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Metal sulﬁdes have been drawing more and more attention as electrode materials in batteries due to
their high theoretical capacities. However, the volume expansion and loss of active materials are two
major problems, hindering further improvement in their electrochemical performances. Herein, a
strategy based on physical conﬁnement/chemical adsorption is proposed to fabricate CoS and Co9S8
electrodes for advanced lithium batteries. Via a facile two-step method, porous C/CNT micro/nanospheres embedding cobalt sulﬁde nanoparticles are successfully fabricated, in which sulfur is immobilized by CeS bonds. Physically, the porous C/CNT micro/nano-spheres well accommodate the volume
change and inhibit the loss of active materials. Chemically, the sulfur species are anchored by CeS bonds
to alleviate the migration and loss. Assembled as lithium battery anodes, the porous cobalt sulﬁde/carbon
composites, particularly the CoS/C/CNT (CoS-0.4C) and Co9S8/C/CNT (Co9S8-0.8C), exhibit superior
lithium storage properties to those without any complexing or any CeS bonding. Furthermore, an in-situ
electrochemical measurement is proposed to detect the existence of Li2S, which is helpful to understand
the mechanism of conversion reaction-based metal sulﬁdes.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Transition metal sulﬁdes have been widely investigated in
different energy conversion and storage systems such as lithium
batteries, sodium batteries, supercapacitors, fuel cells and dyesensitized cells owning to the fascinating electrochemical and optical properties [1e3]. Among these, cobalt sulﬁdes with different
stoichiometries such as Co9S8, CoS, Co3S4 and CoS2 have drawn
particular attention [4e7]. It is well known that these conversion
reaction-based materials suffer from the large volume expansion
during (de)lithiation processes, which leads to cracks and fractures
[8]. Hence, enormous efforts have been paid including complexing
with carbon materials (graphene or carbon nanotubes) or fabricating hierarchical structures (core-shell and hollow) [9,10]. Chen
et al. prepared cobalt sulﬁde nanoparticles anchored with functional graphene nanosheets, and tested them in sodium batteries
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[11]. The composite released a capacity of 251 mAh g1 at 1 A g1
after 200 cycles, whereas the pristine Co1-xS exhibited a capacity of
less than 50 mAh g1. Xiao and co-workers constructed CoSx hollow
structure with superior Li/Na-storage capability, in which reversible capacities of 1012 mAh g1 and 572 mAh g1 could be obtained
in the lithium and sodium batteries after 100 cycles at 500 mA g1,
respectively [5]. Yu et al. synthesized CoS2 hollow prisms via a facile
two-step diffusion-controlled strategy. The CoS2 hollow prisms
released a reversible capacity of 737 mAh g1 at 1 A g1 after 200
cycles [12]. The excellent cycling performances were ascribed to the
hollow structure and elastic carbon matrix, providing effective accommodation of structural stress during (dis)charge processes.
Nevertheless, it is far from ideal cycling stability by merely dealing
with the volume change problem for metal sulﬁdes because volume expansion is not the only problem puzzling metal sulﬁdes. The
formation and diffusion of polysulﬁdes also exist in the case of
metal sulﬁdes [13,14]. Although high-order polysulﬁdes may not
evolve, the sulfur species were still observed on the separator and
the lithium anode, which deteriorated the cycling performances.
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Therefore, how to immobilize sulfur species has become another
signiﬁcant problem for improving performances of metal sulﬁdes.
The extensive researches and proposed strategies in LieS batteries
inspire us, among which chemical adsorption seems to exhibit
excellent cycling performances, especially in the cases of CeS copolymers. Liu et al. constructed a polyaniline nanotube structure to
encapsulate sulfur via a vulcanization process [15]. The composite
released initial discharge capacity of 568 mAh g1 and 432 mAh g1
after 500 cycles at 1 C, corresponding to a capacity retention of 76%.
The excellent cycling performance was attributed to the threedimensional ﬂexible framework and the CeS bonds between disulﬁde (eSeSe) and the C bond of polyaniline. The subsequent
researches about CeS copolymers also showed excellent cycling
stability [16e18]. From these works it can be known that chemical
adsorption via CeS bonds is an effective strategy, which can also be
introduced to immobilize the sulfur species of metal sulﬁdes.
Enlightened by physical and chemical strategies, we fabricate
porous C/CNT micro/nano-spheres embedding cobalt sulﬁde
nanoparticles via a facile and modiﬁed spray-drying method, in
which sulfur is immobilized by CeS bonds. First, the cobalt sulﬁde/
carbon precursors are obtained in the spray-drying process. Then
the CeS bonds are generated when precursors are calcined at
500  C for 8 h. Physically, the porous carbon framework inhibits the
loss of active materials and well accommodates the volume change
during (dis)charge. Chemically, the CeS bonds immobilize the
sulfur, acting like that of CeS copolymers, to depress the migration
of sulfur species. Assembled as anodes for lithium batteries, the
CeS bonding cobalt sulﬁde/carbon composites exhibit superior
electrochemical properties to those without any complexing or any
CeS bonding. Furthermore, an in-situ electrochemical impedance
spectroscopy (in-situ EIS) is adopted to analyze the lithiation and
conversion processes of different cobalt sulﬁdes, ﬁnding correlation
between a new emerging semi-circle in the low frequency and the
evolution of conversion products (Li2S and Co). We believe this
work presents an alternative way to better design sulﬁde/carbon
composite for advanced batteries materials and the message obtained from in-situ EIS is helpful to better understand the mechanism of conversion reaction-based materials.
2. Experimental section
2.1. Raw materials
CoSO4$5H2O, Na2S2O3$5H2O and glucose were purchased from
Sinopharm Chemical Reagent Corporation. The carbon nanotube
(CNT) aqueous dispersion (10.0 wt%) was purchased from Chengdu
Organic Chemicals Co. Ltd.. All agents were used without further
treatment.
2.2. Material synthesis
CoxS/C/CNTs composites: A certain amount (0 g, 0.4 g, 0.8 g and
1.2 g) of glucose and 0.25 g CNT aqueous dispersion (10 wt%,
Chengdu Organic Chemicals Co., Ltd.) was added into 100 mL
deionized water followed by ultrasound for 10 min. 0.005 mol
Na2S2O3$5H2O and 0.005 mol CoSO4$7H2O were added to the
mixture, which was under magnetic stirring for 10 min. After that,
the mixture was spray-dried with a mini spray-drier (BUCHI
Labortechnik, B-290) at aspirator and pump rates of 100% and 15%,
an inlet temperature of 200  C and nitrogen as the carrier gas. Then,
the sprayed precursor was immediately transferred to a tube
furnace and calcined at 500  C for 8 h with the ﬂowing gas of Ar,
followed by washing with deionized water and drying out in vacuum overnight. CoxS-0C, CoS-0.4C, Co9S8-0.8C and CoxS-1.2C are
used to denote different cobalt sulﬁde/carbon composites

