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Figure 1 (Color online) The main pathways for industrial hydrogen
production [5].
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Figure 2 (Color online) (a) Elements and (b) crustal abundance of
metals that are used for constructing electrochemical water splitting
electrocatalysts [5].
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Figure 3 (Color online) (a) Marcasite-type, (b) pyrite-type and
(c) pyrrhotite-type, in which metal and S are displayed in orange and
yellow respectively.
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Figure 4 (Color online) (a) Schematic illustration of fabrication by the hydrothermal method and morphology of FeS [32]; (b) schematic diagram of
each Fe-S film growth in X80 steel surface and crossesectional images of FeS films prepared at different temperatures [33]; (c) schematic illustration of
the synthetic process of spindle-like Fe;Sg/N-C nanohybrids and TEM images of FeMOF, FeMOF-S, and Fe,Sg/N-C [37]; (d) SEM images of Fe;Sg

nanowire arrays [39].
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Table 1 Fe-based sulfides materials prepared by different synthesis methods

BT LNl iz L Ref.
FeS Nanoplatelets [32]
IKIRIE FeS, Nanorods [45]
Fe,Sq Nanorods [46]
FeS Thin films [33]
S AR UTRE FeS, Thin films [47]
Fe,;Sq Hexagonal Sheets [48]
FeS Flowers [49]
FeS, Particles [50]

VB
Fe;S, Flowers [51]
Fe,;Sq Spindle [37]
FeS Nanoparticles [52]

YT
Fe;S, Nanoparticles [38]
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Figure 5 (Color online) (a) SEM image, and (b) XRD patterns before and after the durability test of FeS nanoparticles [55]; (c) schematic
representation, (d, e) TEM images and (f) electrochemical characterization of nanowires and nanodiscs FeS, [56].
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Figure 6 (Color online) (a) TEM image, (b) DOS and (c) XANES spectra of bulk and single layer Fe,Sg [29]; (d) SEM, (e) N, adsorption-desorption

isotherms curves and (f) DFT calculation of meso-FeS, NPs [59].
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Figure 7 (Color online) (a) TEM image and (b) electrochemical characterization of FeS,@C [64]; (¢) TEM image, (d) DFT calculation and
(e) electrochemical characterization of nano-FeS,-RGO [65]; (f) SEM image, (g) continuous-wave electron paramagnetic resonance spectra and

(h) electrochemical characterization of Fe,Sg/C [57].
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Figure 8 (Color online) A catalytic performance comparison of pure Fe-based sulfides towards the water electrolysis.
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Figure 10 (Color online) (a) HAADF-STEM images, N, adsorption—desorption isotherms and electrochemical characterization of Fejgs_Ni,S) o5
[75]; (b) TEM image of Fe,oCo,,;S,/CNT; (b) DFT calculation and LSV curves with the Fey,Co,;S,/CNT with different oxidation degrees [76];
(c) TEM images and electrochemical characterization of Cog,sFej75S,@OMC/CC [77].
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Figure 11 (Color online) A catalytic performance comparison of the atom doped Fe-based sulfides towards the water electrolysis.
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Figure 14 (Color online) (a) TEM image, (b) EPR spectra and (c) electrochemical characterization of FeS,/CoS, [94]; (d) electrochemical
characterization and (¢) DFT calculation of Co:CoS,/FeS, [95].

——NiFeS//NiFeS
n n n
1 OO IO X
19098 9.8
WA N N

Current density (mA cm”)
S

s, oo
10 42k e O QSR v sssnsasnan
_Fe-N|:S; E0= 161V
—Ni-FeS 9
—Ni S,
: 10
—FeS 14 15 16 1.7 18
Voltage (V)
0
—FeSAF o ﬁ
——Fe,0,FeSIF 40 —r-,o,hsn: § 100
‘3«; FoK-edge E —FoSIF
3 2 20 ——Fe,0,FoSIF
[} —PuC
= 05 é .300 J—"
€
1350V z g -400
4o 0.0 0
5 0 s 10 15 20 7100 7120 7140 7160 04 03 02 -01 00
Binding energy (eV) Energy (eV) E (V) vs. RHE

B 15 (MAHEE) (a) NisSy/FeSHITEMENF« HWL 75 45 17 5 B AEATHLAL R (b) Fe;0,-FeSHITEME 1y it
i, XANES R {2 A

