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A B S T R A C T

Exploring a simple way to simultaneously modulate the electronic structure and physical architecture of metal 
sulfides can contribute to improve their electroactivity for bidirectional sulfur conversion in lithium‑sulfur 
batteries (LSBs). Herein, a novel Fe cluster modified Co9S8 supported on hollow carbon nanotube (Fe- 
Co9S8@CNT) is prepared for LSBs by one-step self-vulcanizing/doping. The X-ray absorption spectroscopy and 
in-situ Raman spectra reveal the formation of Fe–Co bonds leads to Co9S8 with abundant S vacancy, thereby 
effectually regulating the electronic structure of Co sites to enhance the adsorption and conversion polysulfides. 
Moreover, the well-developed porous and hollow structure facilitate the storage of active S and the mass transfer. 
Therefore, the S/Fe-Co9S8@CNT cathode indicates a favorable rate capability (775.7 mAh g− 1 at 5.0C) and 
cycling stability (capacity attenuation of 0.022 % each cycle at 3.0C over 1000 cycles). Density functional theory 
further elucidates the underlying cause of the excellent electroactivity, confirming Fe doping reduces the oc
cupancy of eg orbit of Co sites from 3.81 to 3.6, which can facilitate formation of suitable bond orders between Co 
site and Li2Sx, thus lowering the energy barrier of rate-determining step. This work supplies an available way to 
the design of excellent S hosts for LSBs.

1. Introduction

LSBs with a high theoretical gravimetric energy density (2600 Wh 
kg− 1) are generally regarded as one of most ideal potential energy 
storage devices to meet the growing demand for energy from electric 
vehicles and portable electronics [1,2]. However, their practical use is 
presently constrained by the sluggish S conversion reaction and grievous 
“shuttle effect” of lithium polysulfides (LiPSs) intermediates [3,4], 
which often leads to large polarization, poor rate performance and 
accelerated capacity degradation in LSBs [5,6]. A substantial body of 
studies indicates that the utilization of electrocatalysts within LSBs 
constitutes a straightforward method to overcome mentioned problem 
[7,8]. In this case, low-cost cobalt sulfides (CoSx) are regarded as one of 

the most promising candidate materials, owing to their excellent con
ductivity and tunable electronic structure [9,10]. Nevertheless, S redox 
reaction involves multiple electron transfer, common CoSx limited by 
intrinsic activity, poor specific surface area and low accessible active 
sites, how to achieve the rapid transformation of LiPSs and inhibiting 
their dissolution under harsh conditions ((S loading >4 mg cm− 2, E/S <
10 μL mg− 1)) still pose a challenge. To counter this, it is imperative to 
explore viable strategies for further increase activity of CoSx.

In the context of a multi-step electrochemical reaction, the rate of 
reaction is predominantly contingent upon the energy barrier (ΔGRDS) of 
the rate-determining step (RDS). For 3d group metal compound, the 
ΔGRDS can be reduced by reasonably modulating the 3d electron struc
ture of catalysts [11]. According to molecular orbital hybridization 
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theory, for CoSx as an electrocatalyst to catalyze the S redox reaction, the 
adsorption of LiSx on Co sites is realized by the interaction between 3d 
orbitals of Co and 3p orbitals of the LiSx [12], and the adsorption 
strength of LiSx determines the level of ΔGRDS. This can be analyzed by 
the bond order of bonding and anti-bonding orbitals. In principle, a 
lower anti-bonding orbital occupancy will lead to an enhanced adsorp
tion capacity. Furthermore, crystal field theory demonstrates that 3d 
orbitals can be spited into t2g (dxy, dyz and dxz) and eg (d x2 - y2, dz2) or
bitals, where the filling of eg is significant for the anti-bonding orbital 
occupancy and formation of intermediates due to it has a substantial 
degree of vertical overlap with pz orbitals. Therefore, electrocatalytic 
performance of CoSx can be improved by the modulation of eg orbital 
occupancy. Recently, many efforts find that doping high-valence metal 
ions (V, Fe, Mo and so on) with a multitude of unoccupied d orbitals into 
host materials can adjust their eg orbital occupancy by the formation of 
robust strong d-π-conjugated system, thereby enhancing their electro
activity [13–15]. For example, Wu et al. regulated the spin state of Co9S8 
by V doping, thereby optimizing the adsorption/desorption of in
termediates to significantly increase the oxygen catalytic activity [16]. It 
can thus be concluded that the precise modulation of the d-orbital 
electronic configuration of the Co site in CoSx through high-valence 
metal doping may lead to a further enhancement of the intrinsic activ
ity towards sulfur-involved reactions. Moreover, combining with the 
various characterizations and theoretical analysis to reveal the 
structure-activity relationship between activity and electronic structure 
will further encourage the advancement of electrocatalysts for LSBs.

In addition to excellent electroactivity, the three-dimensional (3D) 
physical architecture is also an important factor for enhancing the per
formance of the S cathode. Hollow nanoreactor with high surface-to- 
volume ratios are considered one of the most ideal structures, which 
can not only expose more active sites, but also can provide additional 
storage space for S, alleviate the issue of S volume expansion, and 
enhance mass transfer [17,18]. Inspired by these principles, a well- 
structured hollow nanoreactor composed of Fe cluster modified Co9S8 
nanoparticles (NPs) and hollow carbon nanotube (Fe-Co9S8@CNT) is 
prepared as a S cathode material by annealing-self-vulcanizing-doping 
strategy. Characterization results indicate that the hollow structure en
sures a high sulfur (S) loading, mitigates volume expansion, expedites 
mass transfer, and increases the number of accessible active sites. 
Moreover, the in-situ formed Fe-Co bonds optimize the d-orbital elec
tronic configuration of Co9S8 and induce a high density of sulfur va
cancies (VS), thus enhancing the bidirectional sulfur conversion 
performance. The in-situ Raman spectra recorded during the charge/ 
discharge process further corroborate these results, where no distinct 
signals of LiPSs can be found, further suggesting the high electroactivity 
of Fe-Co9S8@CNT. So, S/Fe-Co9S8@CNT cathode indicates remarkable 
battery performance, including high capacity of 775.7 mAh g− 1 at 5.0C 
and an ultralow capacity attenuation with 0.022 % each cycle at 3.0C 
over 1000 cycles. Even under high S loading of 15.4 mg cm− 2 and poor 
E/S of 6.0 μL mg− 1, the S/Fe-Co9S8@CNT cathode still exhibits the high 
initial areal capacity of 15.44 mAh cm− 2 at 0.2C and excellent cycle 
stability with 86.8 % capacity reservation after 100 cycles. Density 
functional theory (DFT) demonstrates that Fe doping reduces the oc
cupancy of the eg orbit and the bandgap of Co9S8, which leads to more 
stable bond orders (BOs) between Co9S8 and Li2Sx, thus lowering the 
ΔGRDS to improve the catalytic performance.

2. Experimental section

2.1. Preparation of 1D CdS nanowires (CdS NWs)

The uniform CdS NWs were prepared by the solvothermal way. 
Summarily, cadmium diethyldithiocarbamate (Cd(S2CNEt2)2) was ob
tained via co-precipitation of cadmium chloride (2.1 g) and sodium 
diethyldithiocarbamate trihydrate (2.5 g). Subsequently, the mixture of 
Cd(S2CNEt2)2 (1.688 g) was transferred into 100 mL of Teflon-lined 

stainless autoclave containing 80 mL ethylenediamine, which was 
kept at 180 ◦C for 24 h. After cooling naturally to room temperature, the 
bright yellow precipitate was achieved via centrifugation and washed 
with H2O for 3 times and finally dried at 70 ◦C for 12 h.

2.2. Preparation of CdS@Fe-PDA NWs

The 200 mg of as-fabricated CdS NWs and 1.5 wt% FeCl3 were dis
solved into 100 mL H2O with stirring for 5 min. And then 1 mL of 
ammonia (25–28 %) was added into the solution described above. After 
stirring for 10 min, 10 mL hydrochloride (DA, 20 mg mL− 1) was slowly 
dripped into the above mixture and stirred continuously at room tem
perature for 12 h. The CdS@Fe-PDA NWs were obtained by centrifu
gation and washed with H2O for 3 times.

