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Characterization of material: Powder X-ray diffraction (PXRD) was done using the Rikagu Mini 

Flex II diffractometer having incident radiation of Cu Kα. The data was recorded at 2º per min scan 

rate, from 20º to 60º for all the bare and doped samples. The morphology of the pristine Co3O4 and 

IrSAC-Co3O4 material was inspected by field emission scanning electron microscopy (FESEM) 

instrument, model-''APREO S'', XT microscope. Morphology, lattice spacing, and crystallinity 

were further examined with Field emission transmission electron microscope (FE-TEM, JEM-

2100F). For TEM analysis, the samples were collected from carbon cloth via sonication and drop 

casted on a carbon-coated Cu grid and dried in a vacuum chamber. X-ray photoelectron 

spectroscopy (XPS) was performed with Omicron EA 125 source using Al Kα radiation having 

energy 1486.7 eV. Throughout the XPS analysis, base pressure was sustained < 10-9 m bar in the 

UHV. The HAADF-STEM images were collected at the National Sun Yat-sen University, Taiwan. 

The preparation of STEM samples began with dispersing the catalyst powder in isopropanol (IPA) 

through ultrasonication. This dispersion was then drop-cast onto 200 mesh copper grids. 

Afterward, the specimens were dried at 120°C for 48 hours in an oven. Before loading the samples 

into the TEM chamber, they were cleaned with plasma to remove any surface contaminants. As a 

reference, the binding energy peak at 284.5 eV of C 1s was used to detect any kind of variation. 

For electrochemical water splitting application, the CH instrument (CHI604E) was used. ICP 

analysis was done with model Perkin Elmer AVIO ICP spectrometer. 

X-ray Absorption Spectroscopy (XAS) measurements, including X-ray Near-Edge 

Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS), were performed at 

the Ir L₃-edge (11,207 eV) and Co K-edge (7709 eV) at room temperature. Ir L₃-edge XAS 

measurements were carried out at BL-17C of the National Synchrotron Radiation Research Center 

(NSRRC), Hsinchu, Taiwan in fluorescence mode using a multi-element solid-state detector to 

collect high-quality spectra for dilute samples. Energy calibration was performed simultaneously 

with an Ir metal foil reference. Co K-edge XAS measurements were performed at the Energy 

Scanning EXAFS beamline (BL-9) of the Indus-2 Synchrotron Source (2.5 GeV, 120 mA) at the 

Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India. The beamline optics 

consist of a Rh/Pt-coated meridional cylindrical mirror for collimation, a Si (111) DCM for energy 

selection, and sagittal focusing of the second crystal for horizontal beam focusing. An additional 

Rh/Pt-coated bendable mirror provides vertical focusing at the sample position. During 

measurements, the second crystal was detuned by ~60% to minimize higher-order harmonics. Data 
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were collected in both transmission and fluorescence modes, using ionization chambers filled with 

N₂, He, and Ar depending on the edge and measurement mode. A Co metal foil was simultaneously 

measured for energy calibration. For both edges, samples were prepared by mixing the required 

amount of catalyst with cellulose and pressing into 1 mm thick pellets under a pressure of 2 tons 

to achieve an appropriate edge jump. Standard procedures for normalization and background 

subtraction were performed using ATHENA software (version 0.9.26).1 Fourier transforms (FT) 

of the EXAFS oscillations were obtained to generate |χ(R)| versus R space spectra, and quantitative 

fitting was carried out using ARTEMIS software (version 0.9.26), with theoretical scattering paths 

calculated by FEFF6 and structural models generated by the ATOMS code.2 EPR measurements 

were recorded using the Bruker A300-9.5/12/S/W at room temperature. 

Calculation Method

Electrochemical calculation:

The calculation of catalyst loading and mass activity of the electrocatalysts on carbon cloth was 

carried out using the following equations 1 and 2, respectively.

Mcatalyst =   [Weight (catalyst loaded CC) – Weight (Bare CC) ] / area (cm2)                          [1]

Mass activity = observed current density at a fixed potential/catalyst loading     [2]

As a result, catalyst loading on carbon cloth was 0.28 mg on a 0.16 cm2 area. Mass activity (A/g) 

for OER was calculated by using the observed current density at a fixed potential of 1.55 V vs. 