Figure 15 (Color online) (a) TEM image, Gibbs free energy for H adsorption and electrochemical characterization of Ni;S,/FeS [97]; (b) HRTEM
image, valence-band spectra, XANES spectra and electrochemical characterization of Fe;O4-FeS [98].
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Figure 16 (Color online) A catalytic performance comparison of Fe-based sulfides composites towards the water electrolysis.
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Figure 17 (Color online) (a) TEM image, electrochemical characterization and DFT calculation of INS nanosheets [101]; (b) electrochemical
characterization and strucure characterization after OER of Fe( sNi, sS, [102]; (¢) TEM image and electrochemical characterization of the CuFeS,/rGo

[103].
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Figure 18 (Color online) A catalytic performance comparison of Fe-based sulfides modified by different strategies towards the water electrolysis.
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Table 2 A comparison of the reported nano Fe-based sulfides towards the water electrolysis

Tafel 1%

G 45K i Uik 48 L HLAL (m 2 ef.
AL 7] e SR HEIR Uik AL (mV) Ref.
(mV dec™)
Pyrrhotite FeS YRR - - #; = 837 (HER, 0.1 mol L™' PBS) 150 (HER) [55]
-1
i S B - #110 = 270 (OER, 1.0 mol L™' KOH)
Fe,Sg-Sheet K 0.14 mg cm o0 = 500 (OER, 1.0 mol L' KOH) 43 (OER) [29]
meso-FeS, A FLIBRL - 0.53 mg cm™ 10 = 96 (HER, 0.1 mol L™' KOH ) 78 (HER) [59]
-1
_ . - 1o = 103 (HER, 1.0 mol L™' KOH) 95 (HER)
meso-Fe;S, NSs ALK 0.04 mg 1 = 230 (OER. 1.0 mol L~ KOH) 50 (OER) [60]
FeS,@C WEE - 0.75 pg cm™ #1o = 195 (HER, 1.0 mol L™' KOH ) 128 (HER) [64]
nano-FeS,-RGO WE i BB 1.00 mg cm™” 1o = 139 (HER, 0.5 mol L™' H,SO,) 66 (HER) [65]
1o = 90.6 (HER, pH 0)
Fe,Sy/C WwEE - - 1o = 45.9 (HER, pH 7) 69.2 (HER) [57]
1o = 107.4 (HER, pH 14)
FeS,/CNT WwEE - - 1o = 368 (HER, 0.5 mol L™' H,S0,) 100 (HER) [66]
FeS,@CNFs WA - 1.50 mg cm™ 110 = 168 (OER, 1.0 mol L™' KOH) 83.4 (HER) [67]
N Stk i 1o = 202 (HER, 1.0 mol L™' KOH) 98 (HER)
FeS,/C mEA KRR 0.73 mg cm 1 = 240 (OER. 1.0 mol L~ KOH) 92 (OFR) [104]
N-FeS, B WA 0.20 mg cm™ 10 = 126 (HER, 1.0 mol L™' KOH) 124 (HER) [72]
B-Fe,S/FeS, B Ak WA 1.80 mg cm™ mo = 113 (HER, 1.0 mol L™' KOH) 57.4 (HER) [73]
-1
] 5 o - 1o = 136 (HER, 1.0 mol L™' KOH) 113.9 (HER)
P-Fe,S;@C Bk LR 1.00 mg cm 1o = 210 (OER. 1.0 mol L~ KOH) 42.5 (OER) [74]
-1
. 52 - - 1o = 263 (HER, 1.0 mol L™' KOH) 103 (HER)
Feo sNio.15S1.05 g #o = 228 (OER, 1.0 mol L™! KOH) 53 (OER) (73]
FeyoCop,So/CNT B4 - 7.00 mg cm™ 12 = 120 (HER, 0.5 mol L™' H,S0,) 46 (HER) [76]
C0y25Feq758,@O0MC B4 T 1.20 mg cm™ Mo = 92 (HER, 0.5 mol L' H,S0,) 59 (HER) [77]
5 B B o = 110 (HER
Fep 5sC00.1452/RGO Bk 0.5mol L 11,50, + 5 mg L' MO) 55 (HER) [105]
-1
" - - #120 = 385 (HER, 1.0 mol L™' KOH) 114 (HER)
FensCooosSios B f12o = 270 (OER, 1.0 mol L™' KOH) 46 (OER) [106]
Mo-FeS NSs Bk - 0.27 mgem™ 7110 = 210 (OER, 1.0 mol L™' KOH) 50 (OER) [78]
P/Co-FeS, Bk ER - 0o = 90 (HER, 0.5 mol L™' H,S0,) 59 (HER) [80]
. N e 2 1o = 144 (HER, 1.0 mol L™' KOH) 120 (HER)
FeS/NiS g4 KRR 1.00 mg cm 1 = 203 (OER. 1.0 mol L' KOH) 39 (OER) [85]
Coyg33Feq 67S,@NiFe- 5o . - 1o = 131 (HER, 1.0 mol L*l KOH) 88 (HER) (861
LDH = 1120 = 220 (OER, 1.0 mol L™' KOH) 38 (OER)
- . N N - Moo = 124 (HER, 1.0 mol L™' KOH) 68 (HER)
(Ni-Fe)S,/NiFe(OH), e TR ER 1.00 mg cm Moo = 290 (OER, 1.0 mol L™' KOH) 58 (OER) [87]
N e - 100 = 243 (HER, 1.0 mol L™' KOH) 77 (HER)
Fe0,8,/Fe0,/FeS ua TIkER o = 238 (OER, 1.0 mol L™ KOH) 87.2 (OER) [88]
g-C;N,/FeS,/MoS, Aoy - 0.71 mg cm™> 710 = 193 (HER, 0.5 mol L™" H,S0,) 87.7 (HER) [89]
-1
o N 2 10 = 78.2 (HER, 1.0 mol L™' KOH) 44 (HER)
FeS,/CoS, SFHRFET R 0.20 mg em Moo = 302 (OER, 1.0 mol L™ KOH) 49 (OER) [94]
C0:CoS,/FeS, Y| AR - Mo = 69 (HER, 0.5 mol L™' H,S0,) 46 (HER) [95]
FeS,@MoS, F 5 ST - - o = 231 (HER, 0.5 mol L™' H,S0,) 58 (HER) [96]
-1
. - e i #130 = 190 (HER, 1.0 mol L™' KOH) 56.3 (HER)
Ni;S,/FeS SR S TR 2.00 mg cm 1 = 295 (OFR. 1.0 mol L~ KOH) 82.5 (OER) [97]
_ -1
Fe,0,-FeS BRAM ki _ 70 = 120.8 (HER, 1.0 mol L™ KOH) 126.3 (HER)  [98]

