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Supplementary Notes 

Supplementary Note 1. Pourbaix diagram calculation. 

The Pourbaix diagram of RuO2/CoOx was constructed based on that of CoOx (Supplementary Fig. 

1). Specifically, RuO2/CoOx could form/dissolve through the following corrosion processes: 

CoOx* RuO2 + 2H2O → CoO𝑥+ RuO4
2- + 4H+ + 2e-                             (1) 

or           CoOx* RuO2 + 2H2O → CoOx+ RuO4
-  + 4H+ + 3e-                                         (2) 

with the free energy of the dissolution of CoOx* RuO2 as, 

𝛥G
CoOx* RuO2→ CoOx+ RuO4

2-

= 𝜇(CoO𝑥) + 𝜇(RuO4
2-) + 4𝜇(H+) + 2𝜇(e-) − 𝜇(CoO𝑥* RuO2) − 2𝜇(H2O)  (3)

or 𝛥GCoOx* RuO2→ CoOx+ RuO4
-

= 𝜇(CoOx) + 𝜇(RuO4
- ) + 4𝜇(H+) + 3𝜇(e-) − 𝜇(CoO𝑥* RuO2) − 2𝜇(H2O) (4)

where 𝜇(CoOx) = 𝜇0(CoO𝑥) , 𝜇(CoOx* RuO2) = 𝜇0(CoOx* RuO2) , 𝜇(H2O) = 𝜇0(H2O) , and 

𝜇(e-) = −eU. 𝜇0(CoOx), 𝜇0(CoOx* RuO2), and 𝜇0(H2O) were directly calculated from DFT, and 

their computational models were shown in Supplementary Fig. 2. 𝜇(aq) =𝜇0(aq) + 𝑘BTIn(𝛼(aq)). 

The values of 𝜇(RuO4
2-) and 𝜇(RuO4

- ) were referenced to the literatures1,2. For the proton (H+), 

H+ + e- ↔ 0.5 H2(g) has a standard free energy change of zero at the reduction potential U0 = 0 V 

versus standard hydrogen electrode (SHE) under standard condition (α(H+) = 1.0 M, pH = 0). Then 

0.5𝜇0(H2) = 𝜇0(H+) − eU0(H+/H2). For 𝜇(H+) at any pH, 𝜇(H+) = 0.5𝜇0(H2) − 𝑘BTIn10pH3. 

Based on equations (3) and (4), the free energy of CoOx* RuO2 dissolution can be rewritten as 

𝛥GCoOx* RuO2→ CoO𝑥+ RuO4
2- = 𝜇0(CoO𝑥) + 𝜇0(RuO4

2-) + 𝑘BTIn (𝛼(RuO4
2-)) + 2𝜇0(H2)

                                                  −4𝑘BTIn10pH −  2eUSHE − 𝜇0(CoOx* RuO2) − 2𝜇0(H2O)           (5) 

or 𝛥GCoOx* RuO2→ CoOx+ RuO4
- = 𝜇0(CoOx) + 𝜇0(RuO4

- ) + 𝑘BTIn(𝛼(RuO4
−)) + 2𝜇0(H2)

                                               − 4𝑘BTIn10pH −  3eUSHE − 𝜇0(CoOx* RuO2) − 2𝜇0(H2O)            (6)

When 𝛥G
CoOx* RuO2→ CoOx+ RuO4

2- or 𝛥GCoOx* RuO2→ CoOx+ RuO4
- > 0, RuO2 is considered as 

electrochemically stable on CoOx substrate. In the present work, the concentrations of ions are set to 

a concentration of 1×10-6 M. 
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Supplementary Note 2. Estimation of the proportion of interfacial Ru atoms to total Ru atoms 

in RuO2/CoOx catalyst. 

