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1. Experimental section 

1.1. Chemicals and reagents 

    Methylimidazole (C4H6N2, 99%), Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98%) were 

purchased from Shanghai Aladdin Co. Ltd. Thioacetamide (TAA, NA), Potassium hydroxide 

(KOH, >99%), Methanol (CH3OH, >99%), Choline chloride [HOC2H4N(CH3)3Cl, 99%] (ChCl) and 

ethylene glycol [(CH2OH)2, >99%] (EG) were purchased from Sigma-Aldrich. IrO2 were purchased 

from Shanghai Bidd Pharmaceutical Technology Co. Ltd. All chemical reagents were used as 

received without any further purification. 

1.2. Preparation of Co@CN on CC 

    The as-prepared Co‑ZIF precursor was placed at the middle of a porcelain boat, and the 

porcelain boat was placed in a tubular furnace that was vacuumed twice and then saturated by Ar. 

Afterwards, the tubular furnace was heated to 800 ℃ with a ramping rate of 2 ℃ min
-1

 and stayed 

at 800 ℃ for 2 h for carbonizing of Co‑ZIF to yield Co@CN. 

1.3. Preparation of CoS2@CN on CC 

    The as-prepared Co‑ZIF precursor was placed at the middle of a porcelain boat, and 2.0 g of 

TAA placed at the upstream side. The porcelain boat was placed in a tubular furnace that was 

vacuumed twice and then saturated by Ar. Afterwards, the tubular furnace was heated to 500 ℃ with 

a ramping rate of 2 ℃ min
-1

 and stayed at 500 ℃ for 2 h for vulcanizing and carbonizing 

simultaneously of Co‑ZIF to yield CoS2@CN. 

1.4. Preparation of benchmark electrode (IrO2) 

    For comparison, IrO2 electrode was fabricated for OER. The 10 mg catalyst powder was 

dispersed in 400 μL ethanol solution containing 60 μL 5wt% of Nafion solution, and then 140 μL 

deionized water was added, followed by ultrasonication for 30 minutes to form a homogeneous ink. 

Then 600 μL of catalyst ink was dropped onto the activated carbon cloth (1 × 1 cm2). After drying 

at 90 ℃, the loading amount of IrO2 catalyst was 5 mg cm
-2

.  

2. OER mechanism 

    The OER mechanism under alkaline condition included four reaction steps, which is a four-

electron transfer process: 

∗ +OH− →∗ OH + e− 
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∗ OH + OH− →∗ O + H2O + e− 

∗ +OH− →∗ OOH + e− 

∗ OOH + OH− →∗ +O2 + H2O + e− 

The * was the adsorption site, and *OH, *O, and *OOH stood for the OER reaction intermediates. 

3. Calculation of turnover frequency (TOF)  

TOF (s
-1
) represents the number of products generated by a single active site per unit time, and the 

commonly used formula is[S1]: 

TOF(𝑠−1) =
𝑗 ∗ A

z ∗ F ∗ n
 

Where j is the current density under a certain overpotential (mA cm
-2

), 

A is the working electrode area, 

z is the electron transfer number of the catalytic reaction, 

n is the amount of substance at the active site (mol), 

F is Faraday's constant (96485 C mol
-1

). 

A material usually having a metal as the active site[S2]: 

TOF = (Number of oxygen molecules)/(Number of active sites)        (1) 

All bulk phase metal atoms are considered as active sites, applicable to monatomic catalysts[S3]: 

Substitute equation n=m*N1 into (1), we get the following equation: 

TOFBulk ∗ N1 =
I ∗ NA

z ∗ F ∗ m
 

The number of oxygen turnovers is obtained from the current density (j) 

using the equation: 

Number of oxygens =  (j
mA

cm2
) (

1C s⁄

1000 mA
) (

1 mole e-

96485.3 C
) (

1 mol O2

4 mol e-
) (

6.022 ⅹ1023 molecules O2

1 mole O2

) 

                =   1.56ⅹ1015 (
O2/s

cm2 ) per (
mA

cm2) 

The number of Ir ions in CoP2@CN-Ir(x) electrocatalyst is obtained from the ICP-OES. 

Consequently, the number of Ir sites is: 

(
ωt.%(Ir)

100 mg
)ⅹ (

m(Ir)

2 cm2
)ⅹ (

1 mmol

192.22 mg
)ⅹ6.022 ⅹ1020 (

sites

mmole
) 

The number of Co ions in CoP2@CN-Ir(x) electrocatalyst is obtained from the ICP-OES. 

Consequently, the number of Co sites is: 



4 

 

(
ωt.%(Co)

100 mg
)ⅹ (

m(Co)

2 cm2
)ⅹ (

1 mmol

58.93 mg
)ⅹ6.022 ⅹ1020 (

sites

mmole
) 
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Fig. S1 XRD pattern of Co-ZIF/CC. 

