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A B S T R A C T

Micro/nanostructured Co9S8 cubes and spheres (S-Co9S8) were successfully prepared with Co3O4 as
templates via the vapor-based anion exchange reaction. The morphology and structure of both materials
were characterized by SEM and XRD. Co9S8 microcubes and microspheres were composed of
nanoparticles, inheriting the micro/nanostructure of Co3O4 precursors. Tested in lithium ion batteries, CCo9S8 and S-Co9S8 anodes exhibited high speciﬁc capacities, excellent cycle stability (C-Co9S8:
369 mAh g1, S-Co9S8: 370 mAh g1 over 300 cycles at 1C) and high rate performances (C-Co9S8:
450 mAh g1, S-Co9S8: 430 mAh g1 at 5C).
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
In modern society, lithium-ion batteries (LIBs) have been
widely applied in electric vehicles and electronic devices owing to
many advantages such as high energy, convenience, long cycle life,
etc. [1–3]. However, the traditional graphitic anode has impeded
further development of LIB due to its relative low speciﬁc capacity
and electroplating of lithium, dissatisfying with the demand of
next-generation energy storage systems [4,5]. Li4Ti5O12 is a
commercial material used as the anode with a relatively high
charge/discharge plateaus ( 1.7 V) to avoid formation of hazardous lithium dendrite and high structure stability to promise good
cycling performance. Although such kind of material has
advantages above, it has a low speciﬁc capacity (175 mAh g1)
and speciﬁc energy (266 Wh kg1), which could not meet the
requirement of high energy density batteries [6,7]. To meet the
increasing demand of high density energy batteries, considerable
effort has been focused on exploring new materials, among which
metal sulﬁdes have been broadly investigated as promising anode
materials because of the high speciﬁc capacity and high rate
performance [8–10]. In particular, cobalt sulﬁdes with different
stoichiometries have been widely studied as anodes since they
exhibit high theoretical speciﬁc capacities (Co9S8: 545 mAh g1,
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CoS: 589 mAh g1, Co3S4: 702 mAh g1) and high electronic
conductivity [11–13].
To obtain cobalt sulﬁdes, numerous efforts have been made
including synthesis of nano-sized material. For example, Zhou et al.
synthesized Co9S8 hollow nanospheres with the reversible
capacity of 896 mAh g1 over 800 cycles at 2 A g1 [14]. Wang
et al. prepared graphene-wrapped CoS nanoparticles, delivering
749 mAh g1 in 40 cycles at 0.1C [15]. Basically, the nano-sized
material has lots of virtues: (1) The reduced particle size could
shorten lithium insertion/removal pathway; (2) The larger speciﬁc
surface area could insure a high contact with electrolytes to
enhance reaction rates. However, the nano-sized material also
possesses its disadvantages: (1) The nanoparticle may readily
aggregate during long term cycling; (2) Low tap density would
reduce the volumetric energy density of electrode [16]. To
overcome these problems, attempts have been made to obtain
micro-sized cobalt sulﬁdes. Chen et al. synthesized porous CoS/
carbon polyhedral structure exhibiting reversible capacity of
1668 mAh g1 in 100 cycles [11]. Wang et al. synthesized cobalt
sulﬁde embedded within nitrogen-doped carbon nanosheets
(Co9S8/Co1-xS@NC) composite, exhibiting excellent reversible
capacity (1230 mAh g1 over 110 cycles) and rate capability
(813 mAh g1 at 2000 mA g1) [17]. Metal-organic-framework
derived and nanotubes supported Co9S8/carbon composites are
proposed to apply in LIBs, exhibiting desirable electrochemical
performances [18,19]. Micro-sized cobalt sulﬁde particles were
obtained for lithium ion batteries by Zhang et al. [20] Although the
micro-sized materials own higher tap density, the electrochemical
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reaction rate is also reduced because of lower speciﬁc surface area.
Therefore, a compromised strategy should be put forward.
Recently, micro/nanostructured materials have gained much
attention. The unique structure inherits both advantages of
micro-sized material with high tap density and nano-sized
material possessing enhanced speciﬁc surface area [21–23].
Synthesis of micro/nanostructured cobalt sulﬁdes may be a
probable way to obtain electrode materials for high performance
energy storage systems.
In our work, micro/nanostructured Co9S8 microcubes and
microspheres have been successfully prepared with the micro/
nanostructured Co3O4 as the templates via vapor-based anion
exchange method. Both Co9S8 microcubes and microspheres are
composed of nanoparticles. Fabricated as anodes, they are tested in
lithium ion batteries and exhibit high speciﬁc capacity, stable
cycling stability and excellent rate capabilities.
2. Experimental Section
2.1. Material Synthesis
Co3O4 microcube and microsphere were ﬁrstly prepared by
previously reported modiﬁed hydrothermal method [24–26]. All
raw materials are purchased from Sinopharm Chemical Reagent
Corporation without further treatment.
Co3O4 microcube (C-Co3O4): 1.8 g Co(CH3COO)24H2O, 1.4 g
triethanolamine (TEA), 2.1 g urea were dissolved in 70 mL
deionized water followed by magnetic stirring, which was
transferred to 100 mL Teﬂon-lined stainless steel autoclave. The
autoclave was heated at 160  C for 12 h to obtain precursors, which
were washed by deionized water and ethanol for several times. The
dried product was calcined in a mufﬂe furnace at 600  C for 10 h
with a heating rate of 10  C min1 to obtain Co3O4.
Co3O4 microsphere (S-Co3O4): 1.0 g CoCl26 H2O and 2.0 g urea
were dissolved in a mixed solution of glycerol (60 mL) and
deionized water (20 mL). After stirred to transparent, the mixture
was transferred to 100 mL Teﬂon-lined stainless steel autoclave,
which was kept at 120  C for 12 h. The product was washed by
deionized water and ethanol followed by drying. The dried product
was then calcined at 600  C for 10 h in a mufﬂe furnace with a
heating rate of 10  C min1.
Co9S8 microcube (C-Co9S8) and microsphere (S-Co9S8): 1.0 g asprepared Co3O4 microcube (microsphere) and 2.0 g thiourea were
placed in two different porcelain boats, one ﬁlled with Co3O4 was
located in the middle of the quartz tube and the other was placed