2.3. Preparation of CdS@Fe-PDA@ZIF-67 NWs

The as-fabricated CdS@Fe-PDA NWs (7.97 g) and Co(NO3)2•6H2O 
(2.45 g) were dispersed in methanol solution (180 mL). Then, the 1.2 g 
of 2-methylimidazole (2-MIM) was dissolved methanol solution (20 mL) 
and quickly poured into the above solution and stirred for 3 h at 30 ◦C. 
The CdS@Fe-PDA@ZIF-67 NWs was obtained by filtration and washed 
with methanol for 3 times.

2.4. Preparation of Fe-Co9S8@CNT

The 100 mg of as-fabricated precursors were placed into the middle 
of the tube furnace and heated at 1000 ◦C for 3 h under Ar atmosphere 
and then acid etching was conducted to obtain the Fe-Co9S8@CNT.

2.5. Preparation of other materials

The Co9S8@CNT, and Fe@CNT materials were fabricated via the 
same step of the Fe/Co9S8@CNT except that the precursors were 
CdS@Fe-PDA@ZIF-67 NWs and CdS@Fe-PDA NWs, respectively.

2.6. Preparation of S/Fe-Co9S8@CNT

The Fe-Co9S8@CNT and S powder (the weight ratio is 2:8) were 
evenly mixed and then was transferred into the middle of the tube 
furnace. Subsequently, the mixture was heated at 155 ◦C for 12 h and 
further 200 ◦C for 60 min with N2 atmosphere. For comparison, the S/ 
Co9S8@CNT and S/Fe@CNT were synthesized through the analogous 
method.

2.7. Materials characterization

The morphological and structural characteristics were performed via 
the Scanning electron microscopy (SEM, Gemini FE-SEM) and trans
mission electron microscopy (TEM, JEM-2100HR). The X-ray diffrac
tometer (XRD, Rigaku-D/Max-IIIA) and X-ray photoelectron 
spectroscopy (XPS, Thermo-ESCA-Lab 250) were employed to investi
gate the structural information of the as-fabricated materials. The inVia 
Qontor Raman Spectrometer was used to analyze the Raman spectra. 
The Kubo-X1000 instrument was employed to perform the Brunauer- 
Emmett-Teller (BET) and N2 adsorption–desorption isotherms. Ther
mogravimetric analysis (TGA, Netzsch STA 449C) in N2 atmosphere was 
used to estimate the sulfur mass content of the as-prepared composites. 
The adsorption performances of LiPSs were conducted by the UV–Vis 
spectrophotometer (UV2600 2200 CH).

2.8. Electrochemical measurements

The super P, Polyvinylidene fluoride (PVDF), and electroactive ma
terials with the weight ratio of 2:1:7 were uniformly dispersed into N- 
methyl-2-pyrrolidene (NMP) under stirring continuously for 8.0 h and 
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followed obtained the uniform slurry. Subsequently, the fabricated 
slurry was uniformly covered on the Al foil and dried at 60 ◦C for 12 h. 
The coin batteries (CR2032) were assembled in the glovebox, which is 
composed of the cathode part (S/Fe-Co9S8@CNT), anode part (lithium 
metal), the separator (Celgard 2400), and a commonly used Li–S bat
tery electrolyte with 2 % LiNO3. Particularly, when the cathode with low 
or high sulfur areal loading, the ratios of electrolyte and sulfur (E/S) 
were 15 μL mg− 1 or 6 μL mg− 1, respectively. Cycling properties of the 
batteries were conducted on a Land CT2001A instrument, where the 
voltage range was 1.7–2.8 V. Other electrochemical performances such 
like CV curves and EIS were performed via electrochemical workstation 
CHI 760E. Galvanostatic intermittent titration (GITT) measurements 
were operated with the current pulse for 10 min at 0.2 mA and then 
rested 1 h.

2.9. Li2S6 adsorption experiments

The 5 mM Li2S6 solution was synthesized by mixing S and Li2S (the 
molar ratio: 5:1) in the tetrahydrofuran (THF) solvent with stirring for 
overnight in the glovebox. Subsequently, 10 mg Fe-Co9S8@CNT, 
Co9S8@CNT and Fe@CNT powders were placed into the Li2S6 solution, 
respectively. The color change of Li2S6 solution illustrates the adsorption 
ability of the host materials to polysulfides.

2.10. Symmetrical-cell assembly and experiments

The 2 M Li2S6 solution was fabricated by mixing S and Li2S (the 
molar ratio: 5:1) in the commonly used Li–S battery electrolyte with 2 
% LiNO3 with stirring for overnight in the glovebox. Sulfur-free Fe- 
Co9S8@CNT, Co9S8@CNT, and Fe@CNT cathodes employed as working 
electrode and counter electrodes, and then the fabricated Li2S6 solution 
(25 μL) was employed as the electrolyte of symmetric cell. The CV 
measurements were performed on the CHI 760E with voltage range from 
0.8 V to − 0.8 V.

2.11. Li2S nucleation and dissolution measurements

A 0.2 M Li2S8 solution was formed via mixing S and Li2S (the molar 
ratio: 7:1) in tetraglyme solvent under stirring overnight. The as- 
synthesized Li2S8 (25 μL) was employed as catholyte and the 
commonly used Li–S battery electrolyte with 2 % LiNO3(25 μL) was 
employed as anolyte. Nucleation of Li2S measurements were carried out 
with lithium anode as the counter electrode and the as-synthesized 
cathodes as the working electrode. The assembled cells were first gal
vanostatically discharged to 2.06 V at 0.112 mA and followed poten
tiostatically discharged at 2.05 V until the current was below 0.01 mA. 
For the Li2S dissolution measurements, the cells were galvanostatically 
discharged to 1.7 V at 0.01C and then potentiostatically charged until 
the current was less than 0.01 mA at 2.4 V.

2.12. Linear sweep voltammetry (LSV) measurements

The Fe-Co9S8@CNT electrocatalysts towards LiPSs were further 
illustrated by linear sweep voltammetry (LSV) measurements and de
rivative Tafel plots. The Li-catalyst asymmetric battery was synthesized 
by the analogous procedures as the nucleation measurements. The LSV 
curves were performed at the scan rate of 5.0 mVs− 1 with the voltage 
range 2.3 V to 1.5 V. Tafel plots were evaluated based on the data of LSV 
curves, as depicted in the following equation V = a+ blogj, where the b 
displays the Tafel slope and j represents the current density in LSV 
curves.

2.13. Density functional theory (DFT)

DFT calculations were carried out with the open source planewave 
code (Quantum Espresso). For all calculations, the spin polarized 

generalized gradient approximation (GGA) of the ultrasoft pseudo- 
potentials and Perdew–Burke–Ernzerhof (PBE) functional were 
employed for the core electrons. Furthermore, the plane-wave cut off 
energy was “fine”. The energy and convergence of forces on each atom at 
structure relaxation were 10− 6 eV in energy and 0.04 eV Å− 1 in force, 
respectively. The 3 × 3 × 1 Monkhorst-Pack k-point grid was used to 
sample the Brillouin zone. To prevent interplanar interactions, the 
vacuum space in the z-direction was surpass15 Å. The top two layers 
were permitted to relax about the optimization of geometric models. The 
adsorption energies (Ea) for sulfur species on the Fe-Co9S8 or Co9S8 
surfaces are regarded as Ea = Etotal–Eads–Eslab, in which Etotal means all 
energy of the adsorbed system, Eads represents the energy of the adsor
bate sulfur species in vacuum and Eslab indicates the energy of the 
optimized clean surface slab.

