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Materials

Iridium chloride hydrate (IrCl3.xH2O), Cobalt acetate tetrahydrate (Co(acac)2.4H2O), Cobalt(II) 

chloride hexahydrate (CoCl2.6H2O), D-Glucose (G8270), Melamine (M2659), Nafion were 

suppled from Sigma-Aldrich. 95% Sulfuric acid (H2SO4), Nitric acid (HNO3) and ethanol were 

purchased from SAMCHUN Chemical. Carbon Black – Vulcan XC-72R was supplied by 

FuelCellStore. 20 % Pt on Vulcan XC-72 and 20 % Ir on Vulcan XC-72 were purchased from 

Premetek. Toray Carbon paper PTFE treated TGP-H60 was supplied by Alfa Aesar.

Calibration of reference electrode

The electrolyte (0.5 M H2SO4) was saturated by bubbling hydrogen gas for at least 30 min before 

calibration.[1] The measured potentials versus saturated calomel electrode (SCE) were converted 

to the potentials versus reversible hydrogen electrode (RHE) by the following equation: 

ERHE = ESCE + 0.2603 V
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Turnover frequency calculation

The TOF per metal (Ir-based) site in the IC1-GN catalyst for the HER is estimated by the equation:

 𝑇𝑂𝐹 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟/𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑐𝑚2)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠/𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑐𝑚2)

The total number of hydrogen turnovers was calculated from the current density using the formula.

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑠

= 𝑗(𝑚𝐴 𝑐𝑚 ‒ 2)1(𝐶𝑠 ‒ 1(10 ‒ 3𝑚𝐴) ‒ 1)(1 𝑚𝑜𝑙 𝑒 ‒ (96485.3 𝐶) ‒ 1)(
1 𝑚𝑜𝑙𝑒 𝐻2

2 𝑚𝑜𝑙𝑒 𝑒 ‒
)(

6.022 𝑥 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝐻2

1 𝑚𝑜𝑙𝑒 𝐻2
)

= 3.12 𝑥 1015 𝐻2 𝑠
‒ 1𝑐𝑚 ‒ 2 𝑝𝑒𝑟 𝑚𝐴 𝑐𝑚 ‒ 2

The number of Ir metal ions was determined from the inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) measurement (5 wt%).

Accordingly, the active site density based on bulk Ir is:

5
100

 𝑥 (1.6 𝑚𝑔 𝑐𝑚 ‒ 2) 𝑥 ( 1 𝑚𝑚𝑜𝑙
192.2 𝑚𝑔)𝑥 6.022 𝑥 1020 𝑠𝑖𝑡𝑒𝑠 𝑚𝑚𝑜𝑙 ‒ 1

= 2.5 𝑥 1017 𝐼𝑟𝑠𝑖𝑡𝑒𝑠𝑐𝑚 ‒ 2

At an overpotential of 0.0293 V (vs RHE), the HER current density is 100 mA cm-2, and the Ir 

based TOF value of catalyst was calculated to be

  = 

3.12 𝑥 1015 𝐻2 𝑠 𝑐𝑚 ‒ 2 𝑚𝐴 ‒ 1 𝑐𝑚2 𝑥 100 𝑚𝐴 𝑐𝑚 ‒ 2

2.5 𝑥 1017𝐼𝑟𝑠𝑖𝑡𝑒𝑠𝑐𝑚 ‒ 2 1.248 𝑠 ‒ 1/𝐼𝑟𝑠𝑖𝑡𝑒𝑠
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Mass activity calculation

Mass activity of the catalysts were calculated by following formula:

Mass activity  = 

𝐴
𝑚𝑔

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝐴

𝑐𝑚2
)

𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ( 𝑚𝑔

𝑐𝑚2) ∗  𝐼𝑟 (𝑜𝑟 𝑃𝑡)𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (%)

Take IC1-GN for an example, mass activity of IC1-GN was estimated at 29.3 mV vs RHE

Mass activity  =  = 1.662 A mgIr
-1

𝐴
𝑚𝑔𝐼𝑟

0.1 𝐴
5 ∗ 60

1000 ∗ 0.25
∗ 5.0132%
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Geometry Model and Computational Method

Model

The primitive unit cells of individual metal surfaces were optimized using 11x11x1 k-point and 

then we built a 5-layered 3×3-supercells of each unit cell (Pt-111, Ir-111, Co-111 and 1:1 ratio of 

Ir-Co-111). The bottom two layers of metal atoms were fixed at the bulk lattice positions, whereas 

the top three layers and the adsorbed hydrogen were relaxed. A vacuum space of 15 Å was set in 

the z-axis to eliminate the interactions between the neighboring layers.

