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Experimental section
1. Material synthesis

In a usual procedure, Co(NO3)2·6H2O (55 mg) and PVP K-30 (350 mg) were added into deionized 
water (5 mL) and CH2(OH)2 (10 mL) with GO solution (2.93 mg/mL, 3.5mL) to form a uniform 
suspension. Meanwhile, selenium power (40 mg) was added into C2H4(NH2)2 (10 mL) to obtain a 
black solution. Then, these mixtures were mixed for 4 h under magnetically stirring. Afterward, the 
melange was placed into a 50 mL autoclave for reacting at 200 °C in 24 h. After centrifuging and 
washing with ethanol and deionized water, the CoSe2@N-rGO nanoparticles were collected by 
freeze-dried. The CoSe2 was prepared via a similar method with the synthesis of the CoSe2@N-rGO 
product except adding GO solution.

2. Structural and morphological characterization
The powder X-ray diffraction (XRD) patterns were measured by using a SmartLab X-ray 

diffractometer (Cu-Kα1, λ = 1.5418Å). The scanning electron microscope (SEM) morphology were 
carried out by a field-emitting (FE) SEM (JEOL-JSM-6700F). Thermogravimetric analysis (TGA) 
was performed on a thermogravimetric analyser (GA Q5000IR) from 30 ◦C to 700 ◦C in air flow (50 
mL/min) with a heating rate of 10 ◦C/min. The surface chemical state was determined by X-ray 
photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi), using Al Kα radiation. The Raman 
spectra were obtained using a Raman spectrophotometer (Horiba Jobin Yvon, HR800, France) in 
the range of 200-1800 cm−1 with 532 nm laser radiation. Brunauer−Emmett−Teller (BET) 
measurement was conducted in Quantachrome system with N2 adsorption and desorption. High-
resolution TEM (HRTEM) and energy-dispersive X-ray spectroscopy (EDX) mapping analyses 
were executed on a Talos F200X HRTEM supplied with a spherical aberration corrector.

3. Electrochemical tests
CoSe2@N-rGO as an anode material for PIBs were assembled into CR 2032 coin-type half cells 

to investigate the electrochemical behavior. The working electrode was prepared by mixing 80 wt % 
active material with 10 wt % Super-p and 10 wt % CMC in water. The mixed slurry was coated on 
the copper foil and dried at 80 ◦C for 10 h in a vacuum oven. The mass loading of active materials 
was 0.96-1.17 mg cm−2. The thin K metal sheet was used as the counter electrode and a GF/D glass 
microfiber was served as the separator. Moreover, a 1.0 M potassium bis(fluorosulfonyl)imide 
(KFSI) solution of dimethyl ether (DME) was applied as the electrolyte. The whole processes of 
battery making were carried out in a glove box filled with Ar gas (O2 ≤ 0.01 ppm; H2O ≤ 0.01 ppm). 
The electrochemical properties of electrodes were tested based on a multichannel battery testing 
system (Neware-BTS-TC53). The cyclic voltammograms (CV) at various scan rates and 
electrochemical impedance spectroscopy (EIS) in the frequency range of 0.01-100000 Hz were 
examined on an electrochemical workstation (CHI660E).

4. DFT Calculations
DFT calculations were performed using the CASTEP code of Materials Studio package of 

AccelrysInc1. Generalized gradient approximation (GGA) method and Perdew-Burke-Ernzerhof 
(PBE) functional were used to calculate the DFT exchange correlation energy. The core electrons 
were treated by ultra-soft pseudopotential (USP). The kinetic energy cutoff was set to 400 eV for 



the plane-wave basis set and the self-consistent field (SCF) tolerance was 1×10-6 eV. 5×3×1 CoSe2 
surface built with a 20 Å vacuum region. The Brillouin zone was sampled by 4×4×1 Monkhorst-
Pack mesh k-point for surface calculation and the DOS calculation.
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Fig. S1 Nitrogen adsorption/desorption profile and corresponding pore size distribution (inset map) 
of CoSe2.
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Fig. S2 XPS survey spectra of CoSe2@N-rGO.



Fig. S3 (a-d) SEM, TEM, and EDS mapping of as-synthesized CoSe2, (d) and (e) high-resolution 
TEM images and EDX spectra of as-synthesized CoSe2@N-rGO. The signals of Cu in the spectrum 
comes from the copper grid.
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Fig. S4 Galvanostatic charge/discharge Capacity and Coulombic efficiency at a current density of 
0.2 A·g-1 except for the initial cycle at 0.05 A·g-1 of CoSe2.
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Fig. S5 (a) Long-term cycling stability and Coulombic efficiency of CoSe2@N-rGO composites at 
a high current density of 1 A·g-1 except for the initial cycle at 0.05 A·g-1, (b) Charge/Discharge 
curves at 0.05 A·g-1 for initial cycle and 2rd, 3nd, 10th, 100th, 200th, 300th and 400th at 1 A·g-1.
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Fig. S6 (a) Comparison of electrochemical impedance spectroscopy (EIS) analysis of PIBs of both 
CoSe2 electrode and CoSe2@N-rGO electrodes; (b) Comparison of electrochemical impedance 
spectroscopy (EIS) analysis of fresh CoSe2@N-rGO electrodes and cycled after CV.

