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Orthorhombic CoSe2 nanoparticles were synthesized via a facile one-step hydrothermal approach. The 

size, morphology, as well as phase structure were characterized by scanning electron microscopy 

(SEM) and powder X-ray diffraction (XRD). It was confirmed that CoSe2/Li battery cycled between 

2.5 V and 0 V was more appropriate than between 3.0 V and 0 V. And the initial discharge capacity 

was 975.9 mAh g
-1

 at a current density of 100 mA g
-1

, while it increased after about 90 cycles, and 

even exceeded theoretical discharge capacity (494.4 mAh g
-1

) after about 485 cycles due to the 

activating reactions and the electric double layer effect. Electrochemical mechanism of CoSe2 as anode 

for lithium ion battery was verified by cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS). It showed that solid electrolyte interface (SEI) started to be formed at 1.4 V in the 

first discharge process. SEI-film resistance (RSEI), electron-transfer resistance (Re), and charge-transfer 

resistance (Rct) played the key part in the first discharge process of lithium intercalation respectively. 

 

 

Keywords: CoSe2 nanoparticles; Anode; Lithium ion battery; Electrochemical mechanism; Solid 

electrolyte interface 

 

 

1. INTRODUCTION 

In 2000, P. Poizot et al. reported the mechanism of Li
+ 

intercalating and deintercalating the 

transition metal oxides in Nature [1]. Before long, research on compounds based on transition metals 

(Co, Ni, Cu, Fe, Mo, etc.) has become a current research focus. And transition metal related 

compounds are regarded as promising electrode materials for the next generation lithium ion battery 

[2-6]. Selenium, element from the same group as oxygen, has lower electronegativity, which makes 

transition metal selenides the potential electrode material for lithium ion battery. What’s more, 

compared with transition metal oxides, transition metal selenides have higher bulk density, lower 

volume effect, better reversibility and rate performance. Theoretically, lithium ion battery with 

transition metal selenides anode is supposed to exhibit excellent electrochemical properties. 

http://www.electrochemsci.org/
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Current researches about transition metal selenide for lithium ion batteries mainly focus on 

CoSe2 [7], NiSex (x=1,2) [8-10], MoSex (x=1,2) [11-13], MnSe [14,15], SnSex (x=1,2) [16-24], FeSe 

[25,26], GeSe [24], Sb2Se3 [27,28], ZnSe [29-31], Ga2Se3 [32,33] and Bi2Se3 [34-36]. 

Compared with other transition metal selenides, CoSe2 could be easily obtained by 

hydrothermal and solvothermal methods [37-42]. CoSe2, as anode material for lithium ion battery 

exhibits high theoretical capacity (up to 494.4 mAh g
-1

), theoretically, for 1 mol CoSe2 could react 

with 4 mol Li
+
 [7,9]. Besides that, when reacting with Li

+
, Co/Li2Se interface could store extra charges 

in analogy to capacitor [43,44], resulting in better capacity and rate performance. The lasted report on 

CoSe2 for lithium ion battery indicated the discharge capacity increased after about some cycles and 

even graphene/cobalt selenide (rGO/CoSe2) composite exceeded the theoretical value [7]. Thus, CoSe2 

is considered to be a promising electrode material for lithium ion battery with various potential 

applications. In this work, CoSe2 nanoparticles were synthesized via a facile one-step hydrothermal 

approach, and CoSe2 as anode for lithium ion battery cycled between 2.5 V and 0 V (vs. Li/Li
+
) 

exhibited excellent electrochemical performance. And the capacity increased after about 90 cycles, and 

even exceeded theoretical discharge capacity (494.4 mAh g
-1

) after about 485 cycles, which was 

similar to the previous report [7].
 
The mechanism of intercalation/deintercalation in the first discharge 

process was firstly illustrated via CV and EIS in detail in this paper. And SEI-film was formed at the 

interface of anode/electrolyte when polarization potential decreases from 1.4 V to 0.9 V. It was 

indicated that the generation of the SEI-film make a difference to electrolyte resistance (Rs), and it also 

was revealed that electron-transfer resistance (Re), and charge-transfer resistance (Rct) rather than SEI-

film resistance (RSEI) played the main role in the first discharge process of lithium intercalation. 

 

 

 

2. EXPERIMENTAL 

2.1 The preparation of CoSe2 nanoparticles 

The typical preparation process followed the following steps [37,41]. I solution: 8.0 g sodium 

hydroxide (NaOH) was completely dissolved in 60.0 mL deionized water. Then the solution was 

heated to 70-90 ℃ in silicone bath. 0.64 g selenium powder was added into the solution with magnetic 

stirring slowly. Keep stirring for 2 hours, selenium was totally dissolved and the solution turned dark. 

