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Fig. S1. (a) Full survey XPS spectra for CoFe,O4/IF and S-CoFe,O4/IF. (b—) S 2p of S-

CoFe,O4/TF before (b) and after OER durability test for 100 hours (c).
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Fig. S2. XRD spectra for as-prepared CoFe,O4/IF and S-CoFe,O,/IF catalysts sulfurized with

0.05M, 0.1 M, and 0.2 M Na,S.
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Fig. S3. FE-SEM images of CoFe,O, and S-CoFe,0, particles on iron foam. (a) Before
sulfidation (CoFe,0y,). (b) Sulfidation with 0.05 M Na,S (S-CoFe,04/IF-0.05). (c¢) Sulfidation

with 0.1 M Na,S (S-CoFe,O4/IF-0.1). (d) Sulfidation with 0.2 M Na,S$ (S-CoFe,O,/IF-0.2).



Fig. S4. TEM-EDX elemental mappings for as-prepared CoFe,O4/IF.
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Fig. S5. (a) OER polarization curves of CoFe,O4/IF catalysts under various hydrothermal
processing conditions. (b) OER activity curves of S-CoFe,O./IF catalysts prepared with Na,S

solution at various concentrations.
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Fig. S6. Double-layer capacitance (Cy) obtained from cyclic voltammograms (CVs, 0.625—
0.725 V vs. RHE) of catalysts at various scan rates (10-50 mV-s). (a) CoFe,O4/IF. (b) S-

CoFe,O4/IF. (¢) Ir/C. (d) Bare Fe foam.
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Fig. S7. Specific surface areas (Brunauer-Emmet-Teller, BET) and activities of Ir/C,

CoFe,O4/IF, and S-CoFe,O4/IF catalysts. (a) Nitrogen adsorption-desorption isotherms. (b)

Total pore volume and pore size. (c) Specific activities and mass activities of catalysts

normalized by BET and loading mass.



400{S-CoFe,0, 3%cycle [ | 5] @ 5mA cm™
& t — 4" cycle
- S —
g 250 cycle |.|IJ
T 100 o 1.2
E @
= ; >
2 480 Z09; CoOOH
0] 8 |
~ -—
= 2504 & Co(OH),
o S 0.6 7
3 100- . 0-S —— S-CoFe,0,
CoFe,O
_50 T T T 0 3 T T T T ..
1.0 1.2 1.4 1.6 0 1 2 3 4 5
Potential (V vs. RHE) Time (h)

Fig. S8. Investigation of detailed surface reconstruction of catalysts. (a) The 15t to 5" CV cycles
for OER of CoFe,O4IF and S-CoFe,O4IF in an Oj-saturated 1.0 M KOH. (b)
Chronopotentiometry curve of S-CoFe,O4/IF at 5 mA-cm™. No pre-electrochemical or

activation treatment was applied.
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Fig. S9. Observation of surface reconstruction process of CoFe,O4/IF. (a) FE-SEM images
before and after the 5™ and 90 cycles of OER. (b) HR-TEM image and corresponding fast
Fourier transform (FFT) patterns after the 5™ cycle of OER. (¢) HR-TEM image with SAED

patterns after the 5™ cycle of OER.
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Fig. S10. TEM-EDX elemental mapping results of S-CoFe,O,4/IF. a) After the 5% cycle of OER.

b) After 100 hours of short-term OER stability test under 0.1 A-cm™2.
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Fig. S11. Raman spectra of S-CoFe,O4/IF catalysts before and after OER tests for 20 hours.
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Fig. S12. Electronic structure modification of catalysts by XPS spectra during OER testing
(pristine, 5" cycles, 90t cycles, constant current test under 0.1 A-cm™2 for 100 hours). (a) Fe