according to the amount of adding glucose.
CoxS-0CNT composite: The preparing processes are the same as
those of CoxS/C/CNTs composite, in which the amount of glucose is
0.8 g without adding the 10 wt% CNTs aqueous suspension.
Co9S8 cube (CeCo9S8) and Co9S8 sphere (SeCo9S8): Both materials
are prepared with previously reported vapor-based sulﬁdation
method [19]. Typically, Co3O4 microcube and microsphere precursors were ﬁrst prepared via solvothermal method [20,21]. Then,
1.0 g Co3O4 microcube/microsphere) precursors were transferred to
tube-furnace with 2.0 g thiourea as the sulfur source, followed by
calcination at 350  C for 6 h under the 5% H2/Ar gas.
Co9S8 nano-particle (NeCo9S8): The preparation process of Co9S8
nano-particles is the same as that of CeCo9S8/SeCo9S8 with the
commercial Co3O4 powder (Aladin) as the precursor.
The synthesis conditions and composition of all samples are
summarized in Table S1.
2.3. Materials characterization
The morphology and microstructure were characterized by
scanning electron microscopy (SEM, Hitachi, S-4800) and transmission electron microscopy (TEM, JEOL JEM-2100). The crystal
phases were investigated using X-ray diffraction (XRD, Rigaku mini
Flex 600) with a Cu Ka radiation. The speciﬁc surface area was
measured with N2 adsorption and desorption isotherms (Micrometrics ASAP 2020). The Raman spectra (Renishaw plc., UK) were
measured with the 532 nm excitation laser at a resolution of
1 cm1. The carbon content was determined by Vario EL III
elemental analysis instrument. X-ray photoelectron spectroscopy
(XPS) was conducted on a PHI Quantum 2000 Scanning ESCA
Microprobe.
2.4. Electrochemical measurements
The working electrodes were prepared by coating the slurry
(prepared composites, polyvinylidene ﬂuoride and acetylene black
at a weight ratio of 8: 1: 1 in N-methyl-2-pyrrolidinone) of on a
copper foil current collector, followed by drying in vacuum and
punching into a round disk. The mass loading was between 1.4 and
2.0 mg cm2. The 2016-typed coin cells were assembled in an Arﬁlled glove box with the lithium foil as the counter electrode,
Celgard 2400 as the separator and 1 M lithium bis(triﬂuoromethanesulfonyl)imide (LITFSI) in the 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME) (v: v, 1: 1) mixture as the electrolyte. The galvanostatic charge-discharge tests were conducted
between 1.0 and 3.0 V vs. Li/Liþ on a battery control and management system (Neware Electronic Co.). Cyclic voltammetry (CV) tests
were performed on an electrochemical workstation (CHI 1030C,
Chenhua) at a scan rate of 0.2 mV s1 and in-situ electrochemical
impedance spectroscopy (in-situ EIS) measurements were performed on the Metrohm Autolab PGSTAT 302 N electrochemical
workstation with a signal amplitude of 10 mV ranging from
101e105 Hz, using a 2016-CR coin cell with lithium as counter and
reference electrodes. The galvanostatic charge and discharge processes were carried out at 0.1C between 1.0 and 3.0 V. At every
adopted charged or discharged voltage point, the cells were held
stable for 30 min before conducting the impedance test. The
impedance data was analyzed using the Zview software. All measurements were conducted at the room-temperature.
3. Results and discussions
3.1. Synthetic scheme
It is reported that the spray-drying, as a rapidly and
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continuously industry-oriented method, has been utilized to prepare different materials for energy storage systems [22,23]. Taking
advantage of this technology, different materials such as metalorganic frameworks (MOFs), sulfur/carbon, LiFe0.6Mn0.4PO4/C microspheres, porous Si/C spheres, Li3VO4/C/CNTs composites with
greatly enhanced performances have been successfully obtained
[23e26]. Regarding to sulﬁdes, some pioneering works such as
MoS2/Ni9S8-carbon [27], Ni3S2/rGO [28], nonstoichiometric NixScarbon [29] and CoxS-carbon [30] composites are reported. From
the results it can be known that the spray-drying method exhibits
advantages and sprayed products usually exhibit impressive electrochemical performances. However, the state-of-art spray-drying
methods to prepare sulﬁdes are usually based on a post-sulﬁdation
method. It is difﬁcult to generate CeS bonds because the carbonization and sulﬁdation processes are separate. Therefore, we propose a modiﬁed spray-drying method, which can generate the CeS