II solution: 1.8612 g ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) was completely 

dissolved in 20 mL deionized water with gentle heat and magnetic stirring to make a even solution. 

Then 0.96 g cobalt chloride (CoCl2·6H2O) was added slowly and the solution turn red. Then II solution 

was gently poured into I solution and kept stirring at 60 ℃ in silicone bath for 2 hours. The mixture 

was transferred to 100 ml Teflon vessel. After that, the vessel was put into an autoclave preheated to 

180 ℃. After reacting for 24 hours, the Teflon vessel was taken out and cooled to room temperature 

naturally. It was found there were a mass of the black products in Teflon vessel. The black products 

were washed by deionized water for several times until the Cl
-
 was clearly washed. 
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2.2 Characterizations 

The morphology and size of the products were characterized by scanning electron microscopy 

(SEM, FEI SIRION 200/INCA, OXFORD). The crystal structure and microstructure were 

characterized by X-ray diffraction measurement (XRD, Rigaku DLMAX-2200).  

 

2.3 Electrochemical tests 

The electrochemical properties of the CoSe2 electrodes were tested using coin-type half cells 

(CR 2032) which was assembled under an argon-filled glovebox. A working electrode was prepared by 

mixing the 80 wt% CoSe2, 10 wt% super P and 10 wt% polyvinylidene fluoride (PVDF) in Nmethyl-2-

pyrrolidinone (NMP). And 1.0 mol L
-1

 LiPF6/EC+DEC+DMC (1:1:1, V/V/V) was applied as 

electrolyte. cyclic voltammetry test was perfomed on electrochemical workstation (CHI660D, 

Shanghai Chenhua Instrument Factory) by the negative scanning with a scan rate of 0.5 mV s
-1

, and the 

voltage range was from 2.60 V to 0 V (vs. Li/Li
+
)., EIS was tested from high frequency (10

5
 Hz) to 

low frequency (0.01 Hz) at series of polarization potentials using electrochemical workstation 

(CHI660D, Shanghai Chenhua Instrument Factory). 

 

 

 

3. RESULTS AND DISCUSSION 

            XRD pattern of the as-synthesized product is shown in Fig. 1. The diffraction peaks can be 

indexed to orthorhombic structure of pure CoSe2 (JCPDS No. 53-0449). 

 

10 20 30 40 50 60 70

 

 

In
te

n
si

ty
/a

.u
.

2Degree

(110)

(011)

(101)

(111)

(120)

(220)

(210)
(121)

(211)

(002)

(031)

(221)
(131)

(310)
(122)

JCPDS No. 53-0449

 
 

Figure 1. XRD pattern of as-synthesized product 

 

                 The morphologies of the as-synthesized CoSe2 are characterized by SEM. Fig. 2A exhibits 

regular particles with size of 100 nm on average. Particles agglomerate into regular spherical shape 

with size about 1 μm as shown in Fig. 2B.  
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Figure 2. SEM images of as-synthesized CoSe2 nanoparticles: (A) morphology at high magnification; 

(B) morphology at low magnification 

 

It was reported the charge-discharge end voltage at constant current of CoSe2/Li battery was 

supposed to be 3.0 V/0 V [7], but a new testing voltage range was applied in this work. Theoretically, a 

high charge end voltage might result in structural distortion of electrode material, directly causing the 

decrease of capacity. Besides, it has been reported that capacity of transition metal selenide for lithium 

ion battery could die dramatically. Thus it is commonly composited with carbon material. And, 

carbon/Li battery was usually cycled between 2.0 V and 0 V. As a result, a series of tests were applied 

to figure out the most appropriate voltage range in this work. 

Cycling performances of CoSe2 and CoSe2@Carbon (the carbon is purchased in commerce and 

its content in the composites is estimated to be approximately 20.0 wt%) under a series of charge-

discharge end voltage at 100 mA g
-1

 were shown in Fig.3A and Fig.3B respectively. The result shows 

that capacity keeps more steady when cycled between 2.5 and 0 V (vs. Li/Li
+
). This may be caused by 

two main factors. Firstly, high charging voltage damaged the electrode material structure causing the 

decrease of reversible capacity. And secondly, carbon as anode material, performs better under lower 

potential. 
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Figure 3. Cycling performances under a series of charge-discharge end voltage at 100 mA g

-1
: (A) 

CoSe2; (B) CoSe2@Carbon 
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Figure 4. Galvanostatic charge-discharge curve of CoSe2 cycled between 2.5 V and 0 V at 50 mA g

-1
 

 

Fig. 4 exhibits a discharge voltage plateau at about 1.5 V at the 1st cycle, but it disappears after 

the 2nd cycle. The initial discharge capacity at 50 mA g
-1

 is 975.9 mAh g
-1

, and the figure keeps at 

576.3 mAh g
-1

 at the 2nd cycle; the initial charge capacity is 516.9 mAh g
-1

. Thus, 59.1% of the 

capacity maintained and 53.0% of coulombic efficiency were figured out. The formation of SEI-film 

and the accumulation of CoSe, Li2Se and Co inside electrode cause the irreversible capacity. Some 

similar anode materials were listed in Table 1 and were compared with the CoSe2 nanoparticles 

prepared in this work.  