As shown in Supplementary Fig. 15, the RuO2 nanoparticles supported on CoOx surface are cube-

shaped with an average side length (a) of 2 nm. Note that the nearest neighboring Ru-Ru distance 

(rRu-Ru) measured in supplementary Fig. 15 is 3.14 Å. Therefore, the proportion of interfacial Ru 

atoms to total Ru atoms in RuO2/CoOx catalyst can be estimated to be ~15% according to the 

following equation: 

Ninterfacial Ru% =
Ninterface

Ntotal
=

(𝑎/𝑟Ru-Ru)2

(𝑎/𝑟Ru-Ru)3 × 100%               (7) 
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Supplementary Note 3. Calibration of turnover frequency (TOF) of RuO2/CoOx. 

It was assumed that all the Ru ions in the hybrid catalyst are active sites in the OER process. The 

TOF of RuO2/CoOx was calculated as:  

 TOF =
O2 turnovers

Total Ru sites
=

NO2

NRu
                   (8) 

where NO2
 and NRu are the O2 turnover and the total Ru sites on the geometric area of the electrode, 

respectively. NO2
can be calculated from the following equation: 

𝑁O2
= (𝐽

mA

cm2) × (
1C/S

1000 mA
) × (

1 mol e-

96485 C
) × (

1 mol O2

4 mol e- ) × 6.02 × 1023         (9) 

and 𝑁Ru can be estimated by, 

NRu =
mloading × RuO2 wt% × 6.023×1023

MRuO2

               (10) 

where mloading (0.25 mg cm-2) is the loading mass of RuO2/CoOx on per geometrical area of the 

electrode, MRuO2
 is the molar mass of RuO2. At an overpotential of 400 mV, the calculated TOF of 

RuO2/CoOx with 3.73 wt% RuO2 is 3.61 s-1. Note that the true TOF of the most active Ru/Co dual-

atom sites (Supplementary Fig. 39) should be even higher because the number of Ru/Co dual-atom 

sites is much smaller than the total number of Ru sites on RuO2/CoOx. 
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Supplementary Note 4. OER RDS of RuO2/CoOx. 

Notably, the generally accepted reaction steps4 for OER under neutral conditions are

H2O* → HO* + H+ + e－                           (11) 

HO* → O* + H+ + e
－
                                 (12) 

O* + H2O (l) → HOO* + H+ + e－                                    (13) 

HOO* → O2 + H+ + e
－
             (14) 

where * is the active site. As discussed the main text, for RuO2/CoOx, O–O bond formation 

(equation 13) is not the RDS. Our further calculation (Fig. 5c) reveals the RDS of RuO2/CoOx

transfers to subsequent step of *OOH formation – that is, desorption of O2 (equation 14). 
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Supplementary Note 5. Experimental validation of Ru/Co dual site as the active site for 

RuO2/CoOx. 

First, we deposited RuO2 nanoparticles on carbon black with the same particle size (~2 nm) as that 

on RuO2/CoOx (Supplementary Fig. 20c). As shown in Supplementary Fig. 37c, RuO2/CoOx exhibits 

a much higher current density than RuO2 with the same RuO2-mass loading, indicating the crucial 

role of interface in enhancing OER performance. Second, we prepared RuO2/CoOx with varied 

particle sizes (Supplementary Fig. 38) or loading masses of RuO2. Assuming either surface Ru site 

or interfacial Ru-Co dual-atom site as the most active sites, the corresponding site number can be 

calculated. Specifically, the number of interfacial Ru/Co dual-atom sites (Ninterfacial Ru/Co dual-atom site) 

can be numerically calculated by 

Ninterfacial Ru/Co dual-atom site=𝑁RuO2×𝑛interfacial Ru/Co dual-atom site       (15) 

where 𝑁RuO2  is the total number of RuO2 nanoparticles deposited on CoOx, and 

𝑛interfacial Ru/Co dual-atom site is the number of interfacial Ru/Co dual-atom sites on each RuO2 particle. 