near the inlet of the gas. The boats were heated at 350  C for 6 h in
the presence of 5% H2/Ar gas mixture.
2.2. Structure Characterization
Crystal structures were characterized by X-ray diffraction (XRD,
Rigagu/mini Flex 600) with a Cu Ka radiation from 10 to 90 with
scanning step of 2 min1. The operating voltage and current were
40 KV and 15 mA, respectively. Morphologies and elemental
mapping were investigated with ﬁeld emission scanning electron
microscopy (SEM, Hitachi S-4800).
2.3. Electrochemical Measurement
The working electrodes were fabricated by casting the slurry,
mixing 70 wt% of Co9S8 as active material, 15 wt% of acetylene black
as the conductive agent and 15 wt% polyvinylidene diﬂuoride
(PVDF) as the binder in N-methyl-2-pyrrolidinone (NMP) onto the
copper foil. The electrodes were dried at 60  C for 12 h under
vacuum. The mass loading of active material ranges from 1.2 mg
cm2 to 1.6 mg cm2. 2016-type coin cells were assembled in an
argon-ﬁlled glove box with the lithium foil as the counter electrode
and Celgard 2400 as the separator. The electrolyte is 1 M bis
(triﬂuoromethanesulfonyl)imide lithium salt (LiTFSI, J&K Chemical) dissolved in 1, 3-dioxolane and dimethyl ether (DOL/DME in
the 1:1 volume ratio, both purchased from Aladdin). Galvanostatic
cycling was performed on the Neware battery program-control
system at different rates from 1.0 V to 3.0 V versus Li+/Li. Cyclic
voltammetry (CV) tests of the ﬁrst three cycles were conducted on
the CHI 1030C electrochemical workstation with a scan rate of
0.2 mV s1 from 1.0 V to 3.0 V. CV tests with different scan rates
ranging from 0.2 mV s1 to 2.0 mV s1 were performed on the
Metrohm Autolab PGSTAT 302N electrochemical workstation after
10 cycles in a fully charged state (3.0 V). The electrochemical
impedance spectra (EIS) were measured (fully charged at 3.0 V at
1C) in different cycles in the frequency of 101 Hz to 105 Hz on the
Solartron Modulab 1287/1260. The cycle performance was tested
at 1C (1 C = 545 mA g1) and 2C.
3. Results and Discussion
The synthesis scheme is shown in Fig. 1. The reactions were
carried out in the furnace and the detail is shown in experimental
section. The micro/nanostructured Co3O4 precursors are chosen
because the micro-meter size ensures a high volumetric speciﬁc