bonds as well as leaving out the post-sulﬁdation process.
The synthetic scheme is shown in Fig. 1. Na2S2O3 and glucose are
used as the sulfur and carbon source, respectively. Firstly, cobalt
sulﬁde/carbon precursors are obtained via spray-drying. At 200  C
(the inlet temperature), the S2O2
3 ions react with H2O to produce
the HS anions [31]. The HS ions react with Co2þ ions, forming
cobalt sulﬁdes (also Na2SO4). Meanwhile, the glucose undergoes
polymerization and carbonization [32]. The spraying droplets tend
to be spherical [23,33]. With H2O evaporating, the cobalt sulﬁdes
precursors, carbon and CNTs aggregate together to form cobalt
sulﬁdes/carbon microsphere mixture. Secondly, the precursor is
calcined at 500  C under inert atmosphere for 8 h, in which the CeS
bonds are intendedly formed. Finally, the products are washed by
deionized water, where the Na2SO4 particles embedded in the
spheres are washed away, leaving numerous voids in/on the carbon
framework. Thus, CoS/C/CNT (CoS-0.4C) porous microspheres and
Co9S8/C/CNT (Co9S8-0.8C) porous dried plum-like microspheres
with high phase purity can be obtained via regulating the adding
amount of glucose (0.4 for CoS and 0.8 g for Co9S8, respectively). As
far as we know, the post-sulﬁdation process is necessary in previous reports since the sprayed products are oxides, while the postsulﬁdation process can be ignored in this modiﬁed spray-drying
method [27e30]. Another advantage is that cobalt sulﬁdes (CoS
and Co9S8) with high phase purity can easily be obtained just
adjusting the amount of adding glucose, offering convenience to
investigate their electrochemical reaction mechanism.
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3.2. Physical characterization
Crystal phases are characterized by XRD. For CoS-0.4C (Fig. 2a),
the diffraction peaks are well indexed to the pattern of CoS (JCPDS:
065e3418), indicating the high purity of CoS phase. For Co9S8-0.8C,
the diffraction peaks assigned to the standard pattern of Co9S8
(JCPDS: 086e2273) indicate the Co9S8 phase. The crystal phases of
CoxS-0CNT, CoxS-0C and CoxS-1.2C are also analyzed (Fig. S1). For
the CoxS-0CNT, the diffraction peaks are mainly indexed to those of
CoS, in which a few amount of Co9S8 can be observed. In the case of
CoxS-0C, different sets of diffraction peaks can be observed
(Fig. S1a). The peaks at 36.7, 42.5 , 61.6 and 73.8 (marked with
stars) are ascribed to the CoO phase (JCPDS: 070e2856), the peaks
at 30.0 and 52.3 (marked with circles) are ascribed to the Co9S8
phase (JCPDS: 086e2273), while the peaks at 30.6 , 35.4 , 47.0 and
54.4 (marked with triangles) are ascribed to the CoS phase (JCPDS:
065e3418). When continuously increasing the amount of glucose
to 1.2 g, the obtained product is still Co9S8 (Fig. S1b). From the results it can be known that the amount of adding carbon source has a
close relationship with phases of products. We conjecture that at
high temperature, there is chemical interaction between carbon
and sulfur. The experimental and theoretical weight amount of
carbon in different composites (CoS-0.4C, Co9S8-0.8C, CoxS-1.2C,
CoxS-0CNT) are listed in Table 1. It can be seen from the deviation of
theoretical and experimental values that, the samples containing
Co9S8 (Co9S8-0.8C, CoxS-1.2C, CoxS-0CNT) consume more carbon.
Therefore, different phases of cobalt sulﬁdes can be obtained by
simply regulating the amount of adding carbon source.
The Raman spectra are shown in Fig. 2b. Two strong peaks at
1358 and 1591 cm1 can be observed, which are ascribed to the D
band of disordered carbon (A1g mode)and G band of graphitic
carbon (E2g mode), respectively [34]. The lower intensity of D and G
band of CoS-0.4C may be related with the less carbon content.
Different from cobalt sulﬁdes/carbon composite reports by others
[35,36], the intensity of the peak (~452 cm1) belonged to cobalt
sulﬁdes is weak here, which is ascribed to integrally wrapping and
the strong absorbing capability of the carbon layer. The weak peaks
at 360 and 1700 cm1 are ascribed to the CeS bonds [37]. The
micro-structure on the surfaces of CoS-0.4C and Co9S8-0.8C is
analyzed by N2 adsorption/desorption. The BET speciﬁc surface area
(SSA) and the BJH pore volume of CoS-0.4C are 223.6 m2 g1 and
0.44 cm3 g1, in which the pore size distribution centralizes at