Assuming that the RuO2 nanoparticles are cube-shaped with an average side length (a) of 2 nm, 

𝑁RuO2 can be calculated by 

𝑁RuO2 =
mRuO2

𝑎3×𝜌
                (16) 

where mRuO2  is the loaded RuO2-mass and ρ is the density of RuO2. Moreover, 

𝑛interfacial Ru/Co dual-atom site can be obtained by 

𝑛interfacial Ru/Co dual-atom site= 4 × (𝑎/𝑟Ru-Ru)          (17) 

where rRu-Ru is the nearest neighboring Ru-Ru distance measured in supplementary Fig. 15. The 

number of surface Ru sites (Nsurface Ru site) can be numerically calculated by 

Nsurface Ru site=𝑁RuO2×𝑛surface Ru site             (18) 

where 𝑛surface Ru site  is the number of surface of Ru sites on each RuO2 particle, which can be 

calculated by 

𝑛interfacial Ru/Co dual-atom site= 5 × (𝑎/𝑟Ru-Ru)2           (19) 

We correlated Ninterfacial Ru/Co dual-atom site  and Nsurface Ru site  with the OER current density of these 

samples at 1.50 VRHE (Supplementary Fig. 39). An adequate linear relationship was observed 

between NRu/Co dual-atom sites and the OER current density (Supplementary Fig. 39c). Therefore, these 

collective results reveal that the interfacial Ru/Co dual-atoms are the most active OER sites on 

RuO2/CoOx catalyst. 
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Supplementary Figures 

Supplementary Figure 1. Calculated Pourbaix diagram of CoOx. The concentration of Co2+ is 10-6

M. 
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Supplementary Figure 2. Theoretical investigation on the adhesion energy of the RuO2 cluster on 

CoOx substrates. (a) RuO2/Co3O4. (b) RuO2/CoOOH. (c) RuO2/CoO2. Note that the adhesion energy 

(∆𝐸) was calculated by 

∆𝐸 = 𝐸RuO2/CoO𝑥 − 𝐸RuO2 − 𝐸CoO𝑥                             (20) 

where 𝐸RuO2/CoO𝑥 , 𝐸RuO2, and 𝐸CoO𝑥  are the calculated energies for RuO2/CoOx, RuO2 and CoOx, 

respectively. The negative values of ∆𝐸 indicate a strong adhesion of RuO2 to the CoOx support. 

This undoubtedly decreases the driving force for RuO2 dissolution, thus stabilizes RuO2 in the 

hybrid catalyst. 
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Supplementary Figure 3. X-ray diffraction (XRD) patterns of as-fabricated CoO and Ru/CoO.
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Supplementary Figure 4. Elemental analysis of the Ru/CoO. (a) Transmission electron 

microscopic (TEM) image. (b-d) EDS elemental mappings of Co, O, and Ru, respectively. 
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Supplementary Figure 5. HAADF-STEM image of Ru/CoO nanorod. Note that the different 

sharpness of the particles (shown by the white arrows) reflects their different positions relative to 

the focus of the electron beam. This reveals that the deposited Ru particles are distributed 

individually on CoO. 
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Supplementary Figure 6. X-ray photoelectron spectroscopic (XPS) characterizations of the 

Ru/CoO and CoO. (a) Survey spectrum. (b) O 1s spectra. (c) Co 2p spectra. (d) Ru 3d spectrum.  
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Supplementary Figure 7. Schematic diagram of the synthesis of RuO2/CoOx via an in situ

electrochemical oxidation process. 
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Supplementary Figure 8. Cyclic voltammetry (CV) curves of the electrochemical oxidization of 

Ru/CoO to form the RuO2/CoOx. 
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Supplementary Figure 9. High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) image of the RuO2/CoOx. 
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Supplementary Figure 10. (a) Fourier transform extended X-ray absorption fine structure (FT-

EXAFS) spectra of RuO2/CoOx, RuO2 and Ru foil. (b) Schematic diagram showing the Ru-O bond 

in bulk RuO2 and Ru-O bond in interfacial Ru-O-Co. As shown in (a), a new peak assigned to Ru-

