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Abstract  

For the first time, three-dimensional hierarchical architecture of CoS2/reduced graphene 

oxide (3DCG) with CoS2 particles uniformly anchored on the graphene network has been 

synthesized by a facile hydrothermal method. The 3DCG anode exhibits superior 

electrochemical performances: it delivers a high reversible specific capacity of 1499 mAh g
-1

 

and remains 1245 mAh g
-1

 after 150 cycles at a current density of 100 mA g
-1

, which is the 

highest ever reported for CoS2-based materials; the rate capability remains 306 mAh g
-1

 even 

at 4000 mA g
-1

. The excellent performance can be attributed to the unique 3D porous structure, 

in which the RGO network can guarantee the high conductivity of the composite, 

accommodate the volume change of CoS2 particles during cycling, and shorten the diffusion 

lengths for lithium ions. The 3DCG composite can be a promising anode candidate for 

high-performance lithium-ion batteries. 
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1. Introduction 

Lithium-ion batteries have been widely investigated due to their increasing applications 

in portable devices, electronic vehicles and hybrid electronic vehicles.
1-3

 The commercial 

graphite anode with a low theoretical capacity of 372 mAh g
-1

 cannot meet the demands for 

next-generation anode with higher capacity, better cyclic stability and rate capability. 

Transitional metal oxides and transitional metal sulfides have been widely investigated due to 

their high theoretical capacities.
4-6

 Among them, CoS2 has drawn particular research interest 

due to its high theoretical capacity of 870mAh g
-1

.
7
 However, the application of CoS2 

electrode is hindered by several problems. For example, the pulverization of CoS2 caused by 

severe volume change during charge/discharge process and the dissolution of the polysulfide 

intermediate in electrolyte will lead to the fast capacity fading of CoS2 electrode.
8, 9

  

To address such issues, several strategies have been developed. Previous works in 

transition metal sulfides and transition metal oxides anodes have shown that using 

nanostructured materials is an effective way to solve such issues, for nanostructured materials 

possess several advantages over their bulky counterparts.
10-13

 Firstly, nanostructured materials 

have shorter lithium ions diffusion paths. Secondly, the designed nanostructured materials 

display more accommodation to the strain of the lithiation/delithiation, which is good for 

preserving electrode structural integrity. Finally, the nanostructured materials have larger 

electrode/electrolyte contact area that is beneficial for the high current rate performance. For 

instance, hollow spheres of CoS2, worm-like CoS2, yolk-shell spheres of CoS2 and ultrasmall 

particles of CoS2 exhibit improved electrochemical performances compared to the bulky 

samples.
8, 14-16

 Another effective method is to use conductive carbon materials to 

accommodate the volume change, improve the conductivity of electrode and trap the 
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polysulfide, leading to enhance the electrochemical properties of CoS2.
8, 16-18

 In particular, 

two-dimensional (2D) graphene is a promising material to combine with transition metal 

oxides and transition metal sulfides, due to its superior electronic conductivity, large surface 

area, good flexibility, excellent chemical and thermal stability. Recently, it was revealed that 

3D graphene network assembled by 2D graphene sheets not only possesses the intrinsic 

properties of 2D graphene sheets, but also can provide the resultant graphene-based 

composites with strong mechanical strengths, large electrode/electrolyte contact area and 

short path lengths for lithium ions.
4, 19, 20

 For example, the properties of transition metal 

oxides or transition metal sulfides have been significantly enhanced after combining with 3D 

graphene network.
21-24

 It is expected that the composite anode consisting of CoS2 and 3D 

graphene network will possess good electrochemical performances. However, to our best 

knowledge, there are still no reports on the synthesis and electrochemical properties of CoS2 

supported on 3D graphene network.  

In this study, for the first time, three-dimensional porous architecture of CoS2/reduced 

graphene oxide (3DCG) was synthesized via a facile hydrothermal reaction followed by a 

freeze-drying process. The CoS2 particles are uniformly anchored on the interconnected 3D 

graphene network and the composite shows high reversible capacity and good rate capability.  