3. Results and discussion

The fabrication process of the Fe-Co9S8@CNT is schematically 
elaborated in Fig. 1a, with further details provided in the experimental 
section. Initially, dopamine hydrochloride (DA) is polymerized in the 
presence of FeCl3 and CdS NWs to prepare CdS@Fe-PDA NWs, where the 
CdS NWs are served as self-sacrificing templates and S source. Subse
quently, adding Co2+ ions and 2-MIM to form CdS@Fe-PDA@ZIF-67 
NWs. Finally, Fe-Co9S8@CNT is obtained by the annealing of the pre
cursor under the Ar atmosphere. For purposes of comparison, the 
Co9S8@CNT and Fe@CNT are also prepared by the same procedure, 
without the addition of FeCl3 and ZIF-67, respectively.

The morphology of as-prepared samples is analyzed by scanning 
electron microscopy (SEM) and transmission electron microscopy 
(TEM). Fig. 1b illustrates that the as-prepared CdS NWs indicate uniform 
one-dimensional (1D) nanowires topography with a diameter of 
approximately 50 nm. As illustrated in Fig. S1a-c and Fig. 1c-d, CdS@Fe- 
PDA NWs, CdS@Fe-PDA@ZIF-67 NWs, Co9S8@CNT and Fe-Co9S8@CNT 
also express a uniform 1D morphology. Because of the decomposition of 
CdS NWs, in TEM image (Fig. 1e and Fig. S2), Fe-Co9S8@CNT displays 
the obvious hollow nanotube structure. Additionally, some NPs can be 
observed in the nanotube. In the corresponding SAED pattern (Fig. S1d), 
a distinct set of diffraction rings of (111), (311), (511), and (440) planes 
of cubic phase Co9S8 can be observed, suggesting that formation of 
Co9S8 NPs. Moreover, the absence of an evident diffraction ring asso
ciated with Fe species or CdS can be observed, indicating that they may 
exist in the form of single atoms or clusters, or alternatively, have un
dergone complete volatilization. HRTEM image (Fig. 1f, g) corroborates 
the aforementioned findings, wherein the lattices with a spacing of 0.34 
and 0.30 nm are discernible, corresponding to the graphite carbon (002) 
plane and the cubic Co9S8 (311) plane. Additionally, the surface exhibits 
a multitude of defects. The EDS elemental mapping images of Fe- 
Co9S8@CNT (Fig. 1h) indicate the presence of C, N, O, Co, S, and Fe 
element but no Cd element, which demonstrates that the CdS NWs have 
undergone complete volatilization during the annealing process. It is 
noteworthy that the C, N, and O elements are distributed in a uniform 
manner throughout the sample, while the dispersion of the Co and S 
elements exhibits a high degree of overlap with the nanoparticles, sug
gesting that the predominant composition of the nanoparticle is Co and 
S. Moreover, it can be found that the distribution of the Fe element is 
analogous to that of Co and S, demonstrating that the Fe mainly modi
fied on Co9S8, and the generation of defects in Co9S8 may be attributed 
to Fe doping. Moreover, to clearly determine the amount of metal in Fe- 
Co9S8@CNT, ICP-OES measurement further is performed, more detail 
can be seen in Tables S1, the content of Fe and Co are 2.2 and 14.8 wt%, 
respectively.

More details of structural information of the as-prepared samples are 
conducted via X-ray diffraction (XRD) patterns. As depicted in Fig. S3a, 
all XRD patterns express a broad peak located at 26◦, corresponding to 
the (002) facets of graphitic carbon [19]. In addition, Fe-Co9S8@CNT 
and Co9S8@CNT deliver extra diffraction peaks located at 15.8, 29.5, 
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31.0, 47.2 and 52.0◦, referring to the (111), (311), (222), (511) and 
(440) facets of Co9S8 (PDF# 86–2273), respectively, further corrobo
rates the formation of Co9S8. Furthermore, no obvious the characteristic 
peak of Fe or Fe-containing species can be detected by XRD. This finding 
lends further support to the hypothesis that the Fe element is likely 
present in the samples as clusters or single atoms. Raman spectra 
(Fig. S3b) employed to ascertain the degree of graphitization of the as- 
prepared samples. The Fe-Co9S8@CNT possess a favorable 

graphitization degree with an ID/IG ratio of 1.01, which can facilitate 
enhanced the conductivity. N2 adsorption/desorption curves are per
formed to investigate the specific surface area and relevant pore size 
distribution (Fig. S3c and S3d). Due to the ZIF-67-derived porous 
structure, the Fe-Co9S8@CNT and Co9S8@CNT show a high specific 
surface area of 348.6 and 352.8 m2g− 1, respectively, much larger than 
Fe@CNT (286.2 m2g− 1). Furthermore, the BJH pore distribution plot 
demonstrates that there are rich micropores and mesopores in Fe- 

Fig. 1. (a) Schematic Illustration to fabricate S/Fe-Co9S8@CNT nanohybrid. SEM images of (b) CdS NWs, (c) CdS@Fe-PDA@ZIF-67 NWs, and (d) Fe-Co9S8@CNT. (e) 
TEM image, (f-g) HRTEM image, and (h) element mapping images of Fe-Co9S8@CNT.

W. Zhou et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 522 (2025) 167290 

4 



Co9S8@CNT, which is beneficial to offer more space to store active S, 
enhance mass transfer and inhibit the volume expansion of S during 
operating of LSBs.

XANES and EXAFS are used to analyze the chemical state and fine 
structures of the Fe-Co9S8@CNT. Fig. 2a and FigS4a shows the Co K-edge 
XANES curve (Co foil, CoPc, CoS2, Co3O4, CoO and Co9S8 as reference 
samples), where it can be clearly observed that the near absorption edge 
of Fe-Co9S8@CNT (the red-circled section) is positioned between that of 
the Co foil and CoO, indicating that the average valence state of Co in Fe- 
Co₉S₈@CNT lies within the range of 0 to +2. The results are excellent 
agreement with the average valence state (1.78) of Co9S8, thereby 
validating the consistency and reliability of the experimental results. In 
addition, the Fourier transform (FT) k3-weighted EXAFS spectra 
(Fig. S4c) are carried out to acquire the local environment of Co center. 
In Fig. 2b and Fig. S4b, the reference samples Co foil, CoS2 and CoPc 
display obvious peaks at 2.09, 1.86 and 1.48 Å, corresponding to Co–Co 
bond, Co–S bond and Co–N bond, respectively. Moreover, the peak of 
Co–S and Co–Co bond also can be detected from 1.5 to 3.0 Å in R-space 
in the EXAFS spectra of Fe-Co9S8@CNT. However, it’s worth noting the 
peaks of Co–Co bond in Fe-Co9S8@CNT increase by 0.1 Å, indicating 
that partial substitution of Co–Co bond with Co–Fe bond.

Then, EXAFS spectra of Fe-Co9S8@CNT and Co9S8@CNT are fitted to 
further understand the coordination structure of Co, the fitting 

consequences (Fig. 2c, Fig. S4d and Table S2, all inappropriate R factors 
below 1.0 %) indicate that the Fe-Co9S8@CNT possesses two distinct 
types of Co–S coordination structures. One is Co atom connects with 
three S atoms (centered at 2.18 Å), and the other is Co atom coordinates 
with one S atom (located at 2.03 Å). Furthermore, the location of Co–Co 
is centered at 2.51 Å. The fitting consequences of these above-mentioned 
coordination structures further confirm the formation of Co9S8 in the 
sample. More importantly, the extra peak situated at 2.40 Å is attributed 
to the Co–Fe bond, further revealing the powerful chemical interaction 
between Fe and Co. The formation of the Fe–Co bond in Fe-Co9S8@CNT 
results in a reduction in the coordination number of Co–S, which is 
below the theoretical value, thus lead to generation of VS in Fe- 
Co9S8@CNT. To gain further insight into the coordination environment 
of Co center, the wavelet transforms (WT, Fig. S4e-i) are carried out, in 
which the WT of Fe-Co9S8@CNT displays a strong signal at 5.8 Å− 1, the 
valuable is between Co–Fe (7.6 Å− 1) and Co–Co (4.8 Å− 1), further 
indicating that presence of Co–Fe in the samples.

