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Mesocrystal Co9S8 with high capacity and good cycle stability 

(254.9 mAh g-1 after 100 cycles at the current density of 100 

mA g-1) was prepared through solvothermal method in the 

presence of hexamethylenetetramine. 

Introduction 10 

Lithium ion batteries (LIBs) have been widely used in portable 

electronic applications1-3 due to the advantages of high energy 

density, long lifespan and environmental benignity. However, the 

traditional commercial graphite anode has hindered further 

development of LIBs with high energy density due to their low 15 

specific capacity. To solve the problem, new anode materials 

including metal oxides/sulfides with higher specific capacities are 

needed.4, 5 Among numerous new candidates of anode materials, 

cobalt sulfides with different stoichiometric composition such as 

CoS,6 CoS2,
7 Co3S4

8 and Co9S8
9

 are believed as promising 20 

substitution for commercial graphite owing to their high 

theoretical lithium storage capacity. Unfortunately, these cobalt 

sulfides usually suffer from rapid capacity fading, low initial 

coulombic efficiency and poor rate performance, which limits 

their practical application. This problem may be attributed to the 25 

drastic volume change destruction of the electrode during 

charge/discharge process, similar to the metal oxides.10-12 Recent 

years, considerable efforts have been made to address the above 

issues by designing nanostructured cobalt sulfides with different 

sizes, shapes and component compositions.6, 7, 9, 13 A possible 30 

effective route is to construct hollow or porous structure, which 

shortens Li+ diffusion pathway, increases electrode/electrolyte 

contact surface that can provide faster reactions, and 

accommodates the volume change.7, 12, 14, 15 

    Herein we present a facile solvothermal method for the growth 35 

of Co9S8 hollow spheres assembled by mesocrystalline 

nanoplates with the assistance of hexamethylenetetramine. The Li 

ion storage performance is tested. The Co9S8 hollow spheres 

present high charge-discharge capacity and good cycling 

performance. A reversible discharge capacity as high as 254.9 40 

mAh g-1 can be delivered after 100 cycles at the current density of 

100 mA g-1. 

Results and discussion 

Fig. 1a shows the XRD pattern of the obtained product after 

solvothermal treatment. The diffraction peaks can be easily 45 

assigned to the (111), (311), (222), (331), (511), (440), (531), 

(444), (731), (800) planes of the cubic phase of Co9S8 (JCPDS 

No. 86-2273). The morphology of the product was examined by 

field emission scanning electron microscopy (FESEM). A large 

amount of well-defined, hollow microspheres with a diameter of 50 

1-5 µm were formed (Fig. 1b). More details in the magnified 

SEM image (Fig. 1c) present that the exterior of the hollow 

microsphere is composed of numerous randomly assembled 

nanoplates. A transmission electron microscopy (TEM) image in 

Fig. 1d clearly displays the loose and porous structures of the 55 

products. The HRTEM image taken on the marked part of Fig. 1d 

is presented in Fig. 1e. Obviously, most of the crystal lattices of 

primary particles are continuous. However, some discontinuous  
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Fig. 1 (a) XRD pattern, (b) low magnified SEM image, (c) high magnified 

SEM image, (d) TEM image, (e) HRTEM image, and (f) SAED pattern of 

Co9S8 hollow spheres. 

(a) (b) 

(c) (d) 

(e) (f) 

Page 1 of 4 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

areas circled by white dotted line can also observed, which 

should be boundaries among nanoparticles. The lattice spacings 

of 0.298 nm correspond to the (311) planes of Co9S8. The 

corresponding selected-area electron diffraction (SAED) pattern 

is shown in Fig. 1f. The appearance of periodic diffraction spots 5 

demonstrates that all of the nanoplates in the selected area have 

self-assembled into highly oriented aggregates and diffract as a 

single crystal. Meanwhile, the misorientations deviating from 

perfect alignment between nanocrystallites can be reflected 

clearly by the elongated diffraction spots in the SAED pattern. 10 

These results indicate that the obtained nanoplates are typical 

mesocrystals. Similar phenomenon can be observed in the YF3,
16 

CaCO3
17 and TiO2

18 mesocrystals. 
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Fig. 2 The nitrogen gas adsorption-desorption isotherm loop (a) and pore 

size distribution (b) of Co9S8 hollow spheres. 25 

Nitrogen isothermal adsorption measurement was carried out 

to evaluate the pore structure and the BET surface area. The N2 

adsorption-desorption isotherm at 77K and adsorption pore size 

distribution plot of as-prepared Co9S8 can be observed in Fig. 2. 