Fig. 1. Formation mechanism of CoS-0.4C and Co9S8-0.8C porous composites.
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Fig. 2. (a) XRD patterns and (b) Raman spectra of CoS-0.4C and Co9S8-0.8C, N2 adsorption and desorption isotherms of (c) CoS-0.4C and (d) Co9S8-0.8C. The insets are the pore size
distribution.

Table 1
Elemental analysis of carbon content in different cases.
Carbon content

CoS-0.4C

Co9S8-0.8C

CoxS-1.2C

CoxS-0CNT

Experimental (wt%)
Theoretical (wt%)
Difference (wt%)

13.9
14.5
0.6

25.2
26.9
1.7

32.0
34.4
2.4

21.1
23.7
2.6

about 7.93 nm. For the Co9S8-0.8C composite, the SSA and the pore
volume are 213.5 m2 g1 and 0.41 cm3 g1, respectively, where the
pore size distribution concentrates at around 12.4 nm. As depicted
above, the side-product Na2SO4 particles embedded on/in the

sphere are washed away by water, leading to abundant meso-pores.
Fig. 3 shows the morphologies of both cases. For CoS-0.4C, most
particles are spherical and the size ranges from 700 nm to 5 mm
(Fig. 3a), in which carbon nanotubes distribute on the surface and
intercalate the spheres (Fig. 3b and c). Different from the CoS-0.4C
spheres, the Co9S8-0.8C particles between 1 and 6 mm are more like
the dried-plums. The high magniﬁcation SEM images show that
there are many wrinkles and CNTs distribute on the irregular surface. For the CoxS-0C, the nano-particles are twisted by CNTs and no
speciﬁc morphology can be observed (Fig. S3a). In the case of CoxS0CNT, the prepared product tends to be regularly spherical. The
particles of CoxS-1.2C are similar with those of Co9S8-0.8C (Fig. S3b).