Subsequently, the Fe K-edge XANES spectra (Fig. 2d) are employed 
to provide further insight into the valence state and coordination 
structure of Fe in Fe-Co9S8@CNT. In Fig. 2d (the red-circled section), it 
can be found that the near absorption edge of Fe in Fe-Co9S8@CNT 
closely resembles that of the Fe Foil, suggesting that the valence state is 
near to 0. This demonstrates Fe species maybe as a metallic-like 

Fig. 2. (a) The Co K-edge XANES spectra and (b) Fourier transform (FT) of the Co K-edge EXAFS spectra of Fe-Co9S8@CNT and reference materials. (c) The Co R- 
space fitting results of Fe-Co9S8@CNT. (d) The Fe K-edge XANES spectra and (e) Fourier transform (FT) of the Fe K-edge EXAFS spectra of Fe-Co9S8@CNT and 
reference materials. (f) The Fe R-space fitting results of Fe-Co9S8@CNT. The wavelet transforms of (g) Fe-Co9S8@CNT, (h) Fe foil, and (i) CoFe2O4.
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electronic configuration within Fe-Co9S8@CNT. The corresponding 
EXAFS spectra confirms the results, where the clear Fe–Fe bond can be 
observed (Fig. 2e and Fig. S5a). Moreover, no signal of Fe–S bonds can 
be observed, indicating that no FeSx species are produced in Fe- 
Co9S8@CNT. To further understand the coordination environment of Fe 
site, the EXAFS spectra are fitted, more detail can be seen in Fig. 2f, 
Fig. S5b and Table S2, the R factors below 1.0 % ensure the reliability of 
the results. Upon careful analysis, the peak located at 2.73 Å corresponds 
to Fe–Fe bond and the other peak at 2.43 Å ascribes to Fe–Co bond. 
The coordination numbers for these bonds are determined to be 0.7 and 
2.2, respectively, suggesting that Fe is predominantly present in the 
form of Fe–Co bonds within the samples, with a minor fraction of Fe 
forming nanoclusters. In the WTs (Fig. 2g-i and Fig. S6), Fe-Co9S8@CNT 
expresses the highest intensity at 5.8 Å− 1 in k-space, which is smaller 
than Fe–Fe (7.6 Å− 1) in metallic Fe and larger than the Co–Fe (4.8 Å− 1) 
in reference CoFe2O4, further confirming two types of bonds in the Fe- 
Co9S8@CNT.

XPS are performed to further estimate the surface states of the as- 
fabricated samples. In C1s spectrum (Fig. S7a), the peaks at 284.4, 
284.8, 285.3, 286.2, and 289.0 eV can be found, attributing to C–C, 
C––C, C––O, C–N, and O-C=O [20,21], respectively. The formation of 
C–N moieties demonstrates the successful incorporation of N into the 
carbon skeleton. Furthermore, N1s spectrum (Fig. 3a) of Fe-Co9S8@CNT 

could be separated into graphitic-N (400.9 eV), pyrrolic-N (399.3 eV), 
pyridinic-N (398.6 eV) [22,23], respectively. The pyridinic-N and 
pyrrolic-N can form chemical interaction with LiPSs through Li–N bond 
to hamper shuttle-effect. In the Co 2p profiles of Fe-Co9S8@CNT 
(Fig. 3b), the three pair of peaks (781.3/797.5 eV, 783.3/799.3 eV and 
786.9 and 803.5 eV) are conformed to Co3+, Co2+ and satellite peaks 
[24,25], respectively. In comparison to Co9S8@CNT, the Co 2p peaks of 
Fe-Co9S8@CNT exhibit a positive shift towards higher binding energy 
(BE), indicating that Fe doping changes the electronic structure of Co 
site in Co9S8 to be in an electron-deficient state. The S2p spectra (Fig. 3c) 
further confirm the results, the BE of S2p in Fe-Co9S8@CNT negatively 
shift about 0.2 eV compared to Co9S8@CNT, suggesting that S sites in Fe- 
Co9S8@CNT with rich charge density. The electron-rich S sites is bene
ficial to capture LiPSs by Li–S bond, whereas the electron-deficient 
metal sites are more readily coupled with S in LiPSs.

In order to gain further insight into the influence of Fe doping, the 
corresponding molecular models are built according to the character
ization results to further deeply study the electron cloud distribution. As 
shown in Fig. 3d-e, one can find that the formation Co–Fe bonds in 
Co9S8 can induce VS in Co9S8, thereby resulting in a modification of the 
electron cloud density at the defect sites. In comparison to Co9S8 without 
Fe doping, a greater number of electrons are transferred from Co sites to 
S sites, which is in accordance with the results of XPS and XANES.

Fig. 3. (a) N1s spectra of Fe-Co9S8@CNT. (b) The Co2p and (c) S2p spectra of Fe-Co9S8@CNT and Co9S8@CNT. The differential charge density and relevant 
structural model of (c) Co9S8 and (d) Fe-Co9S8. (g) UV–vis adsorption spectra, where the insert is the relevant visualized pictures. Optimized structures and the 
binding energies of (h) Co9S8@CNT/Li2S6 and (i) Fe-Co9S8@CNT/Li2S6.
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To analyze the LSBs performance of as-prepared samples, S/Fe- 
Co9S8@CNT, S/Co9S8@CNT, and S/Fe@CNT cathodes are obtained 
through a simple melt-diffusion process. The S loadings of different 
samples are quantified by thermogravimetric analysis (TGA) (Fig. S8a), 
which are 74.6, 74.5, and 77.8 wt% for S/Fe-Co9S8@CNT, S/ 
Co9S8@CNT, and S/Fe@CNT cathodes, respectively. In Fig. S8b, the 
corresponding XRD pattern show distinct diffraction peaks of S (PDF 
#42–1287). Moreover, SEM image after impregnating S (Fig. S9) dem
onstrates that S/Fe-Co9S8@CNT composite still retains 1D nanotube 
structure, and that no S NPs are present on the surface, suggesting that 
that the S is uniformly encapsulated within the hollow nanocarbon. The 
N2 adsorption–desorption curves and the related pore size distribution 
plots (Fig. S10) provide further confirmation that the S has successfully 
infiltrated the pore and channel structures. It can be observed that the 
specific surface area and corresponding pore volume decline signifi
cantly after S loading.

The static adsorption measurements are further conducted to esti
mate the affinity of as-prepared samples towards LiPSs. In Fig. 3g inset, 
the color of solution for the Fe-Co9S8@CNT-Li2S6/THF changes to nearly 
clear after sufficient interaction, while the Li2S6/THF solution with 
Co9S8@CNT or Fe@CNT additives still maintains pale-yellow, which 
suggests that Fe doping can markedly enhance the absorptive capacity of 
Co9S8 for LiPSs. This result is corroborated by the UV–vis spectra 
(Fig. 3g), where Fe-Co9S8@CNT exhibits the smallest Li2S6-relevant 
absorbance peaks, in comparison to the other samples. To further verify 
the excellent adsorption capacity towards LiPSs, the adsorption energies 
of different samples are evaluated according to DFT calculation, corre
sponding model in Fig. S11–12. As depicted in Fig. 3h-i, the Fe- 
Co9S8@CNT shows a lower adsorption energy (− 3.57 eV) towards to 
Li2S6 than that of Co9S8@CNT (− 1.94 eV), demonstrating that the Li2S6 
more easily anchored on the Fe-Co9S8@CNT surface.

