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Methods
DFT calculations. The OER process is assumed to involve four elementary reaction steps:

H20+*—>HO*+H++-G- (a)

HO — O +H" +e (b)

O +H,0—~HOO +H" +¢” ©

*_>* + -

where * and M* represent an active site and an adsorbed intermediate on the surface,
respectively.
The free energy of the adsorbed state of each step was calculated as:

AG, =E(yo') E@)-En,o +1/2Ey, +(AZPE-TAS), -eU "

AGy, = E(g*)-E(yo)*1/2Ey, +(AZPE-TAS), -eU @)

AG. = E(y00')-E@')-En,0 +1/2Ey, +(AZPE-TAS), -eU a)

AGy = E@)-Eo) T Eo, +1/2Ey, +(AZPE-TAS), -eU @

where Ex), Ejnox), Ejo*), and Ejyoox) are the energies of the pure surface and the adsorbed surfaces
with HO*, O*, and HOO* , respectively. Ey;0 and Ey, are the computed energies for the sole H,0
and H, molecules, respectively. AZPE and AS are the zero point energy change and entropy
change of intermediate adsorption. The total free energy (AG) to form one molecule of O, was
fixed at the value of 4.92 eV. U (vs. RHE) is the electrode potential used for changing all the free-
energy steps into downhill.

The transition state search was performing with a linear synchronous transit (LST), followed by
repeated conjugate gradient minimizations and quadratic synchronous transit (QST)
maximizations until a transition state has been located.
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Figure S1. XRD patterns. (a) nitrate containing cerium doped precursor. (b) nitrate containing
precursor. (c) cerium doped precursor. (d) pure precursor.
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Figure S2. XPS spectra of nitrate containing cerium doped precursor. (a) Co 2p region. (b) Ce 3d
region. (c) N 1s region. (d) O 1s region.
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Figure S3. SEM images of nitrate containing cerium doped precursor.
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Figure S4. XRD patterns. (a) N,Ce-CoS,. (b) N-CoS,. (c) Ce-CoS,. (d) CoS,.
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Figure S5. XPS spectra of cerium doped precursor. (a) Co 2p region. (b) Ce 3d region. (c) O 1s

region.
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Figure S6. XPS spectra of nitrate containing precursor. (a) Co 2p region. (b) N 1s region. (c) O 1s

region.
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Figure S7. XPS spectra of pure precursor. (a) Co 2p region. (b) O 1s region.
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Figure S8. (a) N 1s XPS spectrum of Ce-CoS,. (b) Ce 3d XPS spectrum of N-CoS,.



Figure S11. SEM images of CoS,.
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Figure S12. LSV curves of N,Ce-CoS,-NF, RuO,, RuO,-NF and IrO,-NF.
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Figure S13. Tafel plots of N,Ce-CoS,, CoS,, N-CoS; and Ce-CoS,.
700 -
i ¢ Experimental
600 = == =Theoretical o
L4
500 -
j 4
2 400 g
“E’ . Le0
3 300 PR
o .u.c.u“‘“"
> ] «m««t‘*[ w
200 @& L’
L4
- ’ﬁl 4
100 4 e
0
1 L] L] ) T T
0 100 200 300 400 500
Time (s)

Figure S14. Faradaic efficiency on N,Ce-CoS, evaluated by comparing the experimental and

theoretical data.
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Figure S15. CV curves at different scan rates. (a) N,Ce-CoS,. (b) N-CoS;. (c) Ce-CoS. (d) CoS,.
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Figure S16. Co K-edge EXAFS curves in k-space.



Figure S17. BL data of N,Ce-CoS, with optimized structure.
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Figure S18. XANES spectra of Ce L-edge for Ce-CoS, and N,Ce-CoS,. The lower right inset shows

the magnified curves.
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Figure S19. EXAFS curves of Ce L-edge for N,Ce-CoS, and Ce-CoS, in k-space.
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Figure S20. EXAFS-FT spectra of Ce L-edge in R space for Ce-CoS, and N,Ce-CoS..
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Figure S21. EXAFS-CCWT image of Ce L-edge for Ce-CoS; (a) and N,Ce-CoS; (b).
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Figure S22. XRD patterns of N,Ce-CoS,, N-CoS,, Ce-CoS, and CoS, after 24 h OER with applied
current density of 10 mA cm™2,



Figure S24. TEM analysis of N,Ce-CoS, after 24 h OER with applied current density of 10 mA cm2.
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(a) TEM image. (b) HRTEM image. (c) TEM-EDS elemental mapping images.
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Figure S$25. CV curves at different scan rates. (a) N,Ce-CoS,-24h. (b) N-CoS,-24h. (c) Ce-CoS,-24h.