Fig. 3. SEM images of (aec) CoS-0.4C and (def) Co9S8-0.8C.
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From above results it can be concluded that the amount of carbon
source and CNTs makes a signiﬁcant difference in the morphology
and component of products ﬁnally obtained. Fig. S4 displays the
elemental mapping of CoS-0.4C and Co9S8-0.8C, showing the homogenous distribution of element C, S and Co.
The micro-structures are further investigated by TEM. The surfaces of CoS-0.4C and Co9S8-0.8C particles are rugged (Fig. 4a and
e), corresponding to the SEM images. The margin of spheres is
chosen to conduct high-resolution TEM analysis (Fig. 4b and f). For
the CoS-0.4C, the margin can be divided into different parts according to the contrast and lattice fringes. The part (blue curves)
without any lattice fringes is the amorphous pyrolytic carbon
(Fig. 4c). The region (black arrows) with long and curved lattice
fringes is supposed to be the CNTs [38]. The lattice spacing is
0.342 nm, which is ascribed to the (002) face of CNT (Fig. 4d). The
part (red arrows) with darker contrast is supposed to be CoS nanoparticles. The lattice spacing of 0.296 nm corresponds to the (100)
face of CoS. Regarding to the Co9S8-0.8C, different regions can be
observed (Fig. 4g), either, in which the region without any lattice
fringes is suggested to be the amorphous pyrolytic carbon. The
crossed fringes indicating the polycrystal are observed in the Co9S8
region (Fig. 4h), in which the spacing of 0.357 nm is ascribed to the
(220) face. The curved and long lattice fringes in the bottom-left
corner demonstrate the existence of CNTs, where the interplanar
distance of 0.346 nm is indexed to the (002) face. Combination of all
data above, it can be known that the CoS-0.4C and Co9S8-0.8C
composites are porous spheres with large speciﬁc surface area,
where the cobalt sulﬁdes nanocrystals and intertwined CNTs are
integrated/embedded in the amorphous carbon layer. The
elemental compositions of both CoS-0.4C and Co9S8-0.8C are
further investigated by XPS. The main peaks of Co 2p (Fig. 5a and b)
at 778.9 and 781.4 eV are assigned to the CoeS bond [39]. The broad
peak at 786.2 eV is ascribed to the CoeO bond since there should be
some oxygen-containing functional groups on the surface of
amorphous carbon layer [40]. The curves of S 2p are a little bit
complicated (Fig. 5c and d). For the CoS-0.4C, peaks located at 162.1
(161.7 for Co9S8-0.8C) and 163.0 eV (162.9 for Co9S8-0.8C) correspond to S 2p3/2 and S 2p1/2 of divalent S2 [41]. The peaks at 163.9
(163.7 eV for Co9S8-0.8C) and 164.8 eV are related to the CeS covalent bonds [37,42]. The peak at 168.9 eV suggests the existence of
2
oxidation of S2
x to SO4 [43]. For the C 1s (Fig. 5e and f), the main
peaks at 284.6 and 285.0 eV are assigned to sp2 and sp3 chemical
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bonds, while the peak at 285.6 eV is ascribed to the CeS bond
[42,44]. The CeS bond is formed when the cobalt sulﬁde/carbon
mixture was calcined at the high temperature [39,42,43,45].
3.3. Evaluation of electrochemical performances
Cycling performances are shown in Fig. 6a. To better demonstrate the well-designed of CoS (Co9S8)/C/CNTs, another ﬁve
contrast experiments are conducted such as previously reported
micro-sized Co9S8 cubes (CeCo9S8) and spheres (SeCo9S8), the
Co9S8 nano-particles (NeCo9S8) as well as CoxS-0C (Fig. S3a) and
CoxS-0CNT (Fig. S3b) [19]. The crystal phases and morphologies of
CeCo9S8, SeCo9S8 and NeCo9S8 are shown in Figs. S5 and S6. The
discharge capacities (1st and 100th cycles) and corresponding capacity retention are listed in Table 2. The capacity retention of CoxS0C and NeCo9S8 are 47.1% and 24.9%. The side reactions between
sulﬁdes (intermediates) and the electrolytes usually happen
(especially for the nano-sized particles), deteriorating the microenvironment as well as the cycling performance [13,14,46]. For
CeCo9S8 and SeCo9S8, the severe capacity fading can be ascribed to
the volume expansion (especially for the micro-sized particles)
caused by electrochemical reconstruction and side reactions with
electrolytes [47,48]. For the CoxS-0CNT, though the cycling stability
is greatly enhanced (retention after 100 cycles: 77.9%), the reversible capacity is relatively low (447 mAh g1) compared with those
of CoS-0.4C and Co9S8-0.8C. It is conjectured that it is related to the
large particle size and lack of interior CNT conducting network
(Fig. S3b), in which the active material in the interior and central
part cannot be fully utilized. On the contrary, the cycling performance of CoS-0.4C and Co9S8-0.8C are obviously improved. The
initial discharge and charge capacities are 695 and 571 mAh g1
with a coulombic efﬁciency (CE) of 82.2%. The increasing CE indicates the improving reversibility of electrochemical reactions. For
the Co9S8-0.8C electrode, the initial discharge capacity is 739 mAh
g1 and corresponding CE is 80.0% (Fig. S9d). Based on the conversion reaction of CoS and Co9S8, the theoretical speciﬁc capacities
are 545 and 589 mAh g1, respectively. The releasing capacities of
CoS-0.4C and Co9S8-0.8C here exceed the theoretical values (545
and 589 mAh g1 for Co9S8 and CoS, respectively), which is related
to two aspects. The ﬁrst is that, besides the conversion reaction, the
lithiation process also contributes to extra capacity, which has been
discussed in the CV results and will also be further proved in in-situ