RHE. To calculate the electrochemical surface-active area (ECSA) for OER, CV analysis was 

carried out at different scan rates and a fixed potential of 1.125 V vs. RHE, the observed current 

was plotted against the scan rate. The slope of the observed straight line is the double-layer 

capacitance (Cdl), which is directly proportional to ECSA. To calculate the roughness factor, the 

ECSA of that electrode was divided by geometric area. 

Tafel slope calculation, η = a + blog j, where, "η" is the overpotential, "j" is the current density 

and "b" is the Tafel slope.

Turn over frequency (TOF) calculation:
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While calculating the TOF, it is assumed that all the metal atoms on the catalyst/electrode surface 

are taking part/active in the electrocatalysis. The following formula is used to calculate the TOF:

TOF = j ×A / 4 × F × n                                        (3)

Where: 

             j = current density at a fixed potential 

A = geometric area 

F = Faraday’s con. (96485.3 C/ mol)

n = the moles of metal atoms present on the electrode surface 

(The value of n is calculated from the molecular weight of the compound and the amount 

of catalyst present on the electrode surface.)

Preparation of standard electrocatalyst for OER:  

For the standard catalyst of OER, IrO2 was used. The same amount of catalyst (0.28 mg) 

was used to compare the electrocatalytic activity. In a small glass vial, 0.28 mg of IrO2 was taken 

along with 200 μL of isopropyl alcohol and 20 μL of Nafion (an adhesive), and the mixture was 

sonicated for 30 min. After that, the whole mixture was transferred quantitatively into 0.4 × 0.4 

cm2 CC and was used.

Chemicals

Cobalt(Ⅱ)nitrate hexahydrate and urea were purchased from Merck, India and KOH was purchased 

from SRL, India. Iridium(Ⅲ)chloride hydrate was purchased from Sigma Aldrich. Carbon cloth 

(CC), the conducting substrate, was purchased from Shree Balaji Scientific Company, India. To 

clean the CC, it was first soaked in concentrated nitric acid for 12 h and then rinsed in deionized 

water.  The final procedure was drying the washed CC in a standard oven at 50 °C for a few hours 

after cleaning it with Milli-Q water, ethanol, and acetone. Except for CC, none of the chemicals 

were purified. 

Computational details
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The Quantum ESPRESSO (QE) software suite was used to carried out the first-principles density 

(DFT) calculations.3-5 The X-ray powder diffraction data as obtained from our experimental 

observation have been primarily considered to model the crystal structure of Co3O4 compound. 

The Ir-SAC Co3O4 system is formed by doping a single Ir atom by substituting a Co atom in the 

Co3O4 crystal. The geometry optimization of the crystal structures has been performed by 

simultaneously varying the crystallographic axes and atomic positions under Broyden-Fletcher-

Goldfarb-Shanno (BFGS) scheme. 6-9 The valence electron configuration for Co, O and Ir atoms 

are 4s23d7, 2s22p4, and 5d76s24p5 respectively which are recognized as plane-wave whose kinetic 

energy cut-off was set at 70 Ry. The electron-ion interactions was included in the systems through 

the projector augmented wave (PAW) pseudopotentials 10. The Perdew-Burke-Ernzerhof (PBE) 

functional, which is a parametric version of the generalized gradient approximation (GGA) used 

to define the exchange-correlation (XC) term of the pseudopotential.11 The convergence 

requirement for total electronic energy was set at 10−8 a.u., with a maximum Hellman-Feynman 

force threshold of 10−3 a.u. To optimize geometry and calculate self-consistent field (SCF) energy, 

a 10×10×10 gamma-centered k-point mesh with the Monkhorst-pack scheme was used initially.

The defect formation energy (∆E) of IrSAC-Co3O4 has been evaluated using the following 

mathematical expression. 12-14.