2p spectra of CoFe,O4/IF. (b) Fe 2p spectra of S-CoFe,O4/IF.
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Fig. S13. Understanding of the OER reaction mechanism for CoFe,O4/IF and S-CoFe,O4/IF.
(a) Linear sweep voltammetry measurement from 0.1 (pH 13) to 1.0 M KOH (pH 14) recorded
at 10 mV-s~L. (b) pH dependent OER activity on RHE scale at 1.55 V vs. RHE. (c¢) Polarization

curves in 1 M KOH and TMAOH electrolytes.
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Fig. S14. Elucidation of distinct origin of the superior OER performance based on density

functional theory (DFT) calculations. (a) Pure CoFe,0, structure. (b) Structure considered to

model S-CoFe,0,.
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Fig. S15. The correlation between the amount of O, gas evolved and the duration of water

splitting using the S-CoFe,0, electrocatalyst.
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Fig. S16. Experimental setup of alkaline exchange membrane water electrolysis (AEMWE)

cells. (a) Automatic cell test-station. (b) Cell test hardware.
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Table S1. Degree of sulfidation (S atomic ratio normalized to Fe and Co contents) of catalysts

estimated using ICP analysis.

Co Fe S
Catalysts

at.% at.% at%

CoFe,O4/1F 10.1 894 0
S-CoFe,04/1F-0.05 8.3 89.7 2.0
S-CoFe,04/1F-0.1 8.7 88.8 2.6
S-CoFe,04/1F-0.2 94 87.5 3.0
S-COF6204/IF-0.1 78 90.6 1.6

(After 120 OER cycles)

Table S2. Characterization data of CoFe,O,/IF and S-CoFe,O4/IF catalysts obtained from N,

adsorption analysis.

Catalyst BET surface area  Mean pore diameter Total pore volume

(m?-g') (nm) (cm*-g™)
CoFe,0,/IF 2.67 18.5 0.012
S-CoFe,04/IF 3.58 10.4 0.009
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Table S3. Comparison of OER activities of CoFe,O4/IF and recently reported state-of-the-art

electrocatalysts.
Catalyst ”@OO:Vﬁ‘cm-z r(rnz;%.lds;zg; References
S-CoFe,O4/IF 0.285 42.6 This work
NiFe-OOH@FeNi cloth 0.287 67 Applé &c’ztﬁ-gfg.é 22.021,
CoNI/CoFe;04@NF 0290 B Siine 119950
MoFe,O;NS@IF 0.291 41 AdV-2ﬁ05-i625(>3%1, 8,
(NiCo)Fe-MOF@NF 0.291 413 Adv. Mla9t(e)ql 328'19, 31,
Ni-Fe/NiMoN@NF 0.292 39.2 Cafali 6(;"0'711(';1612"26 ?022,
resret.elt 0294 512 30 o0, 164670
CoreR s 0308 v s,
NiFeg sSn-A@CC 0.301 30 Ady. 1590(;'-3,727072.0, 7,
Feg33C00;00H PNSAs@CFC 0.301 50 Aznéglegf-;’hggg 21n2t6 l;?gl
CoFe,04@NF 0.303 30 Catalysts, 2019, 9, 176,
renres o3 ms N G
Ag-CoOOH@Ag thin film 0.320 96.8 Adzvbé’zvggfrl I g;gz;ol
core@e 0322 -2 e
Ni-CoOOH@NF 0.331 82.1 J. Cﬁzg’l’- 11?3716%,35922,
J. Colloid Interface
CoFe-P@NF 0.336 43.2 Sci., 2022, 622, 250-
260.
NIO@ER 035 B9 9019, 29, 1904020
C0;04/CoFe 0.361 61 Ady. Aﬁag(e)qz 12?.18, 30,
FeC0,04/FeCo,S,/PPy-12@NF 0.378 65.1 Nan; fnl%rﬁ 52.020,
coren 039 B s,
CoFePO@NF 0.417 51.7 ACS Nano, 2016, 10,
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8738-8745.
Int. J. Hydrog. Energy.,