To further explain the reason, the surface chemical state of Fe- 
Co9S8@CNT after adsorbing Li2S6 are also estimated by XPS measure
ment. Fig. S13a-b show that the BE of Co2p and Fe 2p in Fe-Co9S8@CNT 
occur different blue shift compared with initial, demonstrating the ex
istence of powerful chemical interactions between LiPSs and metal sites. 
The S2p spectrum (Fig. S13c) exhibits the obvious terminal sulfur (ST

− 1, 
165.4 eV) and bridge sulfur (SB

0, 164.0 eV), which are corresponded to 
the presence of Li2S6 [26,27]. Compared with pure Li2S6, the binding 
energies of terminal sulfur and bridge sulfur of Fe-Co9S8@CNT both 
move in a positive direction, demonstrating that there is a chemical 
interaction between Fe-Co9S8@CNT and Li2S6. Due to catalysis of Fe- 
Co9S8@CNT, a new peak (169.6 eV) of thiosulfate/polythionate derived 
from Li2S6 can be observed [28]. The appearance of this salt is beneficial 
to the forms of solid Li₂S with remarkable electrochemical activity and 
regeneration during the charging/discharging process. In Li1s spectrum 
(Fig. S13d), three peaks located at 56.8, 55.6, and 54.5 eV can be 
observed, assigning to Li–N, Li–O, and Li–S bond [29,30], respec
tively, the appearance of Li-N/Li-O further confirming the strong 
interaction between Fe-Co9S8@CNT and LiPSs, therefore remarkably 
hampering the “shuttle effect” and establishing the basis of further 
transformation of LiPSs.

In addition to adsorption, diffusion and charge transfer also play a 
significant role in complex battery reactions in S cathodes. Electro
chemical measurements are performed to further proof the superiorities 
of Fe-Co9S8@CNT in terms of S involved redox kinetics and mass- 
transfer procedure. The diffusivity procedure is estimated through Cy
clic voltammetry (CV) measurements with different scan rates of 
0.1–0.5 mV s− 1, as depicted in Fig. S14, in which the redox peaks po
tential gaps and redox peak currents are increased with the increasing 
scanning rate. Compared to other as-fabricated cathodes, S/Fe- 
Co9S8@CNT cathode delivers the highest peak currents and smallest 
potential gaps (11, 45 and 32 mV), which suggests that Fe-Co9S8@CNT 
has the optimal kinetic and catalytic activity. Furthermore, in both the 
oxidation and reduction procedures, the peak current densities of as- 
prepared sulfur cathodes are proportional to the square root of the 

scan rates (Fig. S15a-c), suggesting that the diffusion is the rate-limiting 
step in the entire electrochemical reaction. According to the Rand
les–Sevcik equation (Eq. S1), the slope represents the acceleration of 
mass-transfer procedure on the surface. Furthermore, the calculated Li+

diffusivity coefficient of the as-prepared cathodes based on Eq. S1 are 
depicted in Fig. S14d. Obviously, the S/Fe-Co9S8@CNT cathode pos
sesses the fastest Li+ diffusivity and best reaction kinetics than other 
prepared cathodes during cell reaction procedures.

In order to further evaluate the effect of Fe-Co9S8@CNT on the ki
netics of S cathode, the galvanostatic intermittent titration techniques 
(GITT) are performed at 0.1C. The S/Fe-Co9S8@CNT cathode indicates 
the best Coulomb efficiency (95.0 %) and discharge capacity (1383.4 
mAh g− 1) than other as-prepared cathodes (Fig. S16). Furthermore, the 
corresponding internal reaction resistances were estimated according to 
the following equation: 

ΔRinternal = |ΔVQOCV− CCV |
/
Iapplied (1) 

where the ΔV is voltage gap between the quasi-open circuit and the 
closed voltage, and I applied represents current applied. The ΔR internal is 
the internal resistance of the as-prepared cathodes attributing to 
normalization time of the discharge/charge processes. Significantly, the 
S/Fe-Co9S8@CNT cathode delivers the lowest ΔR internal during 
discharge/charge stages compared to Co9S8@CNT and Fe@CNT cathode 
(Fig. S17), further implying that Fe-Co9S8@CNT can efficiently reduce 
the reaction kinetics of the S reaction.

To deeply understand the electrocatalytic activity towards the 
transformation of LiPSs of Fe-Co9S8@CNT, the Li2S6 symmetric cells are 
performed. In CV profiles of as-prepared symmetric cells (Fig. 4a), Fe- 
Co9S8@CNT shows two obvious pairs of redox peaks could be discovered 
at − 0.133/− 0.004 and − 0.001/0.123 V, corresponding to the multistep 
LiPSs transformation reactions [31]. For comparison, Co9S8@CNT and 
Fe@CNT exhibit the larger potential hysteresis with two wider redox 
peaks, which proves that Fe-Co9S8@CNT has higher reaction kinetics 
and activity for LiPSs transformation than Co9S8@CNT and Fe@CNT. 
Moreover, Fe-Co9S8@CNT symmetric cells also display the largest peak 
area in the CV curves, confirming its outstanding S utilization. In 
Fig. S18, EIS posts show that the Fe-Co9S8@CNT symmetric cells display 
the low charge transfer resistance (Rct) that of only 21.3 Ω, better than 
Co9S8@CNT (52.1 Ω) and Fe@CNT (70.5 Ω), further indicating 
remarkable sulfur redox kinetics of Fe-Co9S8@CNT.

Chronoamperometry measurements with Li2S8/TEG solution as 
active material are conducted to investigate the nucleation/dissolution 
kinetics of Li2S. As presented in Fig. 4b, the monotonically decreasing 
initial current corresponds to the transformation from Li2S8 to Li2S4, and 
following current peak is attributed to the further precipitation and 
growth of solid Li2S. Compared to others, Fe-Co9S8@CNT electrode ex
presses the sharpest precipitation peak (Ip = 0.036 mA) and earliest 
precipitation time (t = 6674 s), suggesting rapid precipitation of solid 
Li2S. In general, the nucleation capacity is related to the integrated area 
under the current profiles. Compared to Co9S8@CNT (194.5 mAh g− 1) 
and Fe@CNT (148.8 mAh g− 1) electrodes, the Fe-Co9S8@CNT electrode 
displays the highest specific capacity of 225.3 mAh g− 1, illustrating the 
Fe-Co9S8@CNT possess remarkable nucleation capacity of Li2S. The SEM 
images after the deposition of Li2S (Fig. S19a-c) indicat that Fe- 
Co9S8@CNT electrode could induce the 3D uniform deposition and the 
following growth of insoluble Li2S precipitates, thus avoiding their 
blocky growth and accumulation. To further obtain the insights into Li2S 
nucleation morphologies on distinct surface, the dimensionless diag
nostic analysis of the i-t profiles obtained through Li2S nucleation 
measurements is conducted based on the Scharifker− Hills models [32], 
as shown in Fig. 4c-e. Nucleation is divided into progressive nucleation 
(P) and transient nucleation (I). Growth is divided into attachment 
atoms binding to the lattice interface (2D) and volumetric diffusion- 
controlled growth (3D) [33]. The growth and nucleation of Li2S are 
controlled by the 3DI, 3DP, 2DI, and 2DP deposition patterns. The 
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transient profiles are classified via the nucleation/growth area (t/tm<1) 
and growth governing area (t/tm > 1). The Li2S nucleation behavior is 
schematically illustrated in Fig. S20. In view of the Fe@CNT electrode, 
nucleation is hindered because of the lack of electroactive sites. There
fore, Li2S grows unevenly at a limited nucleation site, leading to insuf
ficient S utilization. On the other hand, the precipitation of the Fe- 
Co9S8@CNT electrode is mainly controlled by 2DI, demonstrating that 
Li2S is uniformly nucleated and grows faster along the surface under the 
rapid reduction reaction [34]. In the growth area (t/tm > 1), 2DI and 
3DP growth models are hybridized in the Fe-Co9S8@CNT electrode, thus 
maximizing Li2S transformation. The Co9S8@CNT electrode shows the 
high 2D model ratio consisted of mostly progressive nucleation, sug
gesting uneven Li2S precipitation and growth on the Co9S8@CNT sur
face. Fig. 4f exhibits the Li2S dissolution procedures, similar to 
nucleation, the Fe-Co9S8@CNT electrode delivers a highest dissolution 
current response (Ip = 0.52 mA), earliest dissolution time (799 s), and 
best dissolution capacity (208.6 mAh g− 1) compared to Co9S8@CNT 
(0.40 mA, 879 s, 159.0 mAh g− 1) and Fe@CNT (0.38 mA, 1041 s, 140.8 
mAh g− 1). These above results confirm Fe-Co9S8@CNT exhibits the 
outstanding S bidirectional catalytic activity.

