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Experimental Section
Synthesis of the WS,Se,_,-Se@PAN

Typically, polyacrylonitrile (PAN, 0.9 g, Mw=150 000, Sigma-Aldrich) and
ammonium tetrathiotungstate (NH4), WSy, 0.6 g, Sigma-Aldrich) were dissolved in 10
mL of N, Ndimethylformamide (DMF, 10 mL, A.R, Sinopharm Group Chemical
Reagent Co., Ltd.) under stirring for 48 h at room temperature to a homogeneous
solution. The solution was electrospun at 20 kV with a temperature of 40 °C. Then, the
as-obtained electrospun fibres and selenium powder (A.R, Sinopharm Group Chemical
Reagent Co. Ltd.) (w/w=1:1.5) were immersed and sonicated into carbon disulfide
solution for 1 h. Finally, the precursor was calcined at 350°C under 5% H,/95% Ar
atmosphere for 5 h at a ramp rate of 2 °C min-! and then was continued to rise to 450
°C and maintained for 5h to acquire the WS,Se, ,-Se@PAN composite (denoted as
WSSe -Se@PAN-2). For comparison, the WSSe -Se@PAN-1 and WSSe -Se@PAN-3
samples were synthesized via the same procedure by mixing the as-obtained
electrospun fibers and selenium powder in different proportions with 1:1 and 1:2,
respectively.
Material characterization

The scanning electron microscope (SEM, Hitachi 4800) and transmission electron
microscope (TEM, FEI F20 S-TWIN) were used to study the microstructures of
electrode materials. X-ray diffraction (XRD) patterns were collected on a Bruker D8
diffractometer (Germany) using a Cu Ko source in the range of 5-70°. FTIR

spectroscopy and Raman spectra were examined on a DXR2xi (a diode laser of
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excitation of 532 nm) and Thermo Scientific Nicolet iS10, respectively. Room
temperature Electron paramagnetic resonance (EPR) spectra were collected on a MS
5000 spectrometer. The chemical states of the samples were recorded by X-ray
photoelectron spectrometer (XPS) on a an ESCALAB MARK II spherical analyzer.
Electrochemical measurements

The electrochemical performance of Na/K-ion storage of all the electrodes were
investigated by CR2032-type coin cells, which used pure sodium/potassium metal sheet
as the counter/reference electrodes, the glass fiber film (Whatman GF/D) as separator.
For the preparation of electrodes, active materials, super P and carboxymethyl cellulose
binder (8:1:1 by weight) were milled together in deionized water to form uniform
slurry. Then, the slurry was painted on a copper foil and dried at 80 °C in a vacuum for
12 h to obtain the working electrodes. The mass loading of the active material on each
copper foil was typically about 1.0-1.5 mg cm. 1.0 M NaPF¢ in EC/DMC/EMC (1:1:1,
vol) with 5% FEC and 7.0 M KFSI in 100% DME were used as the electrolytes,
respectively, for SIBs and PIBs. Furthermore, Sodium-ion full cell was assembled with
NazV,(PO4); as cathode and as anode, Full cell assembly is similar to half-cell
assembly, the WSSe -Se@PAN-2 (anode) and Na;V,(PO,); (cathode) is in the weight
ratio of 1: 1.2, where the WSSe-Se@PAN-2 anode was presodiated for several cycles
until the CE reached up to 95% before assembling full cells. Then they were coupled
to fabricate the SIBs full cell in glove box. A LAND CT 2001A battery tester system
was employed for investigating the galvanostatic charge/discharge performance, rate

capabilities, and cycle performance with a voltage range of 0.01-3 V. Before the half-
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cell wide temperature range performance test, the battery was pre-cycled 5 times at
room temperature. A Ivium-n-Stat electrochemical workstation was used for testing the
electrochemical impedance spectroscopy (EIS) (at a voltage amplitude 1.0 mV, and the

frequency ranges from 10-! Hz to 103 Hz).
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Figure S1 SEM images of (a and b) WSSe-Se@PAN-1 and (c and d) WSSe-Se(@PAN-
3.
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Figure S2 (a) XRD pattern of WS@PAN; XPS spectra of WSSe-Se@PAN-2: (b)

survey spectrum and (¢) N 1s.
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Figure S3 The XRD patterns of WSSe-Se@PAN-1, WSSe-Se@PAN-2 and WSSe-
Se@PAN-3 between 10° and 26°.
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Figure S4 (a) The SEM image and (b) elemental mapping results of WSSe-Se@PAN-
2 after 200 cycles test at 2 A g-! for Na (blue), S (green), Se (red), W (purple).
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Figure S5 Log(i) versus log(v) plots at different oxidation and reduction peaks for (a)

sodium ion batteries and (b) potassium-ion batteries, respectively.