Fig. 1. Sketch map of synthesis route.

Y.H. Wang et al. / Electrochimica Acta 230 (2017) 299–307

Fig. 2. XRD patterns of (a) Co9S8 microcubes (C-Co9S8), (b) Co9S8 microspheres (SCo9S8) and (c, d) corresponding standard material cards.

capacity and the mesoporous nanostructure guarantees high
speciﬁc surface area for increasing contact area with electrolytes.
The vapor-based anion exchange reaction is preferred since it
barely induces destruction to the precursors’ structure, which is
suitable for preparing micro-sized materials [11,12]. H2S, as one of
sulfur sources, is commonly used to transform oxides to sulﬁdes
[27]. Therefore, we employ as thiourea as the sulfur source, which
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is thermally decomposed to form H2S gas above 180  C [28]. At
350  C, the H2S gas ﬂoated from the inlet to the outlet, Co3O4
precursors experienced the anion exchange process with H2S and
were transformed to Co9S8 with maintained particle sizes and
morphologies.
The crystal phases of both micro/nanostructured Co3O4
materials were ascertained by XRD, as shown in Fig. S1. Diffraction
patterns (Fig. S1a, S1b) of Co3O4 precursors match well with the
standard one (Fig. S1c). After anion exchange, the peaks indexed to
Co3O4 completely disappear. As seen from Fig. 2a, the XRD pattern
is mainly ascribed to C-Co9S8 while weak peaks at 31.0 , 35.1 and
47.0 indicates a small quantity of CoS. The spherical one is
completely transformed to S-Co9S8, whose peaks match well up
with the Co9S8 standard card (Fig. 2b), illustrating that the
transformation from Co3O4 to Co9S8 is complete.
Scanning electron microscopy images (Fig. 3a–c) show that the
size of C-Co3O4 is about 10 mm. The microcube is composed of
primary nanoparticles with the average size of 200 nm, whose
surface is full of pores. After sulﬁdation, the morphology and
particle size (Fig. 3d–f) are well maintained, while the primary
nanoparticles’ size becomes larger and the surface structure
becomes more compact. The SEM images of S-Co3O4 are shown in
Fig. 4a–c. The average diameter of S-Co3O4 is in the micro-size
regime. Each particle is composed of primary nanoparticles with
the size of  100 nm, whose surface is also full of pores like the CCo3O4. The SEM images (Fig. 4d–f) show that the morphology and

Fig. 3. SEM images of (a-c) Co3O4 and (d-f) C-Co9S8.
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Fig. 4. SEM images of (a-c) Co3O4 and (d-f) S-Co9S8.