 

Table 1. Comparison between CoSe2 nanoparticles and similar anode materials in literature 

 

Anode material Charge-

discharge 

current density 

(mA g
-1

) 

Charge-

discharge 

end 

voltage 

Initial discharge 

capacity  

(mAh g
-1

) 

Initial charge 

capacity  

(mAh g
-1

) 

References 

CoSe2 nanoparticles 50 2.5-0 V 975.9 516.9 This work 

NiSe2 thin film 50 3.0-1.0 V 468.5 460.3 [9] 

α-MnSe nanocubes 100 3.0-0 V 790.0 401.0 [14] 

SnSe nanosheets 50 3.0-0.01 V 1009.0 417.0 [17] 

α-FeSe nanoparticles 40 3.0-1.0 V 390.0 350.0 [25] 

ZnSe spheres 100 3.0-0.01 V 960.0 530.0 [31] 

Bi2Se3 microrods 50 3.0-0.01 V 870.0 703.0 [35] 
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Figure 5. Cycling performances and coulombic efficiency of CoSe2 cycled between 2.5 V and 0 Vat 

250 mA g
-1

 

 

Fig. 5 shows the capacity of CoSe2 at 250 mA g
-1

 keeps steady in the first 30 cycles, but it 

decrease continuously until the 90th cycle. From the 90th cycle, the discharge capacity keeps going 

upward and finally exceeds the theoretical value (494.4 mAh g
-1

) after about 485 cycles.  

 

10 20 30 40 50 60 70

CoSe
2

JCPDS No. 88-2325: Co

JCPDS No. 70-2870: CoSe

Super P

 
 

 

 

2Degree

In
te

n
si

ty
/a

.u
.

discharge to 0 V

 
Figure 6. XRD pattern of working electrode material when discharged to 0 V 

 

The reasons for this phenomenon could be revealed through some previous reports [7,9] and 

some testings. Fig. 6 shows XRD pattern of working electrode material when discharged to 0 V; the 

diffraction peak of CoSe was sharp indexed to JCPDS No. 70-2870 and the diffraction peak of Co was 

indexed to JCPDS No. 88-2325. Some relevant reports [7,9,45]
 
indicated that two reactions took place 

in the battery during the cycle, (I) at the high potential and (II) at the low potential. Reaction (I) and 

(II) could be confirmed through Fig.6 in our work. Only when the accumulation of CoSe+Li2Se 
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reaches a certain amount (cycled about 90 cycles), can the CoSe2 electrode system be kinetically 

activated to generate more defects and active sites [7,46,47] increasingly. Besides, there is the electric 

double layer effect
43

 in the Co/Li2Se interface storing extra charges [44]. Fig.7 shows the two-

dimensional pattern of interfacial charge storage lithium of Co/Li2Se (electric double layer effect). 

(I) 2Li
+
 + 2e

-
 + CoSe2 CoSe + Li2Se 

(II) 2Li
+
+2e

-
+ CoSe Co + Li2Se 

 

 
Figure 7. Interfacial charge storage lithium of Co/Li2Se 

 

CV curves of CoSe2 at 0.5 mV s
-1

 from 2.60 V to 0 V (vs. Li/Li
+
) is shown in Fig. 8. The peaks 

at 1.267 V and 0.524 V represent reduction peaks. The peaks at 2.194 V and 2.461 V represent 

oxidation peaks. The reduction-oxidation couple (1.267 V and 2.461 V) correspond to the formation of 

SEI and reaction (I) and the other reduction-oxidation couple (0.524 V and 2.194 V) correspond to 

reaction (II). The peak at 1.267 V is sharper than that at 0.524 V indicating that Li
+
 consumption 

caused by the formation of SEI and reaction (I), is much more than that of reaction (I). The oxidation 

peaks are not as sharp as reduction peaks, indicating that reaction (I) and reaction (II) cause the 

accumulation of CoSe, Li2Se and Co inside electrode, generating the irreversible capacity. 
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Nyquist plots of the CoSe2 electrode at various polarization potentials (vs. Li/Li
+
) in the first 

discharge process are shown in Fig. 9A, Fig. 9B, Fig. 9C, Fig. 9D and Fig. 9E. When polarization 

potential decreases to 1.4 V, there are four time constants, three arcs and one line. The first arc in the 

high frequency region (68120-122.1 Hz) represents the resistance and impedance contributed by SEI. 