Fig. 4. TEM images of (aed) CoS-0.4C and (eeh) Co9S8-0.8C. The scale bars in (c), (d), (g) and (h) are 10, 5, 15 and 10 nm, respectively.
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Fig. 5. High-resolution Co spectrum of (a) CoS-0.4C and (b) Co9S8-0.8C, S spectrum of (c) CoS-0.4C and (d) Co9S8-0.8C, S spectrum of (e) CoS-0.4C and (f) Co9S8-0.8C.

EIS analysis. Second, the extra capacity is related with the amorphous carbon framework calcined at 500  C. In previous study, the
similar phenomenon was also observed in the case of Cu2-xS@C
composites (also amorphous carbon calcined at 500  C) [49]. After
100 cycles, the reversible capacities of CoS-0.4C and Co9S8-0.8C
are557 and 546 mAh g1, with corresponding capacity retentions of
81.1% and 74.7%, respectively. From the discharge capacities of
100th cycle (Fig. 6b), it can be easily concluded that the CoS-0.4C
and Co9S8-0.8C show the best cycling capability of all, second is
the CoxS-0CNT (with CeS bonding), following is the micro/nanostructured CeCo9S8 and SeCo9S8, and nano-sized NeCo9S8 and
CoxS-0C are the worst. To further show the difference of structural
stability, SEM images of cycled electrodes (after 100 cycles) are
shown in Fig. S7. For CoS-0.4C and Co9S8-0.8C, both morphologies
are maintained well (Figs. S7a and S7b), while the cubic and
spherical morphologies of CeCo9S8 and SeCo9S8 almost disappears
(Figs. S7e and S7f). For the CoxS-0C and NeCo9S8, aggregation can
be observed (Figs. S7d and S7g). From these images it can be
known: 1) structure destruction is caused by volume expansion in
the cases without nano-scale construction (CeCo9S8 and SeCo9S8);

2) the nano-particles tend to aggregate (CoxS-0C and NeCo9S8). For
CoxS-0CNT, CoS-0.4C and Co9S8-0.8C with CeS bonds, the cycling
stability can be achieved since the CeS bonds are helpful to
immobilize the sulfur species and the porous carbon micro/nanosphere is beneﬁcial to alleviate the volume expansion as well as
the aggregation of cobalt sulﬁde particles.
The rate capability is evaluated at different current densities,
shown in Fig. 6c. The contrast samples show much inferior rate
capability and recovered reversible capacities. For the CoxS-0CNT,
CeCo9S8 and SeCo9S8, the dissatisﬁed rate performances are
assumed to be related with the large particle size and electrochemically inactive nature of Li2S [50]. For the CoxS-0C and
NeCo9S8, the poor rate performances are mainly attributed to the
severe aggregation and side-reactions with electrolytes. With
increasing current densities, the releasing capacity of contrast
samples dramatically decrease, especially for the CeCo9S8,
NeCo9S8 and CoxS-0C (Fig. 6d). Contrarily, both CoS-0.4C and
Co9S8-0.8C exhibit obviously superior rate capability. Discharge
capacities of 548, 544, 523, 517, 505 and 488 mAh g1 are achieved
for the CoS-0.4C. When the current density is turned back to
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Fig. 6. (a) Cycling performances at 200 mA g1 (activated at 100 mA g1 in the ﬁrst 20 cycles), (b) discharge capacities after 100 cycles, (c) the rate capability from 100 to
1000 mA g1, (d) discharge capacities at different current densities.

