 1 after 500 cycles. Therefore, the incorporation of 
Co9S8 and the combination of CNTs has major consequences for 
improving the specific capacity and the rate performance. After 
increasing the sulfur loadings to 3.2 mg cm− 2 (Figure S5) and 7.2 mg 
cm− 2 (Fig. 5b), the S@Co9S8/CNTs-Gr electrode still shows superior 
cycling stability (cross-sectional SEM images of the electrodes with 
different thicknesses are given in Figure S8). It is worth noting that the 

battery with the S@Co9S8/CNTs-Gr cathode possesses a high area ca-
pacity of ~ 6 mA h cm− 2 (Fig. 5b), which is much larger than that re-
ported previously (Table S1). Meanwhile, the surface and cross-sectional 
SEM images of the electrode with a thickness of ~ 1.3 mg cm− 2 are 
shown in Figure S9. It is clearly observed that the electrode after 300 
cycles (Figure S9c and d) displays the same surface morphology as the 
fresh electrode (Figure S9a and b). No fracture or pulverization phe-
nomenon can be detected, further demonstrating the superior structural 
stability of the S@Co9S8/CNTs-Gr cathode. As illustrated in Fig. 5c and 
d, the comparison of non-catalytic graphene and the Co9S8/CNTs-Gr 
hosts clearly reveal the mechanism of boosted sulfur-fixation 

Fig. 5. (a, b) Cycling performances of the S@Co9S8/CNTs-Gr electrode at different C rates and different sulfur loadings, the coulombic efficiency in (a) belongs to 
Co9S8/CNTs-Gr; (c, d) the schematic illustrations of the conversion of LiPSn and the migration of electrons over Graphene and Co9S8/CNTs-Gr, respectively. 

Fig. 6. (a) Geometrically stable configurations of LiPSn adsorption of Co9S8/CNTs-Gr, and (b) the corresponding charge density difference patterns; (c) Binding 
energies between polysulfides (S8, Li2S8, Li2S6, Li2S4, Li2S2, and Li2S) and graphene and Co9S8/CNTs-Gr. 

L. Sun et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 451 (2023) 138370

8

performance of S@Co9S8/CNTs-Gr cathode. The presence of Co9S8 and 
CNTs endows the S@Co9S8/CNTs-Gr cathode with strong chemisorp-
tion, high catalytic activity, high rate performance, high area capacity 
and self-supporting capability. In the absence of catalytically polar 
Co9S8 and CNTs, the LiPSn species will diffuse from the graphene host 
rapidly, as shown in Fig. 5c. 

Density functional theory (DFT) calculations were performed to 
further understand the adsorption of LiPSn at the graphene and Co9S8/ 
CNTs-Gr sites and the results are given in Fig. 6. Figure S10 and Fig. 6a 
show the optimized configurations of polysulfides and the Co9S8 (311) 
surfaces with LiPSn species, respectively. The calculated binding en-
ergies are illustrated in Fig. 6c. The Co9S8 (311) surface exhibits more 
negative binding energy than graphene (001) surface, demonstrating 
the superior LiPSn capture capability of Co9S8. Charge density difference 
patterns (Fig. 6b) can provide further information on the charge distri-
butions, where the blue regions represent the electron accumulation and 
the yellow regions denote the electron depletion. Fig. 6b shows that 
strong interactions between Li (LiPSn) and S (Co9S8), as well as S (LiPSn) 
and Co (Co9S8), are clearly observed. Such a strong donor–acceptor 
nteraction can significantly enhance the electrochemical redox reaction 
of polysulfides at the Co9S8 surface and establish a built-in electric field 
to boost charge transport and accelerate LiPSn conversion. [11] There-
fore, both experiments and theoretical calculations demonstrate the 
high electrocatalytic performance of metallic and polar Co9S8. Concur-
rently, the presence of in situ growth of CNTs and pyrrole-modified 
graphene improves the rate capability and self-supporting character-
istic of the cathode. 

4. Conclusion 

In summary, a high-efficiency multifunctional self-supporting 
S@Co9S8/CNTs-Gr electrode was successfully designed for simulta-
neously alleviating the shuttle effect and boosting the rate performance. 
Experimental and computational results confirm the effective electro-
catalytic activity of Co9S8, empowering rapid LiPSn conversion. In 
addition, the in situ growth of CNTs along the Co9S8 nanoparticles and 
the introduction of pyrrole-modified graphene simultaneously accel-
erate the electron migration of the whole electrode. The S@Co9S8/CNTs- 
Gr cathode realizes an outstanding long-term cycling stability with an 
ultralow capacity decay of 0.01 % per cycle over 600 cycles at a rate of 
1C and a superior rate capability of up to 416 mA h g− 1 at a rate of 8C. In 
addition, the S@Co9S8/CNTs-Gr electrode delivers a high areal capacity 
of ~ 6 mA h cm− 2 under a sulfur loading of 7.2 mg cm− 2 at an E/S of 10. 
The elaborate architecture is beneficial for providing fast electron 
pathways and a large surface for charge transfer, thus promoting the 
kinetics for LiPSn conversion. This work exploits the great application 
potential of metallic Co9S8 to tackle the undesirable shuttle effect and 
the insulating characteristics of sulfur species and provides useful in-
sights for the design of state-of-the-art electrocatalysts for advanced 
LSBs. 
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