 

 

 

 

Fig. S2 SEM image of ZIF-67. 
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Fig. S3 FTIR spectra of Co-ZIF and 2-methylimidazole. 

 

 

 

 

Fig. S4 XRD patterns of (a) Co@CN and (b) CoS2@CN. 
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Fig. S5 SEM images of (a) Co@CN and (b) CoS2@CN. 
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Fig. S6 OER properties of Co@CN and CoS2@CN. (a) Polarization curves. (b) Overpotentials at 

10 mA cm−2 and 100 mA cm−2, respectively. (c) Tafel plots. (d) Nyquist plots. (e) The voltage-time 

curves at 10 mA cm−2. 

 

 

Fig. S7 Selective typical CV curves for depositing Ir atoms. 
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Fig. S8 (a-d) Low and (e-f) high-magnification SEM images of (a, e) CoP2@CN, (c, f) CoP2@CN-

Ir(100), (c, g) CoP2@CN-Ir(200) and (d, h) CoP2@CN-Ir(300). 
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Fig. S9 (a, b) TEM images of CoP2@CN-Ir(200) at different magnifications and (c) EDS elemental 

mapping images of C, N, O, P, Co and Ir. 
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Fig. S10 Enlarged HRTEM images and the corresponding FFT patterns from a same HRTEM image 

(top left). (a) crystalline CoP2; (b) amorphous CoOx; (c) amorphous CN. 

 

 

 

 

 

Fig. S11 AC-HAADF-STEM images of CoP2@CN-Ir(200). (a) Crystalline CoP2 region; (b) 

Amorphous CoOx region; (c) Crystalline CoP2 and amorphous CoOx heterogeneous region (Ir single 

atoms circled in red). 
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Fig. S12 Local enlarged image of Raman spectra of CoP2@CN and CoP2@CN-Ir(x) (1100 cm
-1

 ~ 

1900 cm
-1

). 

 

 

 

 

Fig. S13 XPS survey spectra for CoP2@CN and CoP2@CN-Ir(x). 
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Fig. S14 High-resolution XPS spectra of C 1s. 

 

 

 

 

Fig. S15 Nyquist plot of IrO2.  
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Fig. S16 SEM images of CoP2@CN-Ir(200) after OER stability test at 10 mA cm−2 for 24 h. 

 

 

 

 

Fig. S17 XRD patterns of CoP2@CN-Ir(200) after OER stability test at 10 mA cm−2 for 24 h. 
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Fig. S18 AC-HAADF-STEM-EDS elemental mapping images of C, N, O, Co, P and Ir after OER 

stability test at 10 mA cm−2 for 24 h.  
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Table S1. N 1s XPS elemental analysis of CoP2@CN and CoP2@CN-Ir(x). 

Catalysts Metal-N Pyridinc-N Pyrrolic-N Graphitic-N 

CoP2@CN 10.29 11.31 48.87 29.53 

CoP2@CN-Ir(100) 7.14 23.81 31.10 30.95 

CoP2@CN-Ir(200) 7.09 21.28 36.17 35.46 

CoP2@CN-Ir(300) 6.89 15.67 38.18 39.16 

 

 

 

 

 

Table S2. TOF values at different overpotentials (η) for various electrodes assuming the metal atoms 

are active for OER. 

  η (mV) 

 Mol (unit cm
-2

) 190  210  230  270  290 310 

IrO2 1.47×1016 0.40 s
-1

 0.53 s
-1

 0.67 s
-1

 1.03 s
-1

 1.27 s
-1

 1.60 s
-1

 

CoP2@CN 1.31×1016 0.40 s
-1

 0.44 s
-1

 0.51 s
-1

 0.75 s
-1

 0.97 s
-1

 1.27 s
-1

 

CoP2@CN-Ir(100) 1.45×1016 0.40 s
-1

 0.48 s
-1

 0.55 s
-1

 0.78 s
-1

 1.31 s
-1

 2.15 s
-1

 

CoP2@CN-Ir(200) 1.85×1016 0.85 s
-1

 1.44 s
-1

 2.24 s
-1

 6.07 s
-1

 8.89 s
-1

 12.53 s
-1

 

CoP2@CN-Ir(300) 1.97×1016 0.44 s
-1

 0.97 s
-1

 1.31 s
-1

 8.89 s
-1

 5.04 s
-1

 7.51 s
-1
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Table S3. Comparison of OER performance of various electrocatalysts in 1 M KOH electrolyte. 

