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Experimental Section

Synthesis of Pyrite Samples. Before the preparation of FeS,@S and FeS; samples,
the corresponding iron-based fluoride precursors of FeF, and FeFs were respectively
decorated via a simple polydopamine (PDA) coating method.[S1] In a typical
synthesis, the commercial FeF, (Alfa Aesar, 98%) or FeF3 (Strem, 99%) powder and
dopamine hydrochloride (Aladdin, 98%) in a mass ratio of 2:1 were successively
dispersed into Tris-buffer solution (10 mM, pH = 8.5) with magnetic stirring for 12 h.
The resultant product was collected via centrifugation, washed with deionized water
and ethanol, followed by subsequent drying under vacuum at 80 <C overnight. The

sulfuration process refers to our previous work.[S2] In brief, the FeF,-PDA (or
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FeFs;-PDA) and elemental sulfur (Sigma Aldrich, 99.995%) were mixed in a molar
ratio of 6:7 (or 4:5) and continuously heated at 500 <C with a rising rate of 2 <T/min
for 10 h under evacuated and sealed condition. The excess sulfur probably precipitates
in the final product.

Synthesis of Carbon Derivative from FeF-PDA. For preparation of the carbon
derivative FeFy-PDA-C, the PDA-coated fluorides were annealed without
simultaneous sulfuration, and they transform into Fe-FeC,@C composites. The
annealed products were etched in concentrated HCI solution for 10 h to remowve
Fe-contained species. Finally, the resulting carbon derivatives were obtained by
washing with deionized water, filtrating and drying under vacuum overnight.
Visualized Polysulfide Adsorption Test. LS4 solution (0.25 M) was prepared by
dissolving sulfur and lithium sulfide (LiS) with a molar ratio of 3:1 in tetraethylene
glycol dimethyl ether (TEGDME, Sigma Aldrich) followed by vigorous magnetic
stirring for 24 h at 60 <. The concentration of solution was further diluted into 2.5
mM for adsorption test. 10 mg FeF,-PDA-C, FeF3-PDA-C or 20 mg commercial FeS,
were dispersed in 4.0 mL of the diluted Li,S4/TEGDME solution to achieve thorough
adsorption by stirring for 10 h. After adsorption, the suspensions were stayed for a
long time until the absorbents were completely precipitated with clear supernatant
solutions, for a comparison with the blank control of diluted Li,S4 solution.

Physical Characterization. The components and crystallographic structure of both
the pyrite samples were analyzed by X-ray powder diffractometer (XRD, Bruker, D8
Discover) with CuKa radiation in a 20 range of 10 =-80<at a scan rate of 5 7min. The
scanning electron microscopy (SEM, Magellan 400L, FEI) equipped with energy
dispersive X-ray spectroscope (EDS) were carried out to observe the morphology,
grain size, and element distribution. Transmission electron microscopy (TEM) images
and selected area electron diffraction (SAED) patterns of FeS,@S were collected on
JEOL JSM-6700F operated at an acceleration voltage of 200 kV to further confirm the
morphology, microstructure, and phase assignment. X-ray photoelectron spectra (XPS)
were obtained by PHI5300 XPS spectrometer (250W, 14kV) with an Mg anode source

to detect the surface component, elemental valence, and bonding situation of FeS,@S



and FeS,. DSC 800 from PerkinElmer was performed to take the thermogravimetric
analysis (TGA) results under N, gas stream and the heating rate of 10 <T/min.
Electrochemical Measurement. To preparing the cathodes, a mixture of pyrite
powder (FeS,@S or FeSy), super P and poly (vinyl difluoride) (PVDF, which is
uniformly dissolved in 1-methyl-2-pyrrolidinone NMP) with a weight ratio of 7:2:1
was pasted on pure copper foil and dried in vacuum at 50C for 20 h to remowve
solvent. CR2032-type coin cells were assembled with pyrite cathode, high-purity
Li/Na metal anode and glass fiber separator (GF/B, Whatman) in an Ar-filled glove
box (<0.1 ppm for water and oxygen). The electrolyte solution for Li or Na metal
batteries was prepared by dissolving 1M lithium bis(trifluoromethane)sulfonamide
(LiTFSI, Sigma Aldrich) or 1 M sodium trifluomethanesulfonate (NaSO3;CF3, Aladdin)
in diglyme (DGM, Sigma Aldrich, 99.5%), respectively. Galvanostatic
charge-discharge measurements of pyrite cathodes vs. Li/Li" (Na/Na') were
performed at room temperature under different rates from 0.1 to 10 C in a voltage
range of 1.0-3.0 V for Li cells or 0.5-3.0 V for Na cells on the Land multichannel
battery testing system (CT2001A). One C denotes the current density to theoretically
achieve four-electron transfer within 1 h for FeS,. Impedance measurements of cells
based on different pyrites before cycling and after different cycling at 1C were done
by using a Solartron frequency analyzer (1260—1296) in a frequency range from 100
kHz to 0.1 Hz. Cyclic voltammetry (CV) and Tafel analysis were carried out on an
electrochemical workstation (VersaSTAT3, AMETEK Scientific Instruments). CV
measurements were run in a voltage range from 1.0 to 3.0 V for Licells or from 0.5 to
3.0 V for Na cells at different scan rates from 0.2 to 1.5 mV/s. Tafel analysis was
performed on the tenth discharge process by holding the Li or Na cells at 1.62 V or
1.52 V respectively (i.e. at the voltage of dominant conversion plateau) for 1 h,
followed by a linear scan at 1 mV/s in the voltage range of 150 mV around the
open-circuit voltage.