the surface of S-Co9S8 has no obvious change after anion exchange
by sulfur. To know well with the elemental distribution of C-Co9S8
and S-Co9S8, elemental mapping analysis was applied as shown in
Fig. 5. The mapping images conﬁrm that element Co and S
distribute homogenously in both cases, which could be observed
more clearly from the superposed images (Fig. 5g and h).
The electrochemical performances of C-Co9S8 and S-Co9S8
anodes were evaluated in 2016-type coin cells. The voltage
between 1.0 V and 3.0 V is chosen in this work because, for cobalt
sulﬁdes, the discharge plateau corresponding to conversion
reaction is above 1.0 V [29]. Besides, many unexpectable side
reactions including decomposition of electrolytes would take place
when the cut-off voltage is below 0.7 V, leading to low initial
coulombic efﬁciency [30,31]. The CV curves of the C-Co9S8
electrode are shown in Fig. 6a, a broad and strong cathodic peak
at 1.05 V appears in the initial cycle, which is ascribed to the
conversion reaction: Co9S8+ 16Li ! 9Co + 8Li2S [29,32]. Two anodic
peaks at 1.98 V and 2.38 V are observed, indicating that the
procedure of charge is a two-step process. Firstly, the discharge
products are transformed to intermediates (LixCo9S8 or CoxSy) at
the voltage of 1.98 V followed by oxidation of intermediates to CoxS
and Li, which is consistent with other works [32–35]. In the second
scanning, a weak cathodic peak at 1.78 V related to the formation of
intermediates evolves and the strong cathodic peak shifts to 1.24 V.
The anodic peak at 2.02 V becomes sharper. In the 3rd scanning, the
strong cathodic peak continues to positively shift, implying the

electrochemical polarization becomes smaller and the electrochemical reversibility becomes better. CV curves of the S-Co9S8
electrode shown in Fig. 6b are the same as the previous report [36],
while a little different from those of C-Co9S8. The shape of redox
peaks is different. The cathodic peak at 1.12 V ascribing to
reduction of Co9S8 to Co and Li2S is sharper. Besides, the redox
peaks in S-Co9S8 are less than those of C-Co9S8. There’s no cathodic
peak (1.8 V) and the anodic peak (1.9 V) relating with the
formation and decomposition of intermediates in the ﬁrst three
cycles. In subsequent cycles, both anodic and cathodic peaks
positively shift, while the voltage gap between redox peaks
becomes smaller, demonstrating the improvement in the electrochemical reversibility.
Fig. 6c and d display the charge-discharge curves of C-Co9S8 and
S-Co9S8 anodes at 1C. For the C-Co9S8 electrode, two plateaus
(around 1.4 V and 1.2 V) exist in the initial discharge process, which
are consistent with the broad and strong anodic peaks in the 1st
scanning of the CV measurement. There is a long plateau (around
1.8 V) and a sloped plateau (2.4 V) during the charge process. As
discussed above, the plateau at 1.8 V corresponds to the formation
of intermediates and the one at 2.4 V is ascribed to the continuing
oxidation of intermediates to form CoxS and Li. With cycling, the
charge-discharge curves of C-Co9S8 have changed. In the 10th
cycle, a pair of sloped plateau (around 1.75 V in discharge and
around 2.2 V in charge) appears, which is related with the
intermediates. For the S-Co9S8 electrode, the characteristic of
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Fig. 5. SEM images of (a) C-Co9S8 and (b) S-Co9S8 and corresponding elemental mapping of (c, d) Co, (e, f) S, (g, h) superposed ones.

charge-discharge proﬁles corresponds with the CV curves in the
ﬁrst three cycles. However, the charge-discharge proﬁle has
changed after 10 cycles, which is similar with that of C-Co9S8,
indicating the similar electrochemical behavior between two
electrodes. The initial discharge capacities of C-Co9S8 and S-Co9S8
are 599 mAh g1 and 550 mAh g1, respectively. Since the theoretical capacity of Co9S8 is 545 mAh g1, the formation of intermediates is assumed to contribute to partial capacity leading to the

extra discharge capacity of C-Co9S8 as reported results [10,34,37].
There is no extra capacity in the initial discharge process of S-Co9S8
(corresponding with only a plateau).
Long term cycle experiments are performed at 1C (545 mAh
g1) and 2C between 1.0 V and 3.0 V (vs. Li), as shown in Fig. 6e and
f. For both electrodes, the cycle performance is ﬂuctuating. In the
ﬁrst 30 cycles, the capacity drops severely, which may be caused by
the irreversible structure transformation and side-reactions with
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Fig. 6. Cyclic voltammetry proﬁles of the (a) C-Co9S8 and (b) S-Co9S8 electrodes at 0.2 mV s1 in the voltage range of 1.0-3.0 V. Charge-discharge curves of the (c) C-Co9S8 and
(d) S-Co9S8 electrodes at 1C, cycle performances of (e) C-Co9S8 and (f) S-Co9S8 electrodes at 1C and 2C, respectively.