Catalysts 
η10 

(mV) 

Tafel slope 

(mV dec
-1

) 
Reference 

CoP2@CN-Ir(200) 189 39 This work 

IrSAC-NiFe-LDH 194 33.3 ACS Catal., 2023, 13, 11195-11203[S4] 

Ir/Ni DHBT 195 44 ACS Catal., 2023, 13, 1726-1739[S5] 

Ir/Ni2P4O12 186 42.15 Adv. Funct. Mater., 2023, 2309824[S6] 

Co-SAC/RuO2 200 110 Angew. Chem. Int. Ed., 2022, 61, e202114951[S7] 

Ir-Ni(OH)2 260 78 Nano Lett., 2022, 22, 3832-3839[S8] 

RuSAs/AC-FeCoNi 205 40 Adv. Energy Mater., 2020, 11, 2002816[S9] 

Ir-Ni(OH)2 224 41 Adv. Mater., 2020, 32, 2000872[S10] 

Ir-NiO 215 38 J. Am. Chem. Soc., 2020, 142, 7425-7433[S11] 

Ir1/Vo-CoOOH 200 32 Nat. Commun., 2022, 13, 2473[S12] 

Co@CNx 480 239 Adv. Funct. Mater., 2023, 33, 2300405[S13] 

Ir/Ni-Co3O4 177 41.3 Adv. Energy Mater., 2023, 13, 2302537[S14] 

Fe/Ni-NC||FeNi@G 273 52.3 Electrochim. Acta, 2023, 458, 142549[S15] 

Ir1/NiCr LDH 232 51 J. Mater. Chem., A 2024, 12, 2491-2500[S16] 

Ir25-Fe16Ni100P64 232 48 Small, 2023, 19, 2207253[S17] 

Ir1/Ni LDH-T 228 41 Nat. Commun., 2024, 15, 559[S18] 
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Table S4. Comparison of OER performance between CoP2@CN-Ir(200) and Ni- and/or Co-based 

double hydroxides in 1 M KOH electrolyte. 

Catalysts 
η10 

(mV) 

Tafel slope 

(mV dec
-1

) 
Reference 

CoP2@CNIr(200) 189 39 This work 

v-NiFe LDH 210 34.8 Nano Energy, 2021, 81, 105606[S19] 

CoFe@NiFe200/NF 190 45.71 Appl. Catal. B Environ., 2019, 253, 131-139[S20] 

Mo-NiCo LDHs(Vo) 258 94.5 Chem. Eng. J, 2023, 463, 142396[S21] 

FCNSNP 349 44.09 iScience, 2022, 25, 105148[S22] 

NiFe LDH/GQDs 189 23.6 Nano Energy, 2021, 84, 105932[S23] 

B-Co2Fe LDH 205 39.2 Nano Energy, 2021, 83, 105838[S24] 

NiFeCo/NF 195 47.0 J. Mater. Chem. A, 2023, 11, 22941-22950[S25] 

Ni0.3Fe0.7LDH@NF 184 56.68 Appl. Catal. B Environ., 2023, 323, 122091[S26] 

Ni4/5Fe1/5-LDHs-S-2 257 61.5 Chin. J. Catal., 2020, 41, 847-852[S27] 

Co1Fe0.2LDH 256 40.0 Chin. J. Catal., 2022, 43, 2240-2248[S28] 

NiCoFe-HO@NiCo-

LDH YSMRs 

278 49.7 Angew. Chem. Int. Ed., 2022, 61, e202213049[S29] 
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Table S5. Comparison of OER performance of various electrocatalysts in 1 M KOH electrolyte at 

100 mA cm−2. 

Catalysts 
η100 

(mV) 

Tafel slope 

(mV dec
-1

) 
Reference 

CoP2@CN-Ir(200) 300 39 This work 

IrSAC/Ni(OH)2@HP-NF 291 58 Nano Res., 2022, 15, 10014-10020[S30] 

MX@MOF-Co2P 407 55.20 ACS Appl. Mater., 2024, 16, 16132-16144[S31] 

Co-ZIF/CDs/CC 320 28.18 J. Mater. Sci. Technol., 2023, 145, 74-82[S32] 

CNP@NF 401 147 Small, 2023, 19, 2206723[S33] 

Ir-Co3O4@NC 341 146.5 SM&T, 2022, 33, e00461[S34] 

Fe-NC 525 89 Chem. Eng. J., 2023, 468, 143717[S35] 

CNT-NC-CoP 355 98 Chem. Eng. J., 2023, 455, 140694[S36] 

Co2P/Ni2P-2%Mo 377 82.1 Carbon, 2019, 141, 643-651[S37] 

Co@N-CS/N-HCP@CC 357   46.1  Appl. Catal. B Environ., 2020, 272, 118951[S38] 
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