The electrocatalytic activity of Fe-Co9S8@CNT towards the LiPSs 

conversion is also evaluated via Linear sweep voltammetry (LSV). In 
Fig. 4g, Fe-Co9S8@CNT, Co9S8@CNT, and Fe@CNT electrodes display 
the current peaks located at 1.959, 1.89 and 1.82 V, respectively, which 
represents the liquid LiPSs to solid Li2S2/Li2S phase transition [35]. 
Significantly, compared with others, the Fe-Co9S8@CNT electrode in
dicates the highest peak intensity and voltage, which demonstrates a 
rapid phase transition on that surface. Meantime, the Fe-Co9S8@CNT 
electrode displays the smallest Tafel plots of 79.1 mV dec− 1 compared 
with other electrodes (Fig. 4h), further confirming improved reaction 
kinetics of the Fe-Co9S8@CNT.

The CV curves (Fig. 4i) of the as-fabricated cathodes indicate two 
evident reduction peaks, attributed to conversion from S to the high- 
order LiPSs (Li2Sx, 4 ≤ x ≤ 8) and then reduction to insoluble Li2S2/ 
Li2S, respectively. Meanwhile, the two oxidation peaks are ascribed to 
oxidation from Li2S2/Li2S to the soluble LiPSs, and further trans
formation to S [28]. Compare with S/Co9S8@CNT (Ip = 1.72 mA) and S/ 
Fe@CNT (Ip = 1.83 mA) cathodes, S/Fe-Co9S8@CNT cathode displays 
the highest reduction current peak (Ip = 3.05 mA) at about 2.04 V, 
demonstrating the transformation of soluble LiPSs to insoluble Li2S2/ 
Li2S much easier to carry out with Fe-Co9S8@CNT. Moreover, the 
voltage gap of S/Fe-Co9S8@CNT cathode between the reduction current 

Fig. 4. (a) CV profiles of three symmetrical cells. (b) Potentiostatic discharge, (c-e) appropriate dimensionless i-t transients, and (f) potentiostatic charge curves of 
three electrodes. (g) LSV curves and (h) the relevant Tafel slopes of different electrodes. (i) CV curves of different cathodes.
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peaks and oxidation current peak is only 105 and 273 mV, far superior to 
S/Co9S8@CNT (151 and 315 mV) and S/Fe@CNT (160 and 359 mV) 
cathodes, further suggesting excellent S bidirectional catalytic activity 
of Fe-Co9S8@CNT.

The second galvanostatic charge− discharge profiles (GCD) at 0.1C of 
the as-prepared cathodes (Fig. 5a-b) show that the S/Fe-Co9S8@CNT 
cathode possesses a low interfacial energy barrier of only 24 mV, smaller 
than that S/Co9S8@CNT and S/Fe@CNT cathodes (34 and 39 mV). 
Additionally, the onset potential for the S/Fe-Co9S8@CNT cathode is 
only 1.974 V compared to S/Co9S8@CNT (2.154 V) and S/Fe@CNT 
(2.179 V) cathodes, which suggests that Fe-Co9S8@CNT can meliorate 
discharging behavior. Meantime, the obviously reduced charging po
tential obstacle of the S/Fe-Co9S8@CNT cathode (2.21 V) also discloses 
the remarkable Li2S decomposition kinetics of Fe-Co9S8@CNT. More 
important, the S/Fe-Co9S8@CNT cathode possesses the lowest polari
zation value that of only 128 mV compared to S/Co9S8@CNT and S/ 
Fe@CNT cathodes (148 and 191 mV), which illustrates a reduced 
voltage hysteresis. These results indicate the lower kinetic barrier for the 
LiPSs transformation on the Fe-Co9S8@CNT surface. From the GCD 
profiles, the discharge profile shows two apparent plateaus, where Q1 
assigns to solid− liquid transformation procedure of S to Li2S4, while Q2 
attributes to liquid− solid transformation procedure of Li2S4 to Li2S2 
/Li2S. The activation overvoltage of Li2S for S/Fe-Co9S8@CNT cathode is 
only 2.21 V during the second charging, much smaller than S/ 

Co9S8@CNT (2.218 V) and S/Fe@CNT (2.236 V) cathodes. In addition, 
the ratios of Q2 to Q1 for S/Fe-Co9S8@CNT, S/Co9S8@CNT and S/ 
Fe@CNT cathodes are estimated to be 2.67, 2.22and 2.11 (Table S3), 
respectively, illustrating that Fe-Co9S8@CNT can significantly promote 
LiPSs conversion.

In situ Raman spectroscopy is then performed to analyze the 
adsorption and catalytic capacity towards LiPSs of Fe-Co9S8@CNT, the 
test device is shown in Fig. 5c, where LiPSs could be qualitatively tested 
in real time via the quartz observation window. In Fig. 5d and S21a, one 
can find that there are no obvious signals of LiPSs (Li2S8, Li2S4 and Li2S6) 
in the Raman spectra of S/Fe-Co9S8@CNT cathode during the discharge 
and charge process under different potential [36,37]. In contrast 
experiment, Raman spectra (Fig. 5e and S21b) of the S/C cathode ex
hibits clear peaks at 161.7, 463.3 and 491.0 cm− 1 during charge and 
discharge process, which are assigned to the features peaks of Li2S8, 
Li2S4 and Li2S6 [38,39], respectively. The results further suggest that Fe- 
Co9S8@CNT expresses superior ability to adsorption and bidirectional 
catalysis of LiPSs, which effectively inhibits the dissolution and shuttling 
of LiPSs.

DFT calculations are further employed to deeply investigate the 
catalytic mechanism of Fe-Co9S8@CNT for LiPSs conversion. Fast elec
tron transfer is a key to enhancing of LiPSs redox and electrochemical 
property. To this end, density of states (DOS) of Fe-Co9S8 and Co9S8 are 
estimated by theoretical calculation in Fig. S22, in which the bandgap of 

Fig. 5. (a-b) GCD curves at 0.1C of different cathodes. (c) Schematic of in situ Raman measurements. (d-e) The selected original Raman spectroscopy of S/Fe- 
Co9S8@CNT and S/C cathodes during discharge processes. (f) The binding energies between Li2Sx (x = 0, 2, 4, 6, 8) and catalysts. (g) Gibbs free energy of Li2Sx (x = 0, 
2, 4, 6, 8) on the catalyst during sulfur transformation reaction. (h) the S–S bridged bond of Li2S6 and Li–S bond of Li2S on the surface of catalysts.
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Fe-Co9S8 is only 0.015 eV, smaller than that of Co9S8 (0.095 eV), sug
gesting that Fe doping can reduce the bandgap of Co9S8, make the 
valence band closer to the Fermi level, which can enhance the metallic 
features of Co9S8 to promote electron transfer and improve catalytic 
performance during electrochemical reaction. Fig. 5f shows the binding 
energies between Li2Sx (x = 0, 2, 4, 6, 8) and different samples, benefit 
from synergies with VS and metal sites in Co9S8, the adsorption behavior 
of Li2Sx (x = 0, 2, 4, 6, 8) on Fe-Co9S8 are better than those on the Co9S8. 
Fig. 5g shows the Gibbs free energy changes (ΔG) of different steps in S 
electrochemical reduction on surface of Fe-Co9S8 and Co9S8, in which 
the S transformation is a multi-step electrochemical reaction, and the 
RDS is the transformation between Li2S8 and Li2S6. The ΔG (1.39 eV) of 
the RDS on surface of Fe-Co9S8 is smaller than that of Co9S8 (1.59 eV), 
indicating the thermodynamically profitable S reduction on the surface 

of Fe-Co9S8. Moreover, in Fig. 5h, one can find that the Fe-Co9S8 ex
presses the much longest S–S bridged (2.57 Å) and Li–S (2.49 Å) bonds 
than those of Co9S8 and pristine Li2S8/Li2S, revealing that the Fe-Co9S8 
can significantly weaken the S–S bridged and Li–S bond, thus facili
tating the bidirectional conversion of LiPSs.