2. Experimental 

2.1 Synthesis of 3DCG 

In a typical procedure, graphite oxide (GO) was prepared by a modified Hummer’s 

method as reported elsewhere previously.
25, 26

 200 mg of GO was dissolved in 40 mL of 

deionized (DI) water with sonication for 2 h to form a uniform dispersion. Then 0.38 g of 

CoCl2·6H2O was added into the dispersion under stirring. After stirring for 1 h, 20 mL 
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aqueous solution of thioacetamide (TAA) (15 mg mL
-1

) was added into the above mixture 

drop by drop. The mixture was transferred to a 100-mL Teflon-lined stainless steel autoclave, 

heated up to 180 
o
C, and kept for 12 h. After cooling down naturally, the product was washed 

several times with DI water and then treated by freeze-drying for 24 h. 

The control samples were also prepared. Pristine CoS2 was directly synthesized by 

CoCl2·6H2O and TAA following the similar procedures; the RGO was synthesized by GO via 

the similar procedure without adding cobalt source and sulfur source. 

2.2 Characterization 

The samples were characterized by X-ray diffraction (XRD Rigaku D/MAX-rA 

diffractometer) using Cu Kα radiation. Raman spectra were acquired at room temperature 

with excitation laser lines of 532 nm (Horiba). Thermogravimetric analysis (TGA) was 

carried out on a TA Instruments TGA-Q50 in the temperature range of 50-700 
o
C at a heating 

rate of 10 
o
C min

-1
 in air. The bonding configurations of samples were investigated by using 

X-ray photoelectron spectroscopy (XPS, Kratos XSAM800, Al Ka radiation (144 W, 12 mA, 

12 kV)).The materials were compressed into films at 20 MPa with thickness of ~300 µm and 

then the electrical conductivity was measured by a standard fourpoint probe resistivity 

measurement system (SX1944, Suzhou, China). The morphology investigations were 

examined by scanning electron microscope (SEM，JSM-7000F, JEOL) and transmission 

electron microscope(TEM, Tecnai F20 at 200 kV). 

 

2.3 Electrochemical measurements 

Electrochemical performances of the samples were evaluated in coin-type half cells 

(CR2025). The specific capacity of 3DCG was calculated based on the total mass of the 

composite. The working electrodes were made of active materials, carbon black (Super P 
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Timcal) and poly(vinylidene fluoride) (PVDF) binder with a weight ratio of 80:10:10, using 

N-methyl-2-pyrrolidinone (NMP) as a dispersant to form a slurry. Then the slurry was spread 

on the copper foil and dried at 120 
o
C in vacuum for 12 h. The average mass loading of 

electrodes is 1 mg cm
-1

. The electrodes were then assembled into half cells in an argon-filled 

MBraun glove box with oxygen and water content below 0.5 ppm, using lithium foil as 

counter electrode. Celgard 2400 was used as separator. 1 M LiPF6 solution in a 1:1 w/w 

mixture of ethylene carbonate (EC)/dimethyl carbonate (DMC) was used as the electrolyte. 

The cells were charged and discharged at various current densities between 0.05 and 3 V vs. 

Li/Li
+
 by LAND electrochemical workstation. Cyclic voltammetry (CV) experiments and 

electrochemical impedance spectroscopy (EIS) were performed by CHI660D electrochemical 

workstation (CHI instrument). CV measurements were performed at a scan rate of 0.5 mV s
-1

 

in the voltage range of 50 mV to 3 V. EIS tests were carried out at open-circuit potential in the 

frequency range between 100 kHz and 0.01 Hz with a perturbation amplitude of 5 mV. All 

measurements were carried out at room temperature.  

3. Results and discussion 

 

 

Fig.1 Schematic illustration of the synthesis of 3DCG. 
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The typical synthesis route is illustrated in Fig. 1. Firstly, the GO sheets can be dispersed 

in the water due to the strong hydrophilicity and electrostatic repulsion effect. Then, the GO 

sheets started to be reduced during hydrothermal reaction, and the partially reduced GO sheets 

became hydrophobic due to the decrease of oxygenated functionalities. With the hydrothermal 

reaction proceeding, the 3D random stacking of reduced GO sheets was formed with the help 

of hydrophobicity and π-π stacking. Finally, the increasing hydrophobicity and π-π stacking 

leaded to form 3D cross-linked RGO network.
27, 28

 At the same time, the precursors Co
2+

 

absorbed on the surface of GO sheets reacted with the sulfur source and formed CoS2 

particles.
17

 After hydrothermal reaction, the composite with CoS2 particles anchored on RGO 

network was further treated by freeze-drying to obtained 3DCG.  