It can be seen the sample displays a type IV isotherm with a 30 

typical H3 hysteresis loop (0.5<P/P0<1), which suggests its 

uniform mesoporous feature (2-50 nm). The pore-size distribution 

in Fig. 2b further confirmed the mesoporous characterization of 

the product. The BET surface area of the Co9S8 hollow spheres is 

about 52.6 m2 g-1. 35 

Fig. S1 shows the cyclic voltammetry (CV) curves for the 

Li/Co9S8 cells. A small peak exists at around 1.75 V and two 

large current peaks appear at around 1.49 V and 0.32 V during 

discharging. Meanwhile, three oxidation peaks at 1.05, 1.89 and 

2.2 V are observed in the first potential scanning cycle. Similar 40 

result can be obtained for Co9S8 nanoparticles.19 Co9S8 is 

transformed to an intermediate phase at 1.75 V and then 

converted to Co at 1.49 V. The peak appears at 0.32 V may be 

attributed to the formation of SEI film on the surface of 

electrodes, which becomes weak at subsequent cycles. Based om 45 

the above discussion, the overall charge-discharge reaction of 

Co9S8 may be explained in following way19: 

Co9S8+16Li++16e       8Li2S+9Co 

After the first scan, the oxidation peaks are shifted to 1.05, 1.91 

and 2.40 V. The peak current decreased very fast as the cycle 50 

numbers increased. 

Fig. 3a presents the charge-discharge voltage profiles of the 

Co9S8 hollow spheres for the first, second, fifth and tenth cycles 

at a current density of 100 mA g-1 with the voltage ranging from 

0.01 to 3.0 V. A high discharge capacity of 1103.9 mAh g-1 is 55 

delivered in the 1st Li intercalation process. And a corresponding 

charge capacity is measured to be 838.1 mAh g-1, which leads to 

a coulombic efficiency of 75.9%. The low initial coulomb 

efficiency and the large irreversible capacity loss in the first cycle 

may be ascribed to the formation of solid-electrolyte interphase 60 

(SEI) film onto the surface of the electrode materials.7, 20 In the 

subsequent cycles, capacity fading can be observed. The cycle 

performance of the as-prepared Co9S8 hollow spheres between 

0.01-3.0 V is shown in Fig. 3b. The obvious capacity fading in 

the first ten cycles may be caused by the complicated side 65 

reactions and irreversible structure transformation.7, 21 After 100 

cycles at 100 mA g-1, the discharge capacity still delivers about 

254.9 mAh g-1, exhibiting good charge/discharge cycling 

stability. To further test the cyclic stability of the anodes, the rate 

capability of the Co9S8 hollow spheres is performed. At a current 70 

density of 50 mA g-1, the Co9S8 sample demonstrates a 10th cycle 

specific capacity of 876.9 mAh g-1, which is higher than the 

theoretical capacity of Co9S8 (539 mAh g-1).22 In addition, the 

reversible capacity of the sample decreases with the increasing  
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Fig. 3 (a) Charge-discharge voltage profiles, (b) cycling performance, and 

(c) rate performance of the hierarchical Co9S8 hollow spheres. 115 

current density. The specific capacity is still remains 100.5 mAh 

(a) (b) 

(c) 

(b) 

(a) 
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g-1 even at a high rate of 500 mA g-1. If the current density 

reduces back to 50 mA g-1, the capacity can be recovered to 557.2 

mAh g-1 after 50 cycles. These hierarchical hollow spheres, 

assembled by nanoplates (mesocrystals), exhibit the higher 

capacity and better stability compared to those of rose-like 5 

Co9S8,
13 Co9S8 nanoparticles19 and hollow microstructures.9 For 

instance, the reported Co9S8 hollow microstructures display 

specific capacity of 910.4 mAh g-1 at a current density of 50 mA 

g-1. The rose-like Co9S8 presents a relatively poor cycling 

stability with the specific capacity decreased from 1051.05 to 10 

123.04 mAh g-1 after 30 cycles at a current density of 50 mA g-1. 

In this case, the Co9S8 hollow spheres are composed of 

nanoplates. Such structures can effectively shorten the Li+ 

diffusion length of charge carriers, resulting in the high specific 

capacity. Furthermore, the hollow and mesocrystalline structure 15 

can promote the penetration of electrolyte into the electrode and 

mitigate the volume change generated during the 

charge/discharge process, leading to the good cycling stability. 

Conclusions 

In summary, hierarchical Co9S8 hollow spheres self-assembled 20 

from mesocrystalline nanoplates have been fabricated via a facile 

solvothermal method with the help of hexamethylenetetramine. 

Such well-defined structure with large BET surface area, can 

effectively shorten the diffusion path of Li+ and electrons during 

the charge/discharge process, resulting in the good Li ion storage 25 

performance. They could deliver a high capacity of 254.9 mAh g-

1 over 100 cycles at the current density of 100 mA g-1. Our results 

suggest that the mesocrystal materials used as anode materials 

have promising applications in high energy and high power 

lithium ion batteries. 30 
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TOC 

Mesocrystal Co9S8 hollow spheres are reported through a convenient preparation 

route, and exhibit good performance for Li-ion batteries. 
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