Scan rate (mV's™)

(d) CoS,-24h. (e) Current density differences plotted against scan rates.
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Figure S27. (a) The electron density difference map of N,Ce-CoS, and CoS,. Yellow color:
increased electron density; Blue green color: decreased electron density. (b) The electron density
difference map of Ce-CoS, and CoS,. (c) The electron density difference map of N-CoS, and CoS,.
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Figure S28. (a) Bader charge of Co, N and Ce atoms. (b) Calculated free energies for adsorption of
intermediates with different applied potential.
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Figure S29. The reaction paths for OER on optimized electrocatalysts surfaces. (a) N-CoS,/Co0O. (b)
Ce-CoS,/Co0. (c) CoS,/Co0.
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Figure S30. (a) The optimized structure of N,Ce-CoS,-1 and N,Ce-CoS,-2. (b) Free-energy diagram
for the four steps of the OER at the different applied potentials.

& CoO 0

]"2H0 «on

Energy (eV)

o

Figure S31. CoO free-energy diagram for the four steps of the OER.



Table S1. The binding energies (eV) form XPS fitting data of N,Ce-CoS,, N-CoS,, Ce-CoS, and CoS,.

Sample Co* 2p3/, Co** 2p3/, Co** 2py/» Co** 2py/» Ce 3ds, Ce 3d3/,

882.9 901.1
N,Ce-CoS; 779.4 782.2 794.3 798.7
886.2 904.7
N-CoS, 779.5 782.3 794.4 798.8 / /
882.6 900.9
Ce-CoS, 778.7 781.9 793.7 798.2
886.0 904.6

CoS, / 782.1 / 798.4 / /




Table S2. The morphology size of N,Ce-CoS,, N-CoS,, Ce-CoS, and CoS,.

Sample Length (nm) Thickness (nm)
N,Ce-CoS, 630 110

N-CoS, 820 70

Ce-CoS, 400 170

CoS; 520 130




Table S3. ICP-MS analysis of Co and Ce concentration in the acidic solution.

Sample Co Ce S

N,Ce-CoS, 2.92 umol gt 0.095 umol g? 5.84 umol g*

N,Ce-CoS,-24h 1.77 ug g* 0.34 ug gt 257 ug gt




Table S4. The mass loading of electrocatalysts on carbon paper.

Sample N,Ce-CoS, N-CoS, Ce-CoS, CoS,

Mass loading (mg) 0.47 0.49 0.44 0.52




Table S5. OER electrocatalysts and their performance.

Overpetential (mV) at

Electrocatalyst Electrolyte Referencee
10 mA cm??

N,Ce-NiS, 220 1 M KOH This work

N,Ce-NiS,/Ni foam 190 1 M KOH This work
LaNiFe(OH)/Ni foam 189 1M KOH 1
Co304/Fe(33C00 66P <200 1M KOH 2
Cu@NiFe LDH/Cu foam 199 1M KOH 3
NiFeCu/Ni foam 180 1M KOH 4
NiFe/Ni foam <200 1M KOH 5
NiO/NiFe LDH/ Cu foam <200 1M KOH 6
Mo0S,/CogSg/NisS,/Ni 166 1M KOH 7
FeP/Ni2P/Ni foam 190 1M KOH 8
FeZ*--NiFe LDHs/Ni foam 195 1M KOH 9
Ni,Fe,Se,/Ni foam 195 1M KOH 10
N-Co30,/Ni foam 190 1M KOH u
FeNiS, NS/rGO 200 1M KOH 12
(NiFe)OOH <200 1M KOH 13
Au/NiFeO, 190 1 M KOH 14
CoFeW cluster 192 1 M KOH 15
EBP@NG 191 1 M KOH 16
FeCoW 191 1M KOH 1
Ru/CoFe-LDHs 198 1 M KOH 18
N-NiMoOQ,/NiS, 283 1 M KOH 19
NiFe-LDH 270 1 M KOH 20
AN-CuNiFe 224 1 M KOH 2
NiFe MOFs 300 1 M KOH 2
Ru;—Pt5Cu 220 1 M KOH 2
W-Ni(OH), 237 1 M KOH 2
NiCoFe@NiCoFeO 201 1 M KOH 25
Pt-NC/Ni-MOF 292 1 M KOH 26
N-CoS, 240 1 M KOH z
N-NiS, 270 1 M KOH 28
NiFe-LDH/CNTs 247 1M KOH 2
FeCoW/Ni foam 250 1M KOH 30
NiCoP/C 330 1M KOH 81
Co4sN 257 1M KOH 32
Porous MoO, 260 1M KOH 33
NiFe LDH 260 1M KOH 34
Co-Fe-P 280 1M KOH 35
Co304/CNTs 290 0.1M KOH 36
NisSe, 290 0.3 M KOH 37
NiCo,0, 290 1M NaOH 38
CoN 290 1M KOH 39




Table S6. The fitting results of EIS spectra using the equivalent circuit in their inset.

Sample R (Q) CPEs ng R; (Q) CPE; n, R, (Q)
(F'cm?) (Frcm?)

N,Ce-CoS, 3.14 2.72e-7 0.99 4.98 0.22 0.76 4.37
N-CoS, 3.64 2.23e-7 0.97 6.41 0.41 0.66 6.17
Ce-CoS; 3.43 1.64e-7 0.99 6.72 0.28 0.79 6.14

CoS, 4.37 2.51e-7 0.94 6.11 0.19 0.68 6.95
N,Ce-CoS,-24h 3.79 1.68e-7 0.99 5.42 0.29 0.70 6.02
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