 

Fig. 2 (a)XRD patterns of CoS2 and 3DCG. (b)Raman spectra of GO and 3DCG. 

 

The XRD patterns of CoS2 and 3DCG are shown in Fig. 2a. The 3DCG exhibits a few 

characteristic peaks with strong intensities, which can be indexed to cubic CoS2 (PDF no. 

89-3056) with a space group of Pa-3 (205).
29

 Moreover, in the pattern of 3DCG, the (002) 

diffraction peak of the graphene nanosheets cannot be detected.
30
 Graphene nanosheets will 

be further characterized by Raman and transmission electron microcopy (TEM). A small 
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amount of CoS is detected in pristine CoS2 sample, which is reported by previous research via 

a similar preparing method.
18

 The disappearance of CoS in 3DCG may result from the 

oxidaztion of GO. The weight fraction of CoS2 and RGO in 3DCG can be determined to be 

70.27 wt% and 29.73 wt%, respectively (Fig. S1). 

Fig. 2b shows the Raman spectra of GO and 3DCG. Both samples show two peaks at 

~1350 cm
-1

 and ~1580 cm
-1

, corresponding to the disordered (D) and graphitic (G) bands of 

graphene. The intensity ratio of the D band to the G band (ID/ IG) are 1.03 and 1.31 for GO 

and 3DCG, respectively. Compared with GO, the higher intensity ratio of 3DCG (ID/ IG=1.31) 

indicates that many defects have formed on the surface of graphene sheets. This is attributed 

to the reduction of GO and the insertion of CoS2 particles into graphene sheets which is 

similar to the intercalation phenomena reported previously.
4, 9, 31, 32

 X-ray photoelectron 

spectroscopy(XPS) spectra of C 1s of GO and RGO are shown in Fig. S2. The peak of C–O 

bond (286.3 eV) is significantly suppressed after reduced by hydrothermal reaction. The C/O 

ratio of RGO is about 4.0. Moreover, the electrical conductivity of GO (6.73×10
-5

 S cm
-1

) was 

dramatically enhanced up to 1.35 S cm
-1

 (RGO) after hydrothermal reaction. These data 

suggest that the quality of RGO is good. 
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Fig. 3 (a) and (b) SEM images of CoS2. (c) and (d) SEM images of 3DCG. 

 

The morphologies and microstructures of the pristine CoS2 and 3DCG were investigated 

by scanning electron microscopy (SEM). As shown in Fig. 3a and b, the particles of pristine 

CoS2 are seriously aggregated with an average size of several micrometers. However, in 

3DCG, the structure and morphology are quite different. As shown in Fig. 3c, the composite 

demonstrates a 3D interconnected network with numerous pores. The porous network was 

assembled by RGO nanosheets during the hydrothermal process and maintained the structure 

after freeze-drying. It is noteworthy that the particles are uniformly anchored on graphene 

sheets in the high-magnification SEM image in Fig. 3d. The small size and the homogenously 

distribution of CoS2 particles in 3DCG could be attributed to the functional groups on GO 

acting as the nucleation sites for CoS2 particles.
9
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Fig. 4 (a) TEM image of RGO. (b) and (c) TEM images of 3DCG. (d) HRTEM image of 3DCG. 

 

The microstructure of the 3DCG was further investigated by TEM. Fig. 4a presents the 

typical TEM image of RGO sheets which is ultrathin and wrinkle. For 3DCG, the TEM 

images illustrate that these CoS2 particles (with sizes of 150-200 nm) are uniformly anchored 

on the RGO sheets, as shown in Fig. 4b and c. The high-resolution TEM (HRTEM) image of 

3DCG is shown in Fig. 4d. The red circle indicates the RGO sheets with an interplanar 

spacing of 0.37 nm ((002) plane of graphene), and the blue circle indicates the CoS2 with a 

d-spacing of 0.32 nm, which corresponds to the (111) plane of CoS2.  
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Fig. 5 The galvanostatic charge-discharge curves of (a) 3DCG, (b) CoS2 at 100 mA g
-1

. (c) Cyclic and (d) 

rate performance of CoS2, RGO and 3DCG. 