O-Co bonds (with shorter Ru-O distance in Ru-O-Co than that in RuO2) appears in the FT-EXAFS 

spectrum of RuO2/CoOx. 
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Supplementary Figure 11. Electron energy-loss spectroscopy (EELS) analysis of the RuO2/CoOx

across the interface. (a) HAADF-STEM image. Panel b and c show the EELS spectra of Ru-M2,3

and Co-L2,3 edge across the interface from point 1 to point 5 in (a), respectively. 
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Supplementary Figure 12. Schematic diagram of the in situ XPS analysis of RuO2/CoOx. (a) 

Photograph of the electrochemical cell (EC) in the analysis chamber of ambient pressure XPS end 

station. The analysis chamber pressure is ~0.3 mbar. (b) Scheme of the EC cell. 
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Supplementary Figure 13. (a) Co 2p and (b) O 1s XPS spectra of the CoOx collected in the in situ

measurements. 
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Supplementary Figure 14. In situ Ru 3d XPS spectra for RuO2/CoOx recorded at applied potential 

during 1.00-2.00 VRHE. As shown, Ru4+ and Ru3+ peaks are centered at 280.9 eV and 282.1 eV5. 
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Supplementary Figure 15. HAADF-STEM image of the RuO2/CoOx. It shows that the RuO2

nanoparticles supported on CoOx surface are cube-shaped with an average side length (a) of 2 nm.
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Supplementary Figure 16. EPR spectra of RuO2/CoOx at different potentials in 1.0 M phosphate 

buffered saline (PBS). Note that the potentials were referenced to RHE. Signals with geff of 4.226,7

and 2.158-11 correspond to Co2+ and Co4+, respectively. As can be seen, the content of Co2+ decreases 

with increasing the applied potential. Co4+ species appear at E =1.60 VRHE. The quantitative EPR 

results are provided in Fig. 3d. 
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Supplementary Figure 17. Structural characterizations of the RuO2/CoOx after 20 h continuous 

test at 1.80 VRHE. (a) TEM image. (b)-(e) HADDF-STEM image and corresponding elemental 

mappings of Co, O and Ru, respectively. Notably, the nanopores were generated by the release of 

lattice strain between the template ZnO and CoO during the cation exchange process12. The inset of 

(e) shows the Ru 3d XPS spectrum of RuO2/CoOx after stability test. As shown, the structural 

integrity of the RuO2/CoOx is well preserved and RuO2 nanoparticles are still distributed on CoOx

after the OER process. 
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Supplementary Figure 18. Long-term stability tests of the RuO2/CoOx in neutral solution. (a) 

Current density (I)-time (t) curves of the RuO2/CoOx at varied potentials. (b) I-t curve of the 

reference CoOx at 1.80 VRHE. The much larger current density of the RuO2/CoOx (~150 mA cm-2) 

than those of pristine CoOx (~10 mA cm-2) and RuO2 (20~30 mA cm-2, Supplementary Fig. 22a) at 

the same applied potential (1.80 VRHE) confirms the enhanced activity of the RuO2/CoOx hybrid 

catalyst.
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Supplementary Figure 19. Dynamic stability test of RuO2/CoOx with current densities from 10 to 

100 mA cm−2 in 1.0 M PBS.
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Supplementary Figure 20. Characterization of the pristine RuO2 deposited on carbon black. (a) 

SEM image, (b) and (c) Low- and high-magnification TEM images, respectively. (d)-(g) HAADF-

STEM image and corresponding elementral mappings of C, O and Ru, respectively. 
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Supplementary Figure 21. (a) Ru 3d and (b) O 1s XPS spectra of the pristine RuO2 deposited on 

carbon black. 
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Supplementary Figure 22. Stability tests of RuO2 in neutral solution. (a) I-t curves of RuO2 at 1.40, 