Re Rf RL‘t
— ¥ A Z.,—
CPE-1 CPE-2

Fig. S6 the equivalent circuit for describing the EIS behavior of the studied system.
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Figure S7 (a) EIS plots and (b) the relationship between Zre and o 2 for WSSe-

Se@PAN-2, and WS@PAN electrodes for potassium-ion batteries, respectively.



Table S1 Impedance parameters calculated from an equivalent circuit model.

sample R. (Q) R; (Q) Ry (2) Riotar (£2)
WSSe-Se@PAN-1 6.3 143.1 315.0 464.4
WSSe-Se@PAN-2 5.4 24.8 234.6 264.8
WSSe-Se@PAN-3 6.4 99.0 382.1 487.5
WS@PAN 6.7 141.3 546.7 694.7

Table S2 The electrochemical rate performance of the related works of tungsten-based

chalcogenides electrodes for sodium-ion batteries.

Electrode Current Rate capability Ref.
materials density (A g) (mA h g?)

WS,/NC 2.0 238.1 [S1]

WS, nanosheets 5.0 211.4 [S2]
H-WS,@NC 8.0 254 [S3]
DODA-WS, nanofibers 10 91 [S4]
metallic WS, hollow microspheres 1.0 307.7 [S5]
WS,@S/N-C 30 192 [S6]
PVD-deposited vertical WS,/C 2.0 70 [S7]
WS,@NC 5.0 151 [S8]
VA/LT-WS,/C 5.0 103.8 [S9]
NB FeS,/WS,-CNFs 8.0 251.5 [S10]
WS,../ZnS@C 20 181.9 [S11]
PCS/WS,/NG 2.0 205.6 [S12]
H-WS, 5.0 236.7 [S13]
1T Wy9Moy 1S, nanoplates 5.0 245 [S14]
HB WS,@CNFs 8.0 182.4 [S15]
WS,-SPAN 10 270 [S16]
Ni-WS,/GO 20 127 [S17]

WSxSe; x-Se@PAN 10 304 This work




Table S3 Comparison of the electrochemical performance of the related literatures with
wide-temperature workability.

Field Temperature Current Cycling
Electrode . e
Materials (°O) density capability Cycles Ref.
(Agh (mAh g™
NbSSe SIBs 0 0.03 136 500 [S18]
-20 1 375 200
F-CuFeS,@RGO SIBs 40 : 182 200 [S19]
FeSysSeps@NC SIBs 0 1 380.1 200 [S20]
-15 0.5 300 700
SnSe,-SePAN SIBs 60 0.5 350 100 [S21]
-20 0.4 295 300
Bi IB 22
! SIBs 60 0.4 293.6 100 522
WS, Se,. - SIB 50 1 313 1000 This
Se@PAN > 15 76 1000  work
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Table S4 The electrochemical performance of the related works of tungsten-based

chalcogenides electrodes for potassium-ion batteries.

Electrode Current Cycll.n.g
materials density (A g) capability Cycles Ref.
(mAhgh
Vs-WS,-SeNS 0.1 329 50 [S23]
C-WS,@CNFs 0.1 312 100 [S24]
Commercial WS, powders 0.1 103 100 [S25]
S,-WS, 0.1 231 50 [S26]
WSe,@N-doped C 0.1 302 120 [S27]
WSNC 0.1 384 200 [S28]
1T-WSe,-Sn 0.1 345 50 [S29]
SP-K,WSe, 0.1 383 1000 [S30]
WS;Se; -Se@PAN 0.1 466 100 This work
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