 

The electrochemical properties of the CoS2, RGO and 3DCG were examined by 2025 

coin cells. Fig. 5a shows the 1
st
, 2

nd
 and 150

th
 discharge and charge profiles of 3DCG cycled 

at a current density of 100 mA g
-1

 in the range of 0.05-3.0 V vs. Li/Li
+
. In first discharge 

curve, there are three plateaus (1.5, 1.3 and 0.8 V). The plateaus at 1.5 and 1.3 V shift to 1.7 

and 1.3 V in subsequent cycles, respectively. The plateau at 0.8 V is related to the foramtion 

of solid electrolyte interface (SEI) film.
16

 In subsequent cycles, the plateau at 1.7 V is 

attributed to the initial small amount insertion of lithium ions reaction: CoS2+ xLi
+
+ xe

-
→ 

LixCoS2. The plateau at 1.3 V is corresponding to the reaction: LixCoS2+ (4-x)Li
+
+ (4-x)e

-
→ 

Co+ 2Li2S. In charge curves, the plateaus at ~2.0 and 2.4 V are attributed to the delithiation 

process.
33

 The CV curves of 3DCG have been recorded (Fig. S3). As shown in Fig. S3, the 

peaks at the first two sweeps are not very typical CoS2-based peaks, which may result from 
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the unstable electrochemical reactions during the first two sweeps. One can see that after 20 

cycles, the CV curves tend to be stable. This is also consistent with the cycling performance 

of the 3DCG anode (Fig. 5c). The 3DCG electrode delivers the initial discharge and charge 

capacities of 1579 and 1261 mAh g
-1

, respectively, giving a Coulombic efficiency of 79.9%. 

The irreversible capacity loss might result from the inevitable decomposition of electrolyte 

and the formation of SEI film, which has been reported in transition metal oxide and 

transition metal sulfide based anode materials.
34, 35

 However, the pristine CoS2 exhibits much 

lower discharge and charge capacity, as shown in Fig. 5b.  

It is noted that the reversible capacity of 3DCG (1499 mAh g
-1

) is much higher than the 

theoretical value of CoS2 (870 mAh g
-1

). The extra capacity may be attributed probably to two 

factors. Firstly, the nanomaterials of anode usually display higher capacities than those of 

bulk materials or materials with large size. The nanostructured material can provide more 

active sites for electrochemical reaction,
36, 37

 which can effectively enhance the reversible 

capacity.
15

 Secondly, the presence of highly conductive RGO in 3DCG might enhance the 

reversible capacity. Although the capacity of RGO itself is not very high, the conductive RGO 

network can serve as the pathways for electrons and lithium ions and improve the 

conductivity of electrode, which can improve the reversible capacity.
38, 39

  

The cyclic performances of CoS2, RGO and 3DCG at a current of 100 mA g
-1

 are plotted 

in Fig. 5c. It is clear that 3DCG demonstrates an outstanding cyclic performance. After 150 

cycles, a high capacity of 1245 mAh g
-1

 can be retained for 3DCG, while the capacities of 190 

and 71 mAh g
-1

 are retained for RGO and pristine CoS2, respectively. The decrease in 

capacity for the first 20 cycles is not rare for the electrode materials with volume effect.
17, 40

 

This phenomenon could be attributed to the specific electrode evolution process of CoS2 
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anode material.
33

 During the first charge cycle, the CoS2 will react with lithium ions to 

transform into Co and Li2S.
41

 The sudden appearance of abundant Li2S will block the further 

lithium ions transfer between electrode materials and electrolyte leading to the capacity fading. 

With the electrochemical cycles proceeding, 3DCG becomes more porous, which provides 

tunnels for the electrolyte to access the inner part of the active materials. Therefore, the 

trapped active materials can expose to the electrolyte again and release lithium ions, thus 

ending the capacity decay after ~20 cycles. 