Moreover, the spin-states of Fe-Co9S8 and Co9S8 are further consid
ered, as depicted in Fig. 6. Electron paramagnetic resonance (EPR) ex
periments (Fig. S23a) are firstly performed to investigate the unpaired 
electrons on Co actives in Fe-Co9S8@CNT and Co9S8@CNT, where Fe- 
Co9S8@CNT exhibits the higher peak intensity compared with 
Co9S8@CNT, demonstrating the increased unpaired electrons in Fe- 
Co9S8@CNT, which is attributed to the d-orbital electron configuration 
conversion partial Co actives. The d-orbital electron configuration of Co 
active sites in Fe-Co9S8@CNT is further evaluated through temperature- 

Fig. 6. (a) The PDOS profiles, (b) the Co 3d orbit occupancies of Fe-Co9S8@CNT and Co9S8@CNT. (c) The Co9S8 lattice structure and the Td/Oh spin configurations. 
(d-e) The MO of Co sites of Fe-Co9S8 and Co9S8 coupled with S of Li2Sx. (f) The atomic configuration of Li2Sx. (g-h) The BOs of Fe-Co9S8 and Co9S8 between 
different Li2Sx.
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dependent magnetization (M-T) experiments (Fig. S23b). The suscepti
bility of the materials follows a paramagnetic Curie-Weiss law: χ = C/(T- 
Θ) when the temperature is above 50 K, where C represents the Curie 
constant and Θ represents the Curie-Weiss temperature [16]. According 
to the fitting results, the effective magnetic moment (μeff) of Fe- 
Co9S8@CNT and Co9S8@CNT are calculated to be 5.00 and 4.89 μB, 
respectively (Fig. S23c). The μeff of transition metal’s 3d orbital is often 
derived from the spin splitting of its partially occupied d orbitals (eg and 
t2g). Therefore, Fe-Co9S8@CNT indicates the higher spin state stems 
from the d orbitals electronic redistribution.

Furthermore, DFT computations are further conducted to investigate 
the electronic occupancy of d orbitals in Fe-doping optimized Co9S8. The 
PDOS profiles first reveal the obvious alteration of the spin configuration 
after the formation of Fe-Co9S8 compared with Co9S8 (Fig. 6a). In gen
eral, Co9S8 has more complete occupancy states below the Fermi level 
(EF) compared to Fe-Co9S8, as demonstrated via the high PDOS under EF. 
Based on the PDOS profiles, the dz2 and dx2-y2 (the two orbits are 
defined as eg orbits) occupancies are smaller in Fe-Co9S8 than in Co9S8. 
Specifically, the occupancy of the eg orbit is 3.81 for Co9S8 while the Fe- 
Co9S8 indicates is 3.60, as presented in Fig. 6b. Furthermore, the occu
pancy of dxz + dxy + dyz orbits (t2 orbit) are 5.74 and 5.73 for Co9S8 and 
Fe-Co9S8, respectively, which are typically the same. Therefore, the 
major differences in spin configurations of Co9S8 and Fe-Co9S8 lies in the 
occupancy of eg orbit. Furthermore, the occupancies of t2g orbitals are 
both about 5.8 e− in Fe-Co9S8 and Co9S8, which are significantly higher 
than a conventional four-coordinated high-spin Co and should originate 
from the six-coordinated Co sites in the lattice (Fig. 6c). In a typical 
tetrahedral field (OTd), the five-degenerate d orbitals could be split into 
t2g orbitals with higher energy (dxz, dxy, and dyz) and e orbitals (dz2 and 
dx2-y2) with lower energies [40]. Subsequently, the electrons in 3d or
bits will fill the orbital based on the relative energy between pairing 
energy (P) and splitting energy (Δ0) [41]. Typically, owing to the higher 
energy barrier of t2g orbits, the largest t2g orbits occupancy (dxz, dxy, and 
dyz) is 3 for Co2+ with 7 electrons in 3d orbits (Fig. 6c). The much larger 
t2g orbits filling (ca. 5.73) origins from the CoO6 octahedral (Oh) 
structures in the Co9S8 lattice, in which the dxz, dxy, and dyz orbits are the 
smaller-energy orbits (t2g) and therefore the maximum occupancies of 
dxz, dxy, and dyz orbits could achieve to 6 in the Oh lattice.

Generally, LiPSs and Li2S are the main intermediates of the LSB 
system, and their effective electronic states depend on the 3p orbital of 
sulfur. Because of the restriction of symmetry, the S 3pz-orbital would 
strongly interact with the 3dz2-orbital, developing the σ and σ* bonds, 
while 3py and 3px would develop the π and π* bonds with 3dyz and 3dxz, 
respectively [42,43]. Therefore, the adsorption capabilities for the LiPSs 
between Fe-Co9S8 are further estimated through the bond orders (BO) as 
following: BO = (nbonding-nanti-bonding)/2. Hence, nbonding and nanti-bonding 
are the number of electrons bonding orbitals and anti-bonding orbitals, 
respectively. The larger the BO means the stronger adsorption ability. 
Besides, due to t2g orbital occupancies are same for Fe-Co9S8 and Co9S8, 
with around 5.7 e− in t2 orbital based on the DFT calculation, the dxz and 
dyz occupancies are 1.9 e− for both Fe-Co9S8 and Co9S8. Additionally, the 
dz2 occupancies of Fe-Co9S8 and Co9S8 are 1.8 and 1.9 e− , respectively. 
The pz, px, and py are defined as a, b, and c (0 ≤ a, b, and c ≤ 2). 
Therefore, the molecular orbits between the Co sites and S of Li2Sx (x =
0, 2, 4, 6 and 8) are deduced, as shown in Fig. 6d-e The BO for Fe-Co9S8 
and Co9S8 are then estimated as following: 

Fe − Co9S8 : BOCo*S = [6 − (a − 0.2) − (b+ c − 0.2) ]/2

= [6.4 − (a+b+ c) ]/2 = 3.2 − (a+b+ c)/2 

Co9S8 : BOCo*S = [6 − (a − 0.1) − (b+ c − 0.2) ]/2 = [6.3 − (a+ b+ c) ]/2

= 3.15 − (a+ b+ c)/2 

Impressively, the NBO first analyzes the electronic structure config
uration of LiPSs during the whole sulfur conversion reaction as shown in 

Fig. 6f and Table S4–8. Therefore, all BOs of Fe-Co9S8 are larger 
compared to Co9S8, as depicted in Fig. 6g-h, demonstrating a strong 
adsorption capability and agree with the DFT results. In summary, based 
on the above investigations according to molecular orbit and spin
tronics, the Fe doping into Co9S8 can improve the adsorption capability 
of the Co sites and therefore further can effectively promote the LiPSs 
conversion through reduce the ΔG of the rate-determining step.