fa00 = 223.4 (HER, 1.0 mol L™' KOH)
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(4:322)
fiEde ) MbLEEE IEE e S HLfE (mV) Tafel #42 per.
(mV dec™ )
FeNiS %04 )R - 0.25 mg cm™ 1o = 105 (HER, 0.5 mol L™" H,S0,) 40 (HER) [101]
Fe, sNiy 5S, EIeA A% 1.00 mg cm™ 1o = 241 (OER, 1.0 mol L™' KOH) 51.8 (OER) [102]
— s 10 = 153 (HER, 1.0 mol L™' KOH) 150 (HER)
CuFeS,/rGO eIV TR - 710 = 176 (OER, 1.0 mol L™' KOH) 216 (OFR) [103]
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Abstract: With increasingly severe environmental pollution and the depletion of traditional fossil fuels, it is urgent to
explore renewable and clean energy sources. Electrolysis of water, as a resource rich, simple process, and zero carbon
emission technology, is regard as one of the most promising methods for producing carbon free hydrogen. The key to
hydrogen production by water electrolys is to reduce the overpotential required by hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). Nowadays, non-noble metal materials have been widely studied as water
electrolytic catalysts. Among them, iron-based (Fe-based) sulfides are regarded as a highly promising electrolysis
catalyst due to its high elemental reserves and certain resemblances to the active center of hydrogenase. In recent years,
researchers have mainly improved the catalytic activity of Fe based sulfides through constructing nanostructures,
element doping, and interface engineering etc. Herein, this review systematically summarizes recent research progress of
Fe-based sulfides electrocatalysts for water splitting, and describes the structure-activity relationships between the
morphology design, electronic structure modulatin and activity of the catalysts. Finally, we point out the challenges and
future prospects of Fe-based sulfide in practical applications.
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