the electrolytes [12,14,15,38,39]. After 100 cycles, the cycling
stability becomes better, which is similar with results reported by
other group [39,40]. It is suspected to correlate with formation of
stable interface and structure of active material, which needs
further investigation. After 300 cycles, the C-Co9S8 electrode
maintains at more than 370 mAh g1 and 277 mAh g1 and the SCo9S8electrode possesses around 369 mAh g1 and 347 mAh g1 at
1C and 2C, respectively. The decay rates are very low, 0.127% and
0.176% per circle for the C-Co9S8 electrode, and 0.109% and 0.107%
per circle for the S-Co9S8 electrode, at 1C and 2C, respectively. It is
noted that current density makes a larger difference in the cycle

performances of C-Co9S8, especially at 2C, which is supposed to be
related with the particle size. As seen from SEM images (Figs. 3 and
4), the particle size of C-Co9S8 is about 10 mm, which is about twofold larger than that of S-Co9S8. The larger particle size would
lengthen the Li+ insertion pathway, which may affect the rate
capability. To know more about the lithium ion diffusion in the
material, the Randles-Sevik equation (1) (eqn 1) was applied [41]:
Ip ¼ 0:4463n3=2 F 3=2 CSR1=2 T 1=2 D1=2 v1=2

ð1Þ

where Ip is the peak current, F is the Faraday constant, n is the
charge transfer number, C is the concentration of Li+, S is the

Table 1
The discharge capacities in the 1st and 300th cycles and corresponding decay rates of C-Co9S8 and S-Co9S8 electrodes at 1C and 2C.
C-Co9S8
Rate

1C
2C

S-Co9S8
1

Discharge Capacity (mAh g

)

1st cycle

300th cycle

599
586

370
277

Decay Rate (%)

0.127
0.176

Discharge Capacity (mAh g1)
1st cycle

300th cycle

550
512

369
347

Decay Rate (%)

0.109
0.107
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Fig. 7. Rate capability and corresponding charge-discharge curves of the (a, c) C-Co9S8 and (b, d) S-Co9S8 electrodes.

electrode surface area, R is the gas constant, T is the temperature, D
is the apparent chemical diffusion coefﬁcient of Li+, v is the scan
rate. In brief, the formula could be simpliﬁed as equation (2) (eqn
2):
Ip = Kv1/2

(2)

where K represents all factors containing the apparent chemical
diffusion coefﬁcient D and is also the slope of the equation. From
eqn 1, it can be known that the absolute value of K is proportional
to D. To obtain the value of K, different CV scan rates were applied
and corresponding curves are shown in Fig. S2a, 2b. The redox peak
current increases with increasing scan rates and the redox peak
current scales linearly with the square root of the scan rate
(Fig. S2c). The slopes (K) of oxidation ﬁtting lines are 7.99 and
3.61 cm2 s1 and the slopes of reduction ﬁtting lines are 9.41 and
4.83 cm2 s1 for S-Co9S8 and C-Co9S8, respectively. The K for SCo9S8 is twice as much as that of C-Co9S8, which indicates the faster
lithium ion diffusion in S-Co9S8. Besides, the structure stability of
spherical shape may make a difference in the cycle performance
[42,43]. All data related with discharge capacity as well as the
decay rates in both cases in the 1st and 300th cycle is summed up
in Table. 1. Although the cycling performance of C-Co9S8 is inferior
to that of S-Co9S8, it is difﬁcult to draw a conclusion that whether
cubes or spheres are good in this work and the reasons are as
follow: 1) the particle sizes of synthetic cubes and spheres are not
the same, leading to different Li+ insertion pathway; 2) the
crystallinity of material can make a difference in the electrochemical performances, though prepared at the same temperature, the
crystallinity of cubes and spheres in this work is different. 3) the
interface property is also a key factor inﬂuencing the electrochemical performances. Therefore, a more well-designed experiment and efforts are needed to verify this speculation.
Fig. 7a and b display the rate performances of C-Co9S8 and SCo9S8 electrodes when the C rate is gradually increased from 0.2C