Table 2
Comparison of discharge capacities and capacity retention in the 1st and 100th cycles.

1

1st(mAh g )
100th(mAh g1)
Retention (%)

CoS-0.4C

Co9S8-0.8C

CoxS-0C

CoxS-0CNT

NeCo9S8

CeCo9S8

SeCo9S8

695
564
81.1

739
552
74.7

433
202
46.7

571
445
77.9

806
201
24.9

599
366
61.1

587
376
64.1

100 mA g1, a reversible capacity of 574 mAh g1 can be obtained.
For Co9S8-0.8C, reversible capacities of 567, 565, 540, 520, 496 and
471 mAh g1 are achieved when the current density is increased. A
releasing capacity of 567 mAh g1 can be obtained as the current
density is reduced to 100 mA g1. The corresponding (dis)charge
curves are shown in Fig. S8. It can be clearly observed that gaps of
(dis)charge plateaus of CoS-0.4C and Co9S8-0.8C are smaller, indicating higher electrochemical reaction kinetics (Fig. S8). It is noted
that CoxS-0CNT shows better rate performances than other contrast
samples, although it is composed of micro-sized particles (Fig. S3b).
This can be ascribed to the amorphous carbon layer wrapping the
cobalt sulﬁde particles, helping to improve the transporting/
transferring of electron. Nevertheless, the rate capability of CoxS0CNT is inferior to those of CoS-0.4C and Co9S8-0.8C. The difference
is ascribed to the CNT network. For CoS-0.4C and Co9S8-0.8C,
carbonaceous framework with higher electronic conductivity is
achieved by introducing CNT. From SEM (Fig. 3) and TEM (Fig. 4)
images, it can be known that CNTs intertwine the carbon framework. Besides, the large speciﬁc surface area of CoS-0.4C and Co9S80.8C contributes to trapping the electrolytes, shortening the diffusion pathway of lithium ions. Therefore, in the cases of CoS-0.4C
and Co9S8-0.8C, the signiﬁcantly improved rate capability can be
ascribed to shorter diffusion transporting pathway and a favorable
C/CNT electronic conductive network.

3.4. In-situ EIS investigation in mechanism of CoS-0.4C and Co9S80.8C
To investigate the mechanism, it is of great convenience to use
the products with high phase purity, in which CoS-0.4C and Co9S80.8C are chosen. Figs. S9a and S9b show the CV proﬁles of CoS-0.4C
and Co9S8-0.8C, respectively. For the CoS-0.4C, a strong peak at
1.16 V and a shoulder peak at 1.35 V emerge during the initial
reduction process. The shoulder peak is related to the lithium
insertion to form LixCoS intermediate [51,52]. The strong peak
corresponds to the conversion reaction of LixCoS to Li2S and Co
[51,53]. In the oxidation scanning, a strong peak at 2.02 V and a
weak peak at 2.44 V can be observed, corresponding to the
reversible reactions to ﬁnally form CoS. In the following scanning,
the reduction peak corresponding to the lithium insertion positively shifts to 1.65 V, indicating activation of the electrode.
Regarding Co9S8-0.8C, it shows different CV proﬁles. In the ﬁrst
scanning, a reduction peak at 1.06 V and a oxidation peak at 1.95 V
emerge, corresponding to the reversibly electrochemical reactions
between Co9S8 and Li [54,55]. Although both reduction and
oxidation peaks positively shift, the voltage gap decreases,
demonstrating the lower polarization [51]. Galvanostatic charge/
discharge curves are shown in Figs. S9c and S9d. In the initial cycle,
two ﬂat discharge plateaus at about 1.4 V and 1.2 V are observed in
the case of CoS-0.4C (Fig. S9c), whereas a ﬂat charge plateau at
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around 2.0 V and a sloped plateau at 2.2 V emerge. The numbers
and position of plateaus are in accord with the CV results.
In-situ EIS tests are conducted to explore the mechanism. EIS is a
highly time-resolved electroanalytical technique that can provide
abundant information about the electrode process corresponding
to a wide range of time constants [56,57]. An equivalent circuit is
used to ﬁt and explain the impedance spectrum, as shown in
Fig. S10a. Ro indicates the all ohmic resistance (two electrodes,
electrolyte/separator), R1 refers to total value of the contact
impedance, charge-transfer resistance and electronic conductivity
(in a lower frequency region), R2 is related with the newly emerging
phase with low electronic conductivity at some charge/discharge
states [14]. Wo represents the Warburg impedance, corresponding
to the diffusion of Liþ ions in the electrode material [58]. The
capacitance of double layer is represented by the constant phase
element (CPE1), while the capacitance of newly emerging phase is
represented by CPE2 [59]. Rtotal represents the sum of Ro, R1 and R2.
A typical EIS curve is shown in Fig. S10b. In order to clearly illustrate, different points are set in charge and discharge processes, in
which cut-off voltage points are named by using D for discharge, C

