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S1 Experimental
S1.1 Materials characterization
The morphology and microstructures are examined by TEM (JEOL JEM 2100F) operated and SEM equipped with an energy-dispersive X-ray spectroscopy (EDS) detector operated at 3KV. The TG analysis is performed using a TA analyzer. The crystal structure and phase composition are analyzed by X-ray diffraction (XRD, Bruker D8) with Cu Kα radiation (λ=0.1518 nm), between 10° and 80°. Raman scattering spectra is recorded with a Renishaw System 2000 spectrometer, and the wavelength of the laser is 532 nm. The crystal structure and phase composition are analyzed by X-ray diffraction (XRD, Bruker D8) with Cu Kα radiation (λ=0.1518 nm), between 10° and 80°. X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI) is used to determine the chemical state of samples. The Micromeritics ASAP2460 analyzer is used to record nitrogen adsorption and desorption isotherms. The defect status of the samples is recorded by Bruker ELEXSYS-II E500. The X-ray absorption spectra (XAS) including X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) of the sample at Fe K-edge was collected at the Beamline of BL14B2 in SPring-8 (8 GeV, 100 mA), Japan.
S1.2 Electrochemical measurement
Anodes are prepared by mixing active materials, acetylene black, and PVDF with a mass ratio of 7:2:1 in NMP. The uniformly ground slurry is coated with designated thickness onto copper foil, drying at 80 ℃ for 12 h under vacuum. Assembling SIBs (CR2032) with Na foil as counter electrode to test the electrochemical properties of MXene, FeS2/MXene, Fe2+/MXene and FeS2 QD anodes. The electrolyte (under 25℃ and 65℃) is composed of 1M NaClO4 in ethylene carbonate (EC): dimethyl carbonate (DMC): ethyl methyl carbonate (EMC) = 1:1:1 wt % with 5.0 % fluoroethylene carbonate (FEC). And the electrolyte employed at -35℃ is commercially accessible, in which 1M NaClO4 in ethylene carbonate (EC): propylene carbonate (PC) = 1:1 wt %. PC and EC have high freezing points of -50℃, which can be used as excellent low-temperature electrolyte, as reported recently (Energy Storage Mater. 2024, 65, 103098; ACS Energy Lett. 2025, 10, 185-194). The galvanostatic charge/discharge (GCD) are carried out at 0.01-3.0 V, tested by Land cell measurement system (Wuhan Land Electronics Co., Ltd.). Cyclic voltammetry (CV) test is carried out at RST5080F electrochemical workstation. The GITT tests during charging/discharging with a current pulse of 200 mA g−1 for 10 min and a relaxation of 30 min within 0.01-3 V.
Cathodes are prepared by mixing NVP, acetylene black, and PVDF with a mass ratio of 7:2:1 in NMP. The uniformly ground slurry is coated with designated thickness onto aluminum foil, drying at 100 ℃ for 12 h under vacuum. Assembling SIBs (CR 2032) with Na foil as counter electrode to test the electrochemical properties of AC cathode. The electrolyte is composed of 1M NaPF6 in propylene carbonate (PC): ethyl methyl carbonate (EMC) = 1:1:1 vol % with 4.0 % fluoroethylene carbonate (FEC). The galvanostatic charge/discharge (GCD) are carried out at 1.5-3.8 V, tested by Land cell measurement system (Wuhan Land Electronics Co., Ltd.).
S1.3 DFT calculation details