to 5C over 30 cycles. For the C-Co9S8 electrode, capacities of 547,
520, 498, 480 and 450 mAh g1 can be achieved at 0.2, 0.5, 1, 2 and
5C, respectively, which shows no dramatic capacity fading. When
the rate is turned back to 0.2C, about 92.0% of the capacity is
recovered and no obvious capacity loss is observed after 30 cycles.
For the S-Co9S8 electrode, capacities of 532, 492, 472, 455 and
432 mAh g1 can be gained at 0.2, 0.5, 1, 2 and 5C. 90.6% of capacity
can be regained when the rate is turned back. Fig. 7c and d show
the corresponding charge-discharge curves, the gaps between
charge and discharge plateaus become larger due to the polarization in both charge and discharge processes for two cases. Similar
with other works, the micro/nanostructured materials show
superior electrochemical performances [25,26].
To gain information about the kinetics of electrodes, electrochemical impedance spectra (EIS) were conducted before cycling
and after 30 cycles as shown in Fig. 8. In order to ﬁtting the
impedance data well, the equivalent circuit diagram is used
(Fig. 8c), where Rs is the internal resistance of tested batteries, Rer
and CPE are related with the cell’s reaction resistance, Wo
represents the Warburg impedance relating to the Li+ diffusion
process [44,45]. As shown in Fig. 8a and b, for both cases, a
relatively large depressed semicircle exists before cycling which
dramatically shrinks after 20 cycles. Table 2 shows the EIS
parameters of both electrodes, the Rer greatly reduces from
58.5 V to 1.85 V and from 97.8 V to 3.30 V after 40 cycles in the
case of C-Co9S8 and S-Co9S8 anodes. The dramatic decline of Rer
means electrochemically activation of anodes, whose activation
process is supposed to be related with the inﬁltration of lithium
salt and electrolytes into micro-size particle. To further analyze
electrochemical behavior of long term cycling, EIS was implemented after 300 cycles and corresponding equivalent circuit is
shown in Fig. S3. Obviously, the curves are composed of two
depressed semi-circles and a slope line, which means the Rer is
divided into two part, the ohmic surface layer resistance (Rsl) at the
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Fig. 8. Electrochemical impedance spectroscopy (EIS) curves of the (a) C-Co9S8 and (b) S-Co9S8 electrodes (charged at 3.0 V) in different cycles over the frequency from 0.1 Hz
to 1 M Hz, and (c) the equivalent circuit.

Table 2
Impedance parameters of C-Co9S8 and S-Co9S8 electrodes.
C-Co9S8

Before cycle
20th
40th

S-Co9S8

Rs (V)

Error (%)

Rer (V)

Error (%)

Rs (V)

Error (%)

Rer (V)

Error (%)

2.15
2.63
2.71

1.71
0.895
0.937

58.5
3.32
1.85

2.79
1.10
1.62

2.68
3.18
3.09

0.872
0.964
0.867

97.8
5.16
3.30

0.973
3.60
1.65

21321062). The authors also wish to express gratitude to Dr. Dong
Sun and Dr. Weidong He.

high frequency and the charge transfer impedance (Rct) at the
middle frequency [44]. From the EIS parameters shown in Table S1,
it can be seen that there is no great change for Rs, whereas the Rsl
and Rct increase remarkably, the Rct of S-Co9S8 is 341 V, which is
larger than that of C-Co9S8, indicating greater difﬁculty of
transferring electron between the active material and electrolytes
for S-Co9S8, which may explain the more deteriorative long term
(>200 cycles) cycle performance for S-Co9S8 of electrodes.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
electacta.2017.01.122.

5. Conclusion
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capacity of 430 mAh g1. As new classes of anode materials, they
can be regarded as a kind of hopeful electrode candidate for the
high performance energy storage system.
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