           (S1)
∆𝐸 =  

1
𝑁𝐼𝑟

 [𝐸𝑆𝐴𝐶 ‒ 𝐸𝑏𝑎𝑟𝑒 ‒ 𝑁𝐼𝑟(𝜇𝐼𝑟 ‒ 𝜇𝐶𝑜)]

where ESAC and Ebare represent total energies of IrSAC-Co3O4 and Co3O4 systems, =1 is the 𝑁𝐼𝑟

number of single atom dopant Ir,  and  denote the chemical potentials of the single Ir and 𝜇𝐼𝑟 𝜇𝐶𝑜

Co atoms, respectively. The chemical potentials  and  were computed to their respective 𝜇𝐼𝑟 𝜇𝐶𝑜

bulk phases, i.e., face-centered cubic metallic Ir and hexagonal close-packed metallic Co, which 

corresponds to the metal-rich limit. This choice is consistent with established defect energetics 

protocols for transition-metal oxides, ensuring that the calculated energies remain 

thermodynamically bounded 15, 16. Under O-rich conditions, the chemical potential would be 

referenced to half the energy of an O2 molecule; however, such a choice would only shift the 

absolute values of ΔE and would not affect the relative stability trend between tetrahedral and 

octahedral substitution sites of Co, since both are evaluated within the same thermodynamic 

framework.
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The electronic band structures of Co3O4 and IrSAC-Co3O4 compounds were calculated along 

→X→W→L high-symmetry order where each high-symmetry point consists of 80 k–point mesh. Γ

The electronic band gap (Eg) values of the studied systems have been computed from the Heyd-

Scuseria-Ernzerhof (HSE) functional with the aid of screening parameter 0.20 17. A dense k – point 

grid of 20×20×20 mesh was further considered for density of states (DOS) and orbital resolved 

projected density of states (PDOS) calculations. The route for electrochemical of OER in pristine 

and SAC material were assessed using the QE software's climbing image nudged elastic band 

(CINEB) approach.
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Table S1: ICP-AES analysis of Ir decorated Co3O4 samples by using different con. of IrCl3 sol.

Table S2: Atomic % obtained from SEM-EDS mapping analysis of Ir/CO3O4 samples 
synthesized by using different concentration of IrCl3
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Table S3: XAS determined quantitative structural parameters of the IrSAC-Co3O4 and control 

samples.

*the Debye-Waller factor (σ²) is determined to be 0.0035 Å2 for fitting all experimental spectra.
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Table S4: XPS binding energy values of Co3O4, and IrSAC-Co3O4 (pre and post electrocatalysis)
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Table S5. Electrochemical parameters of Ir/Co3O4 sample synthesized by using different 
concentration of IrCl3 solution
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Table S6: A benchmark table comparing the performance with the literature for OER
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Table S7: parameters obtained from electrochemical impedance spectroscopy (EIS) data for 
Pristine Co3O4, and IrSAC-Co3O4 sample
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Table S8: All OER parameters of Co3O4, and IrSAC-Co3O4 samples
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Figure S1: XRD analysis of pristine Co3O4, and IrSAC-Co3O4 
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Figure S2 a and b: FESEM analysis of pristine Co3O4 sample at (a) low, (b) high magnification 
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Figure S2 c-h: FESEM images of IrSAC-Co3O4 sample synthesized by using 5 mg/mL (c and d), 
15 mg/mL (e and f), and 25 mg/mL (g and h) IrCl3 solution.
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Figure S3: (a), (b) TEM, and (c) HRTEM analysis of pristine Co3O4, and TEM (d), and HRTEM 

(e) images of IrSAC-Co3O4 samples (10 mg/mL).
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Figure S5: EPR analysis of Co3O4 and IrSAC-Co3O4
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Figure S6: OER activity of other samples synthesized with various amount of IrCl3 and 
respective onset potentials: 
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Figure S7: (a) CV analysis for Co3O4, (b) IrSAC-Co3O4, ECSA analysis of (c) Co3O4, and IrSAC-
Co3O4sample 
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Figure S8: (a) CV analysis for pristine and IrSAC-Co3O4 sample 
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          Figure S9: Post electrocatalysis FESEM analysis of IrSAC-Co3O4 
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Figure S10: Post electrocatalysis XPS analysis of IrSAC-Co3O4 (a) survey spectra, deconvoluted 
spectra of (b) O 1s, (c) Co 2p
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Figure S11: Raman analysis of Co3O4 and IrSAC-Co3O4 sample for Pre and post electrocatalysis
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Figure S12: Post electrocatalysis XRD analysis of IrSAC-Co3O4 F
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Figure S13. Optimized crystal structures of (a) pristine and (b) O-vacant Co3O4 systems as 

attained from the DFT calculations.
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