1.60 and 1.80 VRHE, all showing significant current density attenuations during test. (b) UV-Vis 

spectra of the 1.0 M PBS electrolytes after the RuO2 and RuO2/CoOx were tested for 20 h. As 

illustrated, the UV-Vis spectrum of RuO2 electrolyte shows obvious peaks at 254 and 371 nm, 

corresponding to hydrated Run+ ions (n>4)13,14, which demonstrates the dissolution of RuO2 during 

OER. In contrast, no absorption peaks can be observed in the spectrum of RuO2/CoOx electrolyte. 
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Supplementary Figure 23. Long-term stability tests of (a) RuO2/CoOx and (b) RuO2 at varied 

potentials in alkaline solution. Note that catalysts with identical mass of 2.0 mg cm-2 were loaded 

on nickel form for stability test. 
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Supplementary Figure 24. Remaining Ru contents in the RuO2/CoOx and RuO2 after continuously 

tested at different potentials for 20 h in alkaline electrolytes. Note that the potentials were 

referenced to RHE. 
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Supplementary Figure 25. SEM characterizations of RuO2/CoOx with different RuO2 mass 

loadings on per cm2 electrode. (a) 3 µg cm-2. (b) 6 µg cm-2. (c) 17 µg cm-2. (d) 30 µg cm-2. 
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Supplementary Figure 26. Polarization curves of the RuO2/CoOx with different RuO2-masses on 

per cm2 electrode in neutral electrolyte. It shows that the RuO2/CoOx with RuO2 loading of 10 µg 

exhibits the optimal OER activity. 
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Supplementary Figure 27. Polarization curves of RuO2 deposited on carbon black with different 

RuO2-masses on per cm2 electrode in neutral electrolyte with the commercial RuO2 as reference. It 

shows that the catalyst with RuO2 loading of 84 µg cm-2 exhibits the optimal OER activity, which is 

better than the commercial RuO2 catalyst (0.255 mg cm-2). Therefore, this RuO2 sample was used as 

the control sample in this work. 



34 

Supplementary Figure 28. (a-c) Plots of current density (J) versus scan rate for RuO2/CoOx, RuO2 

and CoOx, respectively. (d) Determined double-layer capacitance (Cdl) for RuO2/CoOx, RuO2 and

CoOx. Note that the electrochemically active surface area (ECSA) of the catalyst can be calculated 

by ECSA =
𝐶dl

𝐶s
× 𝑆geometric , where Cs is 60 μF∙cm-2, Sgeometric is the geometric area of the glassy-

carbon electrode, and Cdl was the measured electrical double-layer capacitor of the catalyst. (e) 

Intrinsic activity of RuO2/CoOx, RuO2 and CoOx. Note that JECSA is obtained by normalizing the 

OER current density to the calculated ECSA. 
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Supplementary Figure 29. OER polarization curve of RuO2/CoOx with a catalyst loading of 1.5 

mg cm-2 on nickel form in neutral electrolyte (1.0 M PBS).
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Supplementary Figure 30. Faradaic efficiency measurement of RuO2/CoOx at 10, 30, and 50 mA 

cm-2. (a1), (b1), and (c1) chronoamperometric curves obtained for gas chromatography (GC) tests. 

(a2), (b2), and (c2) O2 GC signals. (a3), (b3), and (c3) Faradaic efficiencies for O2 generation on 