The first-principles calculations are implemented in the vienna ab-initio simulation package (VASP) software [S1]. The electron states are represented by the project augmented wave (PAW) method with the Perdew-Burke-Ernzerhof (PBE) function under the generalized gradient approximation (GGA) [S2]. The cut-off energy is set to 350 eV, the force and energy convergence standards of each atom are respectively 0.05 eV Å-1 and 10-6 eV. A model of the FeS2 and FeS2 QD structure are achieved by a 15 Å vacuum layer along the z-axis.
The models of FeS2 and FeS2 QD are constructed. K-point network spaces of 3×3×1 and 4×4×1 are respectively used to optimize the structures. The construction is completed with the aid of the vaspkit module in the software [S3]. The Brillouin-zones were sampled with a k-point with Gamma point. A supercell of 3×3×1 is adopted, with a vacuum layer of 15 Å to remove the slab interaction in the z direction. The DFT+U energy functional to ensure the accuracy of the calculation [S4]. In addition, the density functional theory approximations (DFT-D4) as a more sophisticated dispersion model to process van der Waals (VDW) forces [S5]. Bader atoms in molecules (AIM) charges are calculated using the Henkelman algorithm [S6]. The climbing image nudged elastic band (CI-NEB) method is used to describe the diffusion energy barriers [S7].
To evaluate the Na adsorption capacity of different materials, Eq. S1 is used to calculate the adsorption energy (Ead) [S8]:
                              (S1)
where  and  are respectively =the total energy of the Na atom adsorbed on the adsorptive substrate and the energy of corresponding substrate.
The change in the diffusion coefficient of metal ions with temperature can be calculated using the Arrhenius Eq. S2 [S9, S10]:
                                    (S2)
where ,,  and  are the pre-exponential factor, activation energy (diffusion barrier), Boltzmann’s constant and the absolute temperature.
The charge density differences were defined using the following equation:
          (S3)
In which are the electronic charge distribution of the Na-absorbed substrate structure (FeS₂ and FeS₂ QD), the isolated Na and Na-free structure.
S2 Supplementary Figures and Tables
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Fig. S1 Na atoms adsorption energy on different sites of FeS2 and FeS2 QD
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[bookmark: OLE_LINK10]Fig. S2 SEM images of a MXene, b FeS2/MXene, c Fe2+/MXene and d FeS2 QD/MXene
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Fig. S3 Nitrogen adsorption-desorption isotherms curves and pore size distribution of MXene, FeS2/MXene, Fe2+/MXene and FeS2 QD/MXene
[image: ]Fig. S4 HRTEM images of FeS2 QD/MXene
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Fig. S5 HAADF image and Fe, S, Ti, O and C elemental mapping of FeS2 QD/MXene
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Fig. S6 TG curve of a FeS2, Ti3C2 MXene and b FeS2 QD/MXene
Under the air conditioning, the weight loss of Ti3C2 MXene () achieved 5.67%. The weight loss observed at 100-300 ℃ was mainly attributed to desorption of the surface functional groups, then the weight increased at 300-450℃ is ascribed to the TiO2, and the final weight loss at 450-800℃ is due to releasing CO2 gas generated from the combustion of Ti3C2 MXene.[11] Moreover, the weight loss of FeS2 () was determined to be 26.17%, and the was fully converted into Fe3O4 at 800℃.[12] In addition, the weight loss of FeS2 QD/MXene composite was 51.5%, the calculated weight percentage of FeS2 in FeS2 QD/MXene was 36.6 %.
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Fig. S7 Raman spectra of MXene, FeS2/MXene, Fe2+/MXene and FeS2 QD/MXene