Fig.S7 The (001) surface image of (a) o-CoSe2, (b) c-CoSe2 and (c) o-CoSe2/ c-CoSe2, (d) o-
CoSe2@N-rGO, (e) c-CoSe2@N-rGO and (f) o-CoSe2/ c-CoSe2@N-rGO. Here, o-CoSe2 represent 
orthorhombic CoSe2 and c-CoSe2 represent cubic CoSe2



Table S1. The electrochemical performance of CoSe2@N-rGO and other anode materials for 
potassium-ion storage.

Materials Cs (mA h/g)
Current density

(A g-1)

Cycles

(times)

Voltage Range

(V vs. K+ /K)
Crystal system Ref.

CoSe2–MoSe2/rGO 498 0.1 60 0.01-3 Orthorhombic 2

CoSe2⊂SPNC⊂rGO 208.8 0.5 500 0.01-3 Orthorhombic 3

358 0.5
CoSe2@NC/MX

276 2.0
100 0.01-3 Cubic 4

Ni3Se4/CoSe2@C 330.1 0.1 200 0.01-3 Cubic 5

311.3 0.05
CoSe2@NC

184.5 0.5
1000 0.01-2.5 Cubic 6

CoSe2@NC/rGO 226 0.5 400 0.01-2.5
Cubic & 

Orthorhombic
7

CoSe2@NC/HMCS 442 0.1 120 0.01-3
Cubic & 

Orthorhombic
8

253 0.2 100 0.01-3CoSe2 threaded by N-

doped carbon nanotubes 173 2.0 600 0.01-3
/ 9

CoSe@NCNTs 282 0.2 500 0.01-3 / 10

CoSe@NrGo 143 0.2 100 0.01-3 / 11

CoSe@NC 309.6 0.2 500 0.01-3 / 12

CoSe@C/HCPs 182 0.3 300 0.01-3 / 13

Co0.85Se-QDs/C 402 0.05 50 0.01-2.5 / 14

Co0.85Se@NC 114.7 2.0 250 0.01-3 / 15

421 0.2 100
CoSe2@N-rGO

174.69 1.0 400
0.01-3

Orthorhombic & 

Cubic

Our 

work



Table S2. The electrochemical performance of CoSe2-derived anode materials for sodium-ion 
storage with difference crystal system

Materials Cs (mA h/g)
Current density

(A g-1)

Cycles

(times)

Voltage Range

(V vs. K+ /K)
Crystal system Ref.

CoSe2@ CNTs–MXene 400 2 200 0.1-3 Cubic 16

395 0.5
CoSe2@NC

367 2
200 0.01-3 Cubic 17

CoSe2 HBs/Ti3C2Tx 186 0.5 3000 0.01-3 Cubic 18

Cu-doped CoSe2 microboxes 492 0.05 /

undoped CoSe2 microboxes 480 0.05 /
0.01-3 Cubic 19

511 0.2 200
TNC-CoSe2 microcubes

456 6.4 6000
0.01-3 Cubic 20

N-CoSe2 yss 431 0.05 / 0.01-3 Cubic 21

414.6 0.2 700Submicron Cobblestone-Like 

Carbon-Free CoSe2 416.5 2.0 1350
0.5-3 Cubic 22

CoSe2/Mo2C/C NFs 530.7 0.1 100 0.01-3 Cubic 23

CoSe2/ZnSe@C nanospheres 395 0.1 / 0.5-3 Orthorhombic 24

N-CNT/rGO/CoSe2 NF 448 1.0 300 0.01-3 Orthorhombic 25

V-shaped CoSe2@GR 549.4 0.1 / 0.01-3 Orthorhombic 26

324 0.1 200
CoSe2@C∩NC

234 5.0 2000
0.5-3 Orthorhombic 27

multilayered yolk-shell CoSe2 

nano-dodecahedrons
352.9 1.0 2000 0.01-3 Orthorhombic 28

P-CoSe2 206.9 2.0 1000 0.01-3 Orthorhombic 29

413.6 0.2 150
CS@PCNFs

401.5 2.0 /
0.01-3 Orthorhombic 30

CoSe2@N-CF/CNTs 428 1.0 500 0.01-3 Orthorhombic 31

CNT/CoSe2@NC 404 0.2 120 0.01-3
Cubic & 

Orthorhombic
32

CoSe2@NPGC/CNTs 424 0.2

CoSe2@AC 100 0.2
100 0.01-3

Cubic & 

Orthorhombic
33
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