The second arc in the middle frequency region (0.3831-0.02154 Hz) represents electron-transfer 

resistance and impedance. And the third arc in the low frequency region (0.01778-0.01 Hz) represents 

charge-transfer resistance and impedance of Li
+
 inside CoSe2 electrode. The line in the super low 

frequency region represents the diffusion impedance of Li
+
 in the whole system. 
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Figure 9. Nyquist plots of CoSe2 electrode at various polarization potentials (vs. Li/Li
+
) in the first 

discharge process: (A) 2.4-1.9 V; (B) 1.8-1.6 V; (C) 1.5-1.3 V; (D) 1.2-0.8 V; (E) 0.7-0 V 
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Figure 10. Equivalent circuit proposed for CoSe2 electrode in first discharge process 

 

Equivalent circuit which was proposed for CoSe2 electrode in the first discharge process is 

shown in Fig. 10. Rs, RSEI, Re and Rct respectively represent electrolyte resistance, SEI-film resistance, 

electron-transfer resistance and charge-transfer resistance. ZSEI, Ze, Zct and ZD respectively represented 

SEI-film impedance, electron-transfer impedance, charge-transfer impedance and the diffusion 

impedance of Li
+
 in the whole system [48,49]. 

Fig. 11A exhibits variations of Rs with the electrode polarization potentials for CoSe2 in the 

first discharge process. Rs keeps steady at about 4.200 Ω, when polarization potential decrease from 

2.4 V to 1.4 V. However, when polarization potential decreases to 1.3 V, Rs increases sharply peaking 

at 6.632 Ω. Then, it goes downward slightly keeping above 6.000 Ω. As polarization potential decrease 

to 0.9 V, Rs falls severely down to 4.849 Ω and keep steady at 4.800 Ω. The electrolyte resistance Rs is 

higher than figure before the generation of the SEI-film. 
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Figure 11. Variations of (A) Rs, (B) RSEI, (C) Re and (D) Rct with the electrode polarization potentials 

(vs. Li/Li
+
) for CoSe2 in the first discharge process 
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The main reason could be concluded as follow. When polarization potential decreases to 1.4 V, 

SEI-film starts to be formed at the interface of anode/electrolyte consuming large amount of ion 

carriers in a short time resulting in the inhomogeneity of the electrolyte. As a result, diffusion of Li
+
 is 

slowed down, which causes the sharp decrease of conductivity. Then, polarization potential decreases 

to 0.9 V, SEI-film has been formed completely, and ion carriers in the electrolyte is no longer 

consumed. The conductivity tends to be steady, however the figure is slightly lower than the initial due 

to the consumption of ion carriers [48,49]. 

Fig. 11B, Fig. 11C and Fig. 11D respectively exhibits variations of RSEI, Re and Rct with the 

electrode polarization potentials (vs. Li/Li
+
) for CoSe2 in the first discharge process. RSEI, Re and Rct all 

originally decrease when polarization potential decreases from 2.4 V to 1.4 V. However, during the 

formation of SEI-film (polarization potential is 1.4-1.3 V) all the figure increased. And the figure of Re 

and Rct are much higher than that of RSEI, indicating electron-transfer resistance and charge-transfer 

resistance make more crucial effect than SEI-film resistance in the lithium intercalation. 

 

 

 

4. CONCLUSIONS 

Orthorhombic CoSe2 nanoparticles with the size of 100 nm has been synthesized via a facile 

one-step hydrothermal approach. CoSe2/Li battery and CoSe2@Carbon/Li battery cycled between 2.5 

V and 0 V rather than between 3.0V and 0 V both exhibit excellent electrochemical performances. The 

discharge capacity of CoSe2 exceeds the theoretical value after a few hundred cycles due to the 

activating reactions and the electric double layer effect. It is confirmed via X-ray diffraction there are 

two conversion reactions when Li
+
 intercalates CoSe2. SEI-film is formed at the interface of 

anode/electrolyte in the first discharge process consuming large amount of ion carriers when 

polarization potential decreases from 1.4 V to 0.9 V, which extremely affects electrolyte resistance 

(Rs). The formation of SEI-film and the accumulation of CoSe, Li2Se and Co inside electrode cause the 

irreversible capacity. Nyquist plots of CoSe2 electrode shows electron-transfer resistance (Re) and 

charge-transfer resistance (Rct) play more important roles than SEI-film resistance (RSEI) in the first 

discharge process of lithium intercalation. 
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