Calculation Details. The first-principles calculations were performed in the
framework of the density-function theory using the plane wave basis VASP

code,[S3,S4] implementing the generalized gradient approximation (GGA) of



Perdew-Burke-Ernzerhof (PBE) form.[S5] The interactions between the ions and
electrons were described by the all-electron projector augmented wave (PAW)
method,[S6,S7] with plane waves up to a cutoff energy of 500 eV. The Hubbard U
(DFT+U) correction was used, and an effective interaction parameter Uets = 5.3 eV
was used for Fe 3d electrons.[S8] Spin polarized calculations were performed in all
configurations. To avoid the interactions between adjacent layers, the vacuum
distance was set to 20 A. The Brillouin-zone integrations were performed on the grid
of Monkhorst-Pack procedure with 2>2x1 k-point meshes.[S9] The binding strength

between Sg/LibS,, and the substrate material (SM) was evaluated by the binding energy
(Eb), which is described as E, = Eg ;s +sm — Es,Li,s, — Esm. Where Egy,
Es ni,s, and Eg ;s +sm represent the total energies of the substrate, the sulfur

molecule Sg (or polysulfide molecule Li,S,), and the pair of substrate and sulfur
molecule Sg (or polysulfide molecule Li;S,). Therefore, a negative binding energy

shows that the binding interaction between Sg/LibS, and SM is favored.
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Figure S1. XRD patterns of FeS; and FeS,@S in a 26 range of 10=80<



3.‘4% FeS, decompositio

95- H,O (surface) \._
X 10.8%
g FeS, dgcomposition =

Ifur ey ti

§ 904 sulfur \(fpora ion 15.4%

85 e

Commercial FeS, : !

0 100 200 300 400 500
Temperature / °C

Figure S2. TGA curves of FeS,@S and commercial FeS, with weight loss estimated
based on the mass evolution under an N gas steam from room temperature to 500 <C.
Nanostructured FeS,@$S tends to absorb moisture during air exposure, thus more
weight loss below 120 <T corresponds to the removal of surface water. At higher
temperatures, pyrite probably undergoes partial decomposition involving the escape
of S-S moieties from FeS; lattices under N, flowing.[S10] More dramatic TGA curve

dropping for FeS,@S within a temperature range of 100-500 <C is associated with the

complete evaporation of elemental sulfur.

Figure S3. SEM images of (a) FeS,@S and (b) FeS; in overview scale. (c) SEM

image of FeS;in magnified scale.



Figure S5. (a) TEM and (b,c) HRTEM images of FeS,@S. Continuous and conformal
carbon coatings on the surface of compactly stacked grains are clearly observed. The
typical stripes with lattice d-spacing of 2.22 A and 3.14 A correspond to (211) and
(111) planes of cubic FeS, phase. The S lattice stripes for (222) plane are found in the
grain boundary.
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Figure S6. SAED pattern of FeS,@S. There is a vague diffraction ring with small
radius, which is assigned to (222) plane of elemental sulfur, besides the dominant

diffraction rings belonging to pyrite FeS, phase.
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Figure S7. XPS spectra of (a) Fe 2p, (b) N 1sand (c) O 1s for FeS,@S and FeS,.
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Figure S8. Galvanostatic charge-discharge curves of Li cells based on (a) FeS,@S

and (b) FeS, cathodes during the first ten cycles at 0.1 C in a voltage range of 1.0-3.0

V. (c) Cycling performance and coulombic efficiency of FeS,@S and its comparison

with FeS; at 0.1 C. (d) Galvanostatic charge-discharge curves of Li/FeS; cell

depending on various rates from 0.1 to 10 C. The capacity of Li/FeS,@S cell

undergoes an activation process and even exceeds the theoretical value of pyrite

during initial cycles, indicating an effective utilization of extra S—S moieties.
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Figure S9. Galvanostatic charge-discharge curves of Na cells based on (a) FeS,@S

and (b) FeS; cathodes in a voltage range of 0.5-3.0 V at 0.2 C during the first ten

cycles. (c) Galvanostatic charge-discharge curves of Na/FeS; cell under different rates

from 0.1to 10 C.
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Figure S10. Comparison of energy and power densities between Na/FeS,@S cell and

some reported room temperature Na-S batteries. The energy/power density is

estimated based on the weight of electrode including active material, conductive

additive and binder.
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Figure S11. Ragone plots of as-prepared FeS,@S composite and other typical metal

sulfides for (a) Li-storage and (b) Na-storage.
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Figure S12. CV curves of FeS,@S cathode at various scan rates from 0.2 to 1.5 mV/s
(@) between 1.0 and 3.0 V for Licell and (c) between 0.5 and 3.0 V for Na cell with
the characteristic peaks labeled. Power law dependence of measured current on scan
rate at the positions of characteristic peaks in CV curves based on log i(V)=b log v +

log a for (b) Li cell and (d) Na cell based on FeS,@S cathode.
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Figure S13. Electrochemical impedance spectra of (a) pristine and cycled Li cells
based on FeS,@S and FeS, cathodes after (b)100 cycles and (c) 400 cycles at1 C. (d)
Corresponding evolution of interface resistance R; values (from the total contribution

of SEI resistance Rf and charge transfer resistance R) for pristine and cycled Li cells.

Table S1. Computational details of binding energies between Li,S,, species and FeS;
substrate. The energies of FeS,;, LbS, molecules, their combinations, and

corresponding binding energies are tabulated.



Polysulfide
ELi2sn (e\/) Substrate Eswm (e\/) ELi2sn+sm (EV) Ep (EV)

Molecules
LibS -7.91 -685.23 -2.59
LibS, -13.02 -688.98 -1.23
LS4 -22.38 FeS; -674.73 -701.69 -4.58
LixSe -32.40 -710.57 -3.44
LirSsg -39.13 -711.79 2.07
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