for charge, respectively.
The (dis)charge and EIS curves of CoS are shown in Fig. 7. From
Fig. 7b and e, the EIS curves periodically vary with the states of
charge/discharge. Between A (OCV) and F (D1.70), the Nyquist
curves are composed of a semi-circle and a sloped line (Fig. 7c). R1
and Rtotal become smaller and smaller (Fig. S10c). It is reported that
the electronic conductivity (semiconductor/metal-like) of LixCoO2
varies with the lithium concentrations [59]. At G (D1.39), the sharp
turning in the low frequency becomes gradual and Ro as well as
Rtotal becomes larger. Subsequently, a new depressed semi-circle in
the low frequency can be obviously observed from H (D1.22) to R
(C1.95) (Fig. 7d and f). From S (C2.27) to W (C3.00), a Nyquist plot
restores to a semi-circle and a sloped line (Fig. 7g), in which Ro and
Rtotal continually decrease. The evolution of depressed semi-circle
(R2) is suspected to be related with the formation of new phases
Li2S, possessing poor electronic conductivity [60]. Similar results
are also found in the case of Cr2O3 (also based on conversion reaction) [58]. When the Cr2O3 electrode was discharged to 0.9 V, the
beginning of the conversion reaction, a new depressed semi-circle
could be observed. The values of R2 ﬁrst increase and then decrease,

Fig. 7. In-situ EIS of CoS-0.4C in (a), (b), (c) discharge states and (f), (g), (h) charge states. The insets are the enlarged parts of middle-low frequency spectra.
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Fig. 8. In-situ EIS of Co9S8-0.8C in (a), (b), (c) discharge states and (f), (g), (h) charge states. The insets are the enlarged parts of middle-low frequency spectra.

then increase and ﬁnally decrease. It is reported by Zhao et al. and
Ko et al. that the ﬁnally discharged Cr/Li2O and Fe(Bi)/LiF products
from oxides and ﬂuorides exhibited high electronic conductivity
ascribed to the metal networks [58,61]. For the Co9S8-0.8C, the
results are similar with those of CoS-0.4C (Fig. 8). The semi-circle in
the low frequency can be observed when the cell was discharged at
1.45 V (Fig. 8b). Then it disappeared when the cell was charged to
1.92 V (Fig. 8e). Therefore, the conversion reaction is supposed to
take place between F (D1.45) and R (C1.92). Based on EIS curves and
ﬁtting results above, it can be known that the evolution of the semicircle in the low frequency can correlate with conversion reaction,
in other words, the formation of Li2S/Co. For both CoS and Co9S8,
the lithiation reaction happens in the ﬁrst slope plateau, then followed by the conversion reaction beginning in the upper ﬂat
voltage plateau.
4. Conclusion
We successfully fabricate porous CoS/C/CNT (CoS-0.4C) and
Co9S8/C/CNT (Co9S8-0.8C) micro/nano-spheres via a controllable

spray-drying assisted method. Assembled as lithium batteries anodes, they exhibit superior cycling capability and rate capability to
contrast experiments. The improved electrochemical performances
are attributed to the physical conﬁnement/chemical adsorption of
the porous C/CNT framework, in which the porous framework
physically accommodates the volume change and provides a better
electronic conductive network, the CeS bonds between cobalt
sulﬁdes and carbon framework inhibit the loss of sulfur species.
Furthermore, in-situ electrochemical measurements are proposed
to detect the existence of Li2S, helping to further understand the
mechanism of materials based on intercalation/conversion
reaction.
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