Computational Method

All calculations were carried out by using Vienna Ab-initio Simulation Package (VASP).[2] Spin-

polarized density functional theory (DFT) calculations were performed using revised PBE 

(RPBE)[3] with the Tkatchenko–Scheffler dispersion correction (TS)[4] and projected augmented-

wave pseudopotentials[5] with the kinetic energy cutoff of 500 eV. The Brillouin zone was sampled 

by a 3×3×1 array of k-points in the Γ-centered grid. All structures were fully relaxed to the ground 

state. The convergences of energy and force were set to 1×10-4 eV and 0.02 eV/Å, respectively. 

H-adsorption energies (ΔEH*) was calculated by ΔEH* =  and 
𝐸𝐻 ‒ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ‒  (𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒 +  0.5𝐸𝐻2

)

the free energies (ΔGH*) were obtained by using ΔGH* = ΔGH* = ΔEH* + ΔZPE – TΔS, where ΔEH* 

is the hydrogen adsorption energy, ΔZPE and ΔS are the zero point energy changes and entropy 

changes, respectively.



6

Figure S1. Calibration of SCE with respect to RHE in 0.5 M H2SO4 at 1 mV s-1.
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Figure S2. HAADF-STEM image and corresponding element mapping images of IC1-GN.
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Figure S3. a) HR-TEM image, b) corresponding FFT pattern, c) line EDS mapping, and d-e) 

concentration profile analyses obtained on the selected line of IC1-GN. The (111) planes in b) 

correspond to those of the cubic structure of IrCo alloy, which clearly indicates the formation of 

IrCo alloy. 
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Figure S4. XAFS investigation on the Co moieties at the Co K-edge of IC1-GN catalyst and Co 

foil. a) XANES spectra. b) Fourier transform magnitudes.
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Figure S5. LSV curve of catalysts prepared at different temperatures 650 oC, 750 oC, and 850 oC. 

In this regard, 750 oC is the optimized synthesis condition.
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Figure S6. CV profiles recorded in non-Faradaic region with scan rate of 5, 10, 15, 20, 25 mV s-1 

in H2-saturated 0.5 M H2SO4 electrolyte and corresponding Cdl calculation of a,b) IC1-GN. c,d) 

IC2-GN. e,f) IC3-GN. g,h) IC. i,j) Pt/C. k,l) Ir/C. 

a b c d

e f g h

i j k l
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Figure S7. Structural analysis of IC1-GN catalyst after stability testing. a) TEM image. b,c) High-

resolution TEM images. d) High-angle annular dark-field (HAADF) TEM image and e-h) 

corresponding elemental mapping of C, N, Ir, Co.
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Figure S8. XRD pattern of IC1-GN before (red line) and after (green line) stability.

initial

After stability
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Figure S9. Top view for optimized configurations of most active H-adsorption sites and their 

corresponding HER-free energy (eV) for different configurations of Ir, Co, Pt, and IrCo. The bulk 

surfacecs including Ir-111, IrCo-111, Co-111 and Pt-111 surfaces. (Pt: grey, Ir: greenish yellow, 

Co: light blue, H: cyan).

Figure S10. Comparison of HER free energies at different active sites on exposed surfaces of the 

IC1-GN electrocatalyst.
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Figure S11. Projected density of states (PDOS) of Ir-111, IrCo-111, and Co-111. The 

redistribution of d-states in bonding and antibonding causes a slight shift in d-band center towards 

the Fermi level of IrCo-111 with respect to its parent metals. The charge density map for IrCo-111 

is shown in Figure S10 and Figure 4(b). The localized d-electrons near the Fermi level results in 

an enhanced HER activity.

Figure S12. A charge density map (a) Pt-111, (b) Ir-111, (c) 1:1 ratio alloy of IrCo-111, (d) 1:1 

ratio alloy of IrCo-111 with defect created by removal of one Ir atom from the surface.
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Table S1. The weight percentage of Ir element contained in all catalysts obtained from inductively 

coupled plasma optical emission spectroscopy (ICP-OES).

Samples Ir (wt%) Co (wt%)

IC1-GN 5.0132 61.354

IC2-GN 5.3695 46.7463

IC3-GN 4.8739 88.607

IC 5.0640 64.8959
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Table S2. Comparison of the mass activity of IC1-GN, IC2-GN, IC3-GN, IC, commercial Ir/C and 

Pt/C at 29.3 mV vs RHE.

Catalysts Mass activity (A mgIr (or Pt)
-1)

IC1-GN 1.662

IC2-GN 0.773

IC3-GN 1.615

IC 1.333

Ir/C (20 wt. %) 0.327

Pt/C (20 wt. %) 0.270
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Table S3. Comparison of turnover frequency (TOF) values of catalysts.

Samples TOF (s-1)

IC1-GN 1.248

IC2-GN 0.576

IC3-GN 1.203

IC 0.989

Ir/C 0.242

Pt/C 0.205
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Table S4. ICP-OES analysis of electrolyte after stability testing. 

Sample Ir (mg/L) Co (mg/L)

IC1-GN 0.049 0.083
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