Based on excellent sulfur carrying, adsorption and catalytic capa
bilities, S/Fe-Co9S8@CNT cathode displays a favorable rate capability 
and cycle stability. Fig. S23d illustrates the initial discharge capacity of 
the S/Fe-Co9S8@CNT cathode, which exhibits an exceptional 1401.3 
mAh g− 1 at 0.1 C with a remarkable Coulombic efficiency of 99.2 %, and 
can maintains a discharge capacity of 1323.9 mAh g− 1 after cycling for 
100 cycles, significantly outperforming the those of S/Co9S8@CNT 
(1222.5 and 1060 mAh g− 1) and S/Fe@CNT cathodes (1039.1 and 785.2 
mAh g− 1). Following, the rate performance tests between 0.1 C and 5.0 C 
(Fig. 7a) indicates the S/Fe-Co9S8@CNT cathode exhibits highest 
discharge capacities of 1465.1, 1386.4, 1212.2, 1086.5, 950.2, 843.5, 
and 775.7 mAh g− 1 at 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 C respectively. 
In case of the rate density returns to 0.2 C, it remains displays a superior 
discharge capacity 1371.3 mAh g− 1, demonstrating the remarkable 
durability and stability during cycling at different discharge current 
rates. For comparison, the S/Co9S8@CNT and S/Fe@CNT cathodes ex
press inferior rate performance, particularly when the current rate in
creases to 5.0C, only 489.2 and 400.9 mAh g− 1 can be maintained, 
respectively. Besides, the corresponding GCD curves at various current 
densities of the S/Fe-Co9S8@CNT cathode maintains the one typical 
charge voltage plateau and two discharge voltage plateaus (Fig. S24a-c), 
and Fig. S24d shows the polarization values at different rates of three 
cathodes, where S/Fe-Co9S8@CNT cathode displays smallest polariza
tion values than those of others, further demonstrating the superiority of 
S/Fe-Co9S8@CNT cathode.

The long cycling stable property is a significant standard for the 
application of LSBs. As shown in Fig. 7b and Fig. S27, the S/Fe- 
Co9S8@CNT cathode demonstrates an outstanding specific capacity 
preservation of 1039.1 mAh g− 1 over 500 cycles with a decay of only 
0.01 % each cycle at 1.0 C, far superior to S/Co9S8@CNT cathode (679.8 
mAh g− 1 and 0.06 %) and S/Fe@CNT cathode (594.0 mAh g− 1 and 0.07 
%). When the current rate rises to 3.0C, the S/Fe-Co9S8@CNT cathode 
still delivers a favorable initial specific capacity of 899.1 mAh g− 1 and 
achieves outstanding capacity retention of 87.8 % over 1000 cycles, 
assigning to an ultralow capacity attention of 0.022 % each cycle 
(Fig. 7c). Impressively, the Coulombic efficiencies of S/Fe-Co9S8@CNT 
cathode at 1.0/3.0C both are close to 100 %, further suggesting that Fe- 
Co9S8@CNT effectively promotes the redox reaction in LSBs. Moreover, 
the SEM images of Li anodes of three cathodes post-cycle at 1.0C over 
500 cycles (Fig. S25) show that Li anode of S/Fe-Co9S8@CNT cathode 
delivers the smooth and sleek surface, but apparent lithium dendrite can 
be found of other cathodes, further indicating that Fe-Co9S8@CNT can 
effectively restrict the shuttle effect of LiPSs to confine the growth of Li 
dendrites. In the Nyquist plots before and after cycle (Fig. S26), the pre- 
cycle EIS curve exhibits a slash in the low frequency area and one 
semicircle in the high frequency area, which is attributed to Warburg 
dispersion impedance (Wo) and the charge transfer resistance (Rct), 
respectively. After 500 cycles, a fresh semicircle appears on the middle 
frequency area, corresponding to solid layer accrued resistance (Rs). 
Apparently, the S/Fe-Co9S8@CNT cathode exhibits the considerably 
lowest resistances both in before and after cycle, demonstrating that the 
Fe-Co9S8@CNT can facilitate the electron transfer kinetics. In addition, 
the Wo and Rct of post-cycle cathodes are smaller compared with fresh 
cathodes, corresponding to the electrolyte gradually impregnating into 
the cathode and the re-distribution of active sulfur on the cathode 
surface.

Implementing high S utilization rate and steady cycle under harsh 
condition (S loading >4 mg cm− 2, E/S < 10 μL mg− 1) is important for 
application of LSBs with high-energy density, but still faces challenges. 
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Hence, we test the performance of S/Fe-Co9S8@CNT cathode under S 
high loading of 5.9,7.5, and 8.2 mg cm− 2 and poor electrolyte/sulfur 
ratio (E/S is 7.0 μL mg− 1). In Fig. S28a, S/Fe-Co9S8@CNT cathode sitll 
expresses excellent area capacities of 7.3, 6.5, and 5.1 mAh cm− 2 over 
100 cycles at 0.2C, respectively. When raising the S loading up to 10.3 
and 12.0 mg cm− 2 with the E/S of 6.5 μL mg− 1(Fig. 7d), the S/Fe- 
Co9S8@CNT cathode still keeps remarkable preserved areal capacity of 
10.2 and 8.7 mAh cm− 2 at 0.1 after 100 cycles, respectively. Even at 
much cruel circumstances (S loading of 15.4 mg cm− 2 with the E/S of 
6.0 μL mg− 1), S/Fe-Co9S8@CNT cathode still has the outstanding initial 
areal capacity (15.44 mAh cm− 2) and reservation capacity of 13.41 mAh 
cm− 2 over 100 cycles. Additionally, corresponding GCD profiles still 
show two clear voltage platforms (Fig. S28b), demonstrating that the 
superior electrochemical property of Fe-Co9S8@CNT is well maintained 
at high S loading.

Combine all of the above analysis, it can be concluded that Fe- 
Co9S8@CNT as S host for LSBs exhibits the remarkable performance, 
which even can surpass many Co9S8-based cathodes reported in the 
literature, especially in achieving high areal capacity with low electro
lyte (Table S8). As depicted in Fig. 7e, the high LSBs performance are 
mainly from following reasons: (1) hollow CNT with well-developed 
pore distribution boost charge/mass transfer and provide rich room to 
load S; (2) the formation of Fe-Co bonds induces many VS in Co9S8 to 
optimize the better eg orbit exchange, which can display the more stable 
BO with all Li2Sx thus can effectively capture LiPSs; (3) Fe-doping reduce 
the bandgap of Co9S8, thus lowering the ΔG of RDS and weaking the 
Li–S and S–S bonds to enhance the bidirectional conversion of LiPSs.

Fig. 7. (a) rate performance, and (b) cycling stability at 1.0C of three cathodes. (c) Long cycling performances at 3.0C of S/Fe-Co9S8@CNT cathode. (d) The areal 
capacity of S/Fe-Co9S8@CNT cathode with high-loading sulfur at 0.1C. (e) Schematic illustration of the Fe-Co9S8@CNT heterostructure restricts the shuttle of LiPSs 
and promotes bidirectional LiPSs conversion.
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4. Conclusion

In conclusion, we successfully designed hollow CNT supported Fe 
modified Co9S8 as efficient S host for LSBs. The hollow CNT offers steady 
frameworks, which not only can help to increase S loading, but also can 
enhance electron/mass transfer. Further DFT calculation, NBO, and 
XAFS confirm that Fe doped into Co9S8 induces lower eg orbit occupancy 
of Co sites to enable the stable BOs with all Li2Sx, thus efficiently 
boosting the S conversion kinetics and significantly inhibiting “shuttle 
effect”. Benefiting from these superiorities, the S/Fe-Co9S8@CNT cath
ode achieves outstanding electrochemical properties in terms of stable 
cycle life and high rate. Even under 3.0C, S/Fe-Co9S8@CNT cathode still 
indicates favorable initial discharge capacity of 899.1 mAh g− 1) and 
superior cycling stability with an ultralow capacity attention of 0.022 % 
each cycle over 1000 cycles. In the poor E/S (6.0 μL mg− 1) and the high 
sulfur loading (15.4 mg cm− 2), the S/Fe-Co9S8@CNT cathode can also 
keep remarkable initial areal capacity (15.44 mAh cm− 2) and desirable 
cycle stability (13.41 mAh cm− 2). In situ Raman further reveals that that 
the Fe-Co9S8@CNT can effectively solve the shuttle effect and accelerate 
the LiPSs redox kinetics. The findings of this study offer insights for 
further development of advanced cobalt-based cathodes for high- 
capacity and long-life LSBs.
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