[image: ]Fig. S8 High-resolution XPS (a) Ti 2p (b) S 2p spectra
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Fig. S9 Wavelet transforms for the k3-weight EXAFS signals of FeS2
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Fig. S10 Structure of FeS2 and FeS2 QD structures
[image: band]
Fig. S11 Band structure diagrams of FeS2 and FeS2 QD structures
[image: d band]
Fig. S12 D-band center for Fe atoms of FeS2 and FeS2 QD structures

[image: 对比样品性能]Fig. S13 a GCD profiles for first five cycles at 0.1 A g-1, b cycle performance at 0.1 A g-1, c rate capability at increasing current densities of MXene, FeS2/MXene and Fe2+/MXene anodes
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Fig. S14 Cycle performance at 0.1 A g-1 of FeS2 electrode
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Fig. S15 Cycling performance of MXene, FeS2 /MXene and Fe2+/MXene anodes at -35 ℃

[image: eis 组图]Fig. S16 a Nyquist pots and b relationship between Zre and ω-1/2 of MXene, FeS2/MXene, Fe2+/MXene and FeS2 QD/MXene anodes
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Fig. S17 Long-term cycling performance of MXene, FeS2/MXene and Fe2+/MXene anodes
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Fig. S18 Long-term cycling performance of FeS2 QD/MXene anode at -35 ℃
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Fig. S19 Long-term cycling performance of FeS2 QD/MXene anode at 65 ℃
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Fig. S20 a CV curves at 0.1 mV s-1 in 0.01-3.0 V, b CV curves at 0.1 to 1.2 mV s-1, c b-value of redox peaks and d pseudocapacitance contribution at 1.2 mV s-1 of Fe2+/MXene electrode
[image: ]
Fig. S21 a CV curves at 0.1 mV s-1 in 0.01-3.0 V, b CV curves at 0.1 to 1.0 mV s-1, c b-value of redox peaks and d pseudocapacitance contribution at 1.0 mV s-1 of FeS2/MXene electrode
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Fig. S22 a CV curves at0.1 mV s-1 in 0.01-3.0 V, b CV curves at 0.1 to 1.0 mV s-1, c b-value of redox peaks and d pseudocapacitance contribution at 1.0 mV s-1 of MXene electrode
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Fig. S23 GITT potential profiles and Na+ ions diffusion system of FeS2 electrode
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Fig. S24 GITT potential profiles and Na+ ions diffusion system of FeS2 QD/MXene electrode at -35 ℃
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Fig. S25 GITT potential profiles and Na+ ions diffusion system of FeS2 QD/MXene electrode at 65 ℃
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Fig. S26 SEM images of MXene, FeS2/MXene, Fe2+/MXene and FeS2 QD/MXene electrodes after cycling for the 20 cycles at 0.1 A g-1
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Fig. S27 Cross-sectional SEM images of FeS2/MXene electrode a before cycling and b after cycling for the 50 cycles at 0.1 A g-1
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[bookmark: OLE_LINK4]Fig. S28 Cross-sectional SEM images of FeS2 QD@MXene electrode a before cycling and b after cycling for the 50 cycles at 0.1 A g-1
[bookmark: OLE_LINK5][image: co ni]Fig. S29 a XRD spectra, b SEM image and c cycle performance of CoS2 QD/MXene anode. d XRD spectra, e SEM image and f cycle performance of NiS2 QD/MXene anode
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Fig. S30 Na atom adsorption energy on SnS and SnS QD
[image: ]
Fig. S31 Cycle performance at 0.1A g-1 of NVP cathode
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[bookmark: _GoBack]Fig. S32 Cycling stability performance at 0.1 C of FeS2 QD/MXene//NVP SIB under -35 ℃
Table S1 EXAFS fitting parameters at the Fe K-edge for various samples
	
	Shell
	CNa
	Rb(Å)
	σ2c(Å2)
	ΔE0d(eV)
	R factor

	Fe-foil
	Fe-Fe1
	8.00
	2.45±0.01
	0.0045
	5.0
	0.006

	
	Fe-Fe2
	6.00
	2.84±0.01
	0.0041
	
	

	FeS2 QD/MXene
	Fe-S
	5.25
	2.32±0.08
	0.0097
	-2.3
	0.017

	
	Fe-S
	1.41
	3.40±0.04
	0.00107
	
	

	
	Fe-O-Ti
	2.09
	3.79±0.02
	0.0094
	
	

