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Calculations for electrochemical measurements and theoretical calculation detials
Calculation of ECSA

In addition, the ECSA of catalyst on GCE is calculated according to the equation:
ECSA =Cua/Cs  Equation (1)
Where the C; is the specific capacitance value in 0.5 M HSOa.

Calculation of Faradaic efficiency
The oxygen generated at working anode in 0.5 M H2SO4 solution was confirmed by gas
chromatography analysis (GC, 9790ll, Hangzhou Gatai Scientific Instruments) and
quantitatively measured by using an electrolytic cell. The FE was calculated by comparing the
amount of experimentally measured oxygen generated by potentiostatic anodic electrolysis
with theoretically calculated oxygen.
The Faradaic efficiency (FE) was calculated according to the following equation:
FE (O,, %):V\‘/)Z'4'tF .100%  Equation (2)

m

Where Vo2 represents the volume of generated O», F is the Faraday constant (96485.33289

C/mol), Vi is the molar volume of the gas, i is the current, and t is the time for electrolysis.

Calculation of TOF
To estimate the concentration of active site, the TOF values were calculated by the

following equation:

_JA :
TOF—4F_n Equation (3)

Where j is the current density (mA cm2) at defined overpotential. A represents the surface

area of testing electrode (cm?). 4 means mole of electrons consumed for evolving one mole O

from water. F is the Faradic constant (96,485.3 C mol ™), and n is the moles of Ir atoms on the
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prepared working electrode which could be calculated from the loading weight of
electrocatalysts on CP.
Theoretical calculation

The present first principle DFT calculations are performed by Vienna Ab initio Simulation
Package (VASP)IM with the projector augmented wave (PAW) method.[?l The exchange-
functional is treated using the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)! functional. The cut-off energy of the plane-wave basis is set at 500 eV for
optimize calculations of atoms and cell optimization. The vacuum spacing in a direction
perpendicular to the plane of the catalyst is at least 20 A. The Brillouin zone integration is
performed using 3x3x1 Monkhorst and Pack!™! k-point sampling for a primitive cell. A 5x5x1
Monkhorst and Pack k-point sampling was used in calculating the density of state (DOS). The
self-consistent calculations apply a convergence energy threshold of 107 eV. The maximum
Hellmann-Feynman force for each ionic optimization step is 0.025eV/A. The equilibrium
lattice constants were optimized with maximum stress on each atom within 0.01 eV/A. Spin
polarizations was considered in all calculations.

There are six types of doping in the IrO, including IrO: (initial); Ceo.2-1rO2-1; Ceo.2-IrO»-2;

Cep.2-1r02-3; Cep2-1r02-4; Ceg2-1rO2-5; Ceg.2-1rO2-6.



Figure S1. (a) SEM image, (b) HR-TEM image, (c) TEM image and elemental maps, (d) high-

magnification HR-TEM image for IrO,@NPC.
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Figure S2. (a) SEM image, (b) high-magnification SEM image for Ceg.15-IrO2@NPC. (c) SEM image,
(d) high-magnification SEM image for Ceo.2s-IrO2@NPC. TEM image and elemental maps for (e)
Ceo.15-1r0O2@NPC, (f) Ceo.2s-IrO2@NPC. (g) HR-TEM image, (h) high-magnification HR-TEM
image for Ceo.15-IrO2@NPC. (i) HR-TEM image, (j) high-magnification HR-TEM image for Ceo.2s-

IrO2@NPC.
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Figure S3. SEM images for Ceg.o-IrO.@NPC.
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Figure S4. TEM image and elemental maps for Ceo.2-IrO2 without substrate.



Figure S5. TEM image and elemental maps for Ceo2-1rO2@NPC (15 wt%).
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Figure S6. EDX analysis for (a) IrO2@NPC, (b) Ceo.15-IrO2@NPC, (c) Ceo.2-IrO2@NPC, (d) Ceo.2s-

IrO2@NPC.
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Figure S7. XRD patterns for IrO2@NPC, Ceo.15-IrO2@NPC, Ceo2-IrO2@NPC, Ceo25-Ir02@NPC

(PDF: #15-0870).
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Figure S8. The high-resolution XPS for (a) C 1s, (b) N 1s.
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Figure S9. (a) Raman spectra for IrO,@NPC and Ceo2-IrO2@NPC, (b) ESR spectra for IrO,@NPC

and Ceo2-IrO2@NPC.
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Table S1. Comparison of some representative Ir-based OER catalysts reported under acidic

conditions.
Overpotentials
Catalysts Electr(?lyte Stability (vs RHE) at Reference
solution . -2
J=10mAcm
0.1M Angew. Chem. Int. Ed.
Ir-STO HCIO, 20h 247 mV 2019, 58, 7631
0.5M Science
IrOx/SrirOs H,S0, 30 h ~270 mV 2016, 353, 1011
0.1M Angew. Chem. Int. Ed.
Sr2ColrOs HCIO, 24 h 330 mV 2019, 58, 4571
0.5M ACS Catal.
IrO2/CNT H,SOu 10 h 293 mV 2017, 7. 5983
0.05 M Chem.
Ru@IrOx H,SO 24 h 282 mV 2019,5,1
05M Nano Energy
Ir6AGoNTS/C oSO 6h 285 mVv 2019, 56, 330
0.1M Adv. Mater.
Co-Rulr Helo, | 8N 235 mv 2019, 31, 1900510
. 0.1M ACS Energy Lett.
Iro.5(NiC01.5)0505 HCIO: 5.56 h 285 mV 2017, 2. 2786
0.05 M Chem. Mater.
P-IrCu1.4NCs HsSOu 10 h 311 mV 2018, 30, 8571
05 M ACS Appl. Energy
np-1r0; Hso. | 40N 240 mv Mater. 2020, 3, 4, 3736
05 M Nano Lett.
I-SA@Fe@NCNT | " ' 12h 250 mv 2020, 20, 3, 2120
05M ;
Ceo.2-1rO2@NPC 100 h 224 mV This work
H2S0O4