NiFe foam 0.390 56 2015, 40, 13258-
13263.
Adv. Mater., 2022, 34,
W-Coy-CoOOH@NF 0.311 46.1 2104667,
) Dalton Trans., 2017,
NiCo-LDH@NF 0.370 72 46, 8372-8376.
Appl. Surf. Sci., 2018,
Fe-CoySg@NF 0.351 70 454, 46.53.
NNF-D 0.300 60.06 Small, 2024, 2400046.
Appl. Catal., B, 2023,
FeS,/MS/NF 0.314 60 339, 123171
Adv. Funct. Mater.,
S-FeOOH/IF 0.308 59 2022, 32, 2112674,
Table S4. Charge transfer analysis through Bader charge.
CoFe,04 CoFe,S, CoFey(09.87550.125)4
Bond length Bond length Bond length
Bader Bader Bader
(A) (A) (A)
3 Co=+1.25 436 Co=+0.93 19 Co*-S=+1.18
CoCo 35 pemyygq | COCO 436 g y107 | COCO 32T coro=+132
O0=-1.18 0=-0.86 Fe*-S=+1.65
Co-O 1.9 Co-O 231 Co-S 2.2 Fe*-O=+1.76
S=-0.83
Fe-O 194 Fe-O 2.44 Fe-S 2.35 O=_121~
-1.19
Fe-Fe  2.87 Fe-Fe  3.56 Fe-Fe 297
Fe-O  2.04
Co-O 198
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OER mechanisms:

We applied a Mars van Krevelen-type mechanism?® to investigate the free energy of the OER
reaction. According to this mechanism, instead of OH adsorption, the reaction commences with
the deprotonation of the surface OH on the in-situ surface phase. The reaction mechanism for

OER in alkaline medium is as follows:

OH" +0OH™ -0," +H,0 +e” (1)
0," +H,0 +0H™ -0,0H" +H,0+e" )
0,0H" +H,0 +0H™ -0,0" +2H,0+e" (3)
0,0" +2H,0 ->0,(9) +2H,0 + @)
V +2H,0 +0OH - * +2H,0+e" (5)

The corresponding reaction mechanism for OER in acidic medium is as follows:
OH*-0," +(H" +e7) ()

0," +H,0-0,0H" +(H" +e")

(7)
0,0H" 50,0 + (H' +e7) )
0,0 =0,(9) + v ©)
V+H,0->* +H" +e”) (10)

This mechanism involves the dehydrogenation of the initial hydroxyl group (OH*) through the

*

removal of the proton and electron, resulting in the formation of a lattice oxygen, 0y and a
vacancy (V) on the catalyst due to O, evolution. The catalyst is then regenerated by the

adsorption of an H,O molecule and subsequent dehydrogenation. The non-electrochemical step
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in equation (9) is followed by the electrochemical processes, which include the exchange of
protons and electrons.

The adsorption free energy was calculated as follows:

AG = AE + AZPE — TAS — neU (11)
where AZPE represents the change in zero-point energy and AE is the change in structural
energy, both computed according to earlier studies?. Room temperature (298.15 K) is
represented by T, the charge constant (e), the number of electrons (n), the change in entropy
(AS), and the overpotential (U). With a maximum reaction free energy barrier of 1.71 eV, an
overpotential (nogr) of 0.48 V (Nogr =1.7 — 1.23) eV/e™ is predicted (Table S5). The highest

free energy barrier occurs during the deprotonation of OH" in the OER cycle, resulting in the

*

formation of 0L . Hence, this step seems to be the potential limiting step, after which O, is

evolved by deprotonation.

Table S5. Reaction Gibbs free energy (AG) of OER and the overpotential (nogr) of CoOOH/S-

CoFe,0,.
Reaction Noer (V) Nokr (V)
OH*-0," +(H* +e7) 1.71 0.48
0," +H,0-0,0H" +(H" +e7) 1.54
0,0H" 50,0 + (H' +e7) 0.97
0,0" =0,(9) + v 1.61
V+H,0->x +(H" +e7) ~1.42
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