	FeS2/MXene
	Fe-S
	6.56
	2.22±0.03
	0.0112
	-2.6
	0.015

	
	Fe-S
	2.44
	3.37±0.07
	0.0086
	
	


aCN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner potential correction. R factor: goodness of fit. Error bounds that characterize the structural parameters obtained by EXAFS spectroscopy were estimated as CN±20%; R ± 1%; σ2 ± 20%
Table S2 Electrode resistances obtained from the equivalent circuit fitting
	Electrode
	VOC (V)
	Re (Ω)
	[bookmark: OLE_LINK3]Rct (Ω)
	Warburg factor σ
	DNa+ (cm2 S-1)

	MXene
	2.58
	3.51
	866.7
	1634.0
	[bookmark: _Hlk117695118]6.60×10-9

	[bookmark: OLE_LINK1]FeS2/MXene
	2.32
	5.49
	734.1
	1105.2
	4.72×10-9

	[bookmark: OLE_LINK2]Fe2+/MXene
	2.41
	6.86
	628.5
	1396.0
	2.95×10-9

	FeS2 QD/MXene
	2.52
	7.79
	193.0
	702.3
	1.17×10-8


The diffusion rate of lithium ion can be calculated by using the low-frequency data according to the following formula:
              =                      (S4)
Where  is the Na+ ions diffusion efficiency,  is the ideal gas constant,  is the absolute temperature (298.15 K),  is the surface area of the electrode (π×0.72),  is the number of transferred electrons per FeS2 molecule during oxidization process (n=4),  is the Faraday constant (96485 C),  is the Na+ ions concentration (1.0×10-6 mol cm-3), as well as  is the Warburg factor which could be obtain from Eq. S3.
	Materials
	Current density
(mA g-1)
	Cycle numbers
	Reversible capacity
(mAh g-1)
	References

	CoS/C
	200
	100
	373.2
	[S13]

	MoS2-xSex/GF
	200
	500
	172
	[S14]

	MoS0.74Se1.26/NC
	1000
	800
	278
	[S15]

	 FeS/NC
	1000
	500
	326
	[S16]

	CoS/MXene
	2000
	1700
	267
	[S17]

	 FeS/CFs
	1000
	400
	283
	[S18]

	CoSe/HPCNF
	1000
	550
	319
	[S19]

	ZnSe/CoSe/NC
	1000
	900
	303.9
	[S20]

	SnS/rGO
	500
	200
	370
	[S21]

	FeS2 QD/MXene
	100/1000
	100/2500
	463.8/370.1
	This work


Table S3 Comparison on electrochemical performance at room temperature (25℃) between our work and resent TMDs-based sodium ion storage
Table S4 Comparison on electrochemical performance at wide-temperature between our work and recent TMDs-based sodium ion storage (It is important to note that our work focuses on optimizing the electrode materials, where the electrolytes used are common ester based electrolytes. Therefore, we only compare recent work on electrodes optimization, and the latest research results under wide-temperature have not been compared.)
	

	Temperature (℃)
	Current density
(mA g-1)
	Cycle numbers
	Reversible capacity
(mAh g-1)
	References

	NbSSe
	0
	200
	500
	136
	[S22]

	C3N4
	-20
	100
	500
	118
	[S23]

	Bi@C
	-40
	100
	10
	247
	[S24]

	Ti0.88Nb0.88O4-x@C
	-40
	250
	500
	99
	[S25]

	 NFPP@C 
	-40
	200
	40
	173
	[S26]

	ZnSe@NCNFs
	-20
	1000
	1000
	123
	[S27]

	KTOP
	-35
	450
	550
	90
	[S28]

	MoS2@MXene
	-30
	50
	100
	180
	[S29]

	NaTi2 (PO4)3/C
	-20
	200
	100
	125
	[S30]

	P-Bi@C-700
	60
	50
	50
	370.3
	[S31]

	Lignin
	60
	200
	60
	262
	[S32]

	 NaTi2 (PO4)3
	60
	1000
	20
	136
	[S33]

	FeS2 QD/MXene
	-35
	100/500
	100/500
	255.2/121.5
	This work

	FeS2 QD/MXene
	65
	100/500
	100/500
	424.9/312.5 
	This work
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