13


https://www.sciencedirect.com/science/journal/22112855/56/supp/C

Table S2. ICP analysis for Ceo2-IrO.@NPC after stability test

Element After 5h After 20 h After 50 h After 100 h
Ir 2.6 ppb 5.4 ppb 14.1 ppb 27.3 ppb
Ce 0.5 ppb 1.1 ppb 3.1 ppb 5.6 ppb
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Table S3. Onset potential for the prepared catalysts

Catalysts Onset potential
(where EIS spectra are measured)
Commercial 11O 150V
IrO.@NPC 147V
Ceo.15-1r02@NPC 143V
Ceo2-IrO2@NPC 140V
Ceo.25-1rO2@NPC 142V
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Figure S10. (a) CV curves and (b) Cq estimated from the as-measured CV curves for Ceo2-1rO-
without carbon support from 12 mV s to 36 mV s, (c) CV curves and (d) Ca estimated from the

as-measured CV curves for 1IrO, without carbon support from 12 mV s to 36 mV s 2.
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Figure S11. (a) SEM image and (b) high-magnification SEM image, (c) XRD pattern for the

synthesized ZIF-8.
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Figures S12. CV curves for (a) IrO2@NPC, (b) Ceo.15-IrO2@NPC, (c) Ceo.-IrO.@NPC, and (d)

Ceo.25-Ir0.@NPC from 12 mV s * to 36 mV sL.
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diagrams of Ceo2-IrO2-2. (c) The 4-step processes of OER for Ceg.-1rO2-3, (d) The calculated Gibbs
free-energy diagrams of Ceg2-IrO2-3. (e) The 4-step processes of OER for Ceg2-IrO2-4, (f) The

Figure S13. (a) The 4-step processes of OER for Ceo.-
calculated Gibbs free-energy diagrams of Ceo 2-1rO2-4.
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Figure S14. (a) The 4-step processes of OER for Ceo2-IrO2-5, (b) The calculated Gibbs free-energy
diagrams of Ceo2-IrO2-5. (c) The 4-step processes of OER for Ceg..-1rO2-6, (d) The calculated Gibbs

free-energy diagrams of Ceo2-1rO»-6.
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Table S4.

ICP analysis for the prepared Ceo2-IrO2@NPC

Element Sample Conversion At %
amount content

Ir 20 mg 15703.9 81.7

Ce 20 mg 2561.7 18.3
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Figure S15. Three-electrode system for electrochemical measurements.

22



—— Ce,,-IrO,@NPC after stability test
— Cey,-IrO,@NPC

il

1200 1000 800 600 400 200 0
Binding energy (eV)

Intensity (a.u.)

Figure S16. XPS spectra analysis for Ceo2-IrO.@NPC and Ceo.-IrO.@NPC after stability test.
The survey spectra in Figure S16 revealed the presence of C (52.27 at.%), O (29.44 at.%) for
Ceo.2-IrO.@NPC, and the presence of C (52.29 at.%), O (30.59 at.%) for Ceo2-1rO.@NPC after the
stability test. The carbon to oxygen atomic ratios of Ceg2-IrO2@NPC and Ceg2-IrO@NPC after
stability test were calculated to be 1.77 and 1.71, respectively. The change of carbon to oxygen atomic

ratio of Ceoo-IrO>@NPC after stability indicates the carbon degradation during OER.
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Figure S17. High-resolution XPS of (a) Ce 3d, (b) Ir 4f for Ceo2-1rO.@NPC and Ceo2-1rO.@NPC
after stability test.

As shown in Figure S17, Ce in Ceo2-IrO.@NPC all stayed Ce**, compared with Ce before OER
test. This result revealed that Ce3* in Ceo2-IrO>@NPC before OER were all oxidized to Ce**. This
can be attributed to the strong oxidation condition in acidic OER. Notably, the XPS of Ir 4f do not

show obvious change after stability test, indicating the active site (Ir) kept its high stability.

24


mailto:Ce0.2-IrO2@NPC%20and
mailto:Ce0.2-IrO2@NPC
mailto:Ce0.2-IrO2@NPC
mailto:Ce0.2-IrO2@NPC

{ —€&— Commercial IrO,
3501 —v— Ir0,@NPC

1—¥— CeysIrO,@NPC
1—*— Ce,,-IrO,@NPC
£ 250 —®— Cey45-Ir0,@NPC
> {—=— Cey,-Ir0,@NPC
£ 2007 —a— Ce,;-Ir0, @NPC

13 14 15 16 17 18
Potential (V) vs RHE

Figure S18 OER Polarization curves for these electrocatalysts in 0.5 M H2SOa.
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Figure S19 XRD patterns for Ceo2-IrO.@NPC and Ceo2-IrO>@NPC after stability test.
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