The capacity of 3DCG after 150 cycles in this study is the highest ever reported in 

CoS2-based anodes, as shown in Fig. S4.
7, 8, 14-17, 33, 41-44

 The improvement of cycling stability 

can be attributed to the intrinsic advantages of graphene which can not only effectively 

mitigate the volume changes and maitain the structural integrity even afer 150 cycles (Fig. 

S5),
9, 45

 but also traps the polysulfides dissolved in the electrolyte.
9, 45, 46

 The reversible 

capacity of 3DCG increases continuously after ~50 cycles. The phenomenon of capacity 

increasing in CoS2-based anode material is not an exception.
17

 Generally, this phenomenon 

can be attributed to the growth and dissolution of a gel-like polymer film which is related to 

the extra capacity of transition metal oxides or transition metal sulfides in the low potential 

region.
12, 17, 47-51

 The reversible formation and decomposition of the gel-like polymer film can 

provide interfacial storage for extra lithium ions through the pseudocapacitive behavior.
47-49

 

The gel-like polymer film is beneficial to the long-term cyclic performance and leads to the 

increasing capacity after 50 cycles. 

Fig. 5d demonstrates the rate performances of the three electrodes at various current 

denisities. The 3DCG delivers capacities of ~950 mAh g
-1

, 750 mAh g
-1

, 570 mAh g
-1

, 306 

mAh g
-1

 and 150 mAh g
-1

 at 200 mA g
-1

, 400 mA g
-1

, 1000 mA g
-1

, 4000 mA g
-1

 and 10000 
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mA g
-1

, respectively. When the current density is returned back to100 mA g
-1

, the capacity is 

able to recover to the initial level at 100 mA g
-1 

(~1000 mAh g
-1

), which indicates a much 

better rate capability than those of bare RGO and pristine CoS2. The good rate capability of 

the 3DCG results from the incorporation of uniformly dispersed CoS2 particles and 

interconnected 3D graphene network. On the one hand, the graphene nanosheets with superior 

electronic conductivity and high surface area can provide an ideal 3D conductive matrix for 

the active material particles and more available area for electrolyte access. On the other hand, 

the feature of highly dispersed CoS2 particles with small size on graphene sheets can decrease 

the diffusion lengths for lithium ions during charge/discharge process. 

 

Fig. 6 Nyquist plots of CoS2 and 3DCG. 

 

To further understand the enhanced performance of 3DCG, electrochemical impedance 

spectroscopy (EIS) was carried out with fresh cells and the Nyquist plots of 3DCG and 

pristine CoS2 are shown in Fig. 6. The semicircle in the Nyquist plots could be attributed to 

the charge-transfer process and the inclined line in the low-frequency region is assigned to 
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lithium ions diffusion. Re represents the internal resistance of the cell; Rct and CPE1 denote for 

the charge-transfer resistance and constant phase element of the electrode/electrolyte interface, 

respectively; Zw is referred to the Warburg impedance, and CPE2 is associated with active 

mass capacitance. According to the fitting results, the Rct of 3DCG is 88 Ω which is much 

smaller than that of CoS2 (Rct= 208 Ω). The improved electrochemical reaction kinetic can 

lead to excellent electrochemical performance of 3DCG. 

 

Conclusion 

In summary, three-dimensional porous 3DCG architecture has been synthesized by a 

facile hydrothermal reaction and subsequent freeze-drying process. The 3DCG demonstrates 

outstanding electrochemical performances. The unique porous 3D graphene interconnected 

network can guarantee the high conductivity of the composite, accommodate the volume 

change of CoS2 particles during cycling, absorb the polysulfides and shorten the diffusion 

lengths for lithium ions and electrons. Those properties of 3DCG result in the excellent 

electrochemical performances: the reversible discharge capacity is as large as 1499 mAh g
-1

 

which is the highest ever reported for CoS2-based materials; the rate capability remains 306 

mAh g
-1

 even at 4000 mA g
-1

. The outstanding electrochemical properties of 3DCG suggest 

that this material is a promising anode material for next generation lithium-ion batteries.  
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The porous three-dimensional CoS2/RGO (3DCG) anode exhibits outstanding cyclic stability, high 

specific capacity, and excellent high-rate performance.  
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