RuO2/CoOx, with the insets showing the amount of experimentally collected O2 and theoretically 

calculated O2 based on Faraday’s law15, 

FE (O2) = nO2-measured/nO2-calculated = 4F×nO2-measured /Q                        (21) 

where nO2-measured and nO2-calculated are the experimentally measured and theoretically calculated O2

amount, respectively, F is the Faraday constant (96500 C mol-1), and Q is the total charge, which 

was calculated by integrating the chronoamperometric curve. These results show that RuO2/CoOx is 

highly selective for OER in neutral environments. 
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Supplementary Figure 31. Kinetic isotope effect (KIE) of RuO2 in neutral electrolyte. (a) Current 

density (J)-time curves with multiple cycles. (b) Average current density (Javerage) during the last 2 

minutes for each cycle. The KIE value was estimated from the ratio of the data of the blue points in 

the two fitted line in H2
16O and H2

18O. 
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Supplementary Figure 32. In situ surface-enhanced IR spectra of RuO2/CoOx in neutral electrolyte 

prepared by (a) H2
16O and (b) H2

18O. 
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Supplementary Figure 33. Polarization curves of the RuO2/CoOx with different RuO2-masses on 

per cm-2 electrode in alkaline electrolyte. It shows that the RuO2/CoOx with RuO2 loading of 10 µg 

exhibits the optimal OER activity. 
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Supplementary Figure 34. Theoretical investigations on the possible active sites of the RuO2/CoOx. 

(a) Selected Ru and Co sites that are away from the interface. (b) Corresponding calculated OER 

free energy diagrams of the selected Ru and Co sites in (a), confirming that the sites away from the 

interface are less active than the interfacial Ru/Co dual-atom sites. 
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Supplementary Figure 35. Theoretical investigation of *OOH formation on (a) RuO2/CoOx and (b) 

RuO2. As seen, the unique adsorption configuration of *OO–H…O facilitates the stabilization of 

*OOH at the interfacial Ru/Co dual-atom site with a more favarable ΔG*OOH of -0.50 eV. 
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Supplementary Figure 36. Computationally-optimized geometric structures of oxygen 

intermediates adsorbed on the RuO2 surface. (a) *OH. (b) *O. (c) *OOH. 
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Supplementary Figure 37. (a) Polarization curves of the RuO2 deposited on carbon black with 

different RuO2-masses on per cm2 electrode in neutral electrolyte. (b) Comparison of current 

density (J) of CoOx, RuO2/CoOx and RuO2 at 1.65 VRHE. The data for RuO2/CoOx and RuO2 with 

different RuO2-masses are presented. Note that the current densities of RuO2/CoOx are significantly 

higher than those of RuO2 and CoOx, indicating that the RuO2/CoOx interface is the key to improve 

the OER performance of RuO2/CoOx. (c) Comparison of current density (J) of RuO2/CoOx and 

RuO2 at 1.50 VRHE with identical RuO2-mass. Note that the performance of CoOx and RuO2/CoOx

was provided in Fig. 4a and Supplementary Fig. 26, respectively. 
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Supplementary Figure 38. TEM images and size distributions of RuO2/CoOx catalysts (10 µgRuO2) 

with different RuO2 sizes. (a1) and (a2) 2 nm. (b1) and (b2) 3 nm. (c1) and (c2) 4 nm. 
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Supplementary Figure 39. (a) Polarization curves of the RuO2/CoOx with varied RuO2 particle size 

or loading masses and CoOx in neutral electrolyte. We note that the orange, blue, and dark brown 

curves represent RuO2/CoOx (10 µgRuO2) with RuO2 particle size of 2, 3 and 4 nm, respectively. (b) 

and (c) Plot of current density (J) for RuO2/CoOx at 1.50 VRHE as a function of the estimated 

number of surface Ru sites and interfacial Ru/Co dual-atom sites, respectively. 
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Supplementary Tables 

Supplementary Table 1. Quantifying the remaining Ru contents in RuO2/CoOx and RuO2 after 

stability test in 1.0 M PBS by inductively coupled plasma mass spectrometry (ICP-MS).

Catalyst
Treating 
potential 
(VRHE) 

Ru content mass 
in catalyst (µg) 

Remaining Ru 
content in catalyst 
after test (wt%) 

Remaining Co 
content in catalyst 

after test (wt%) 

Pristine 
RuO2/CoOx

-- 39.90 100.00 100.00 

RuO2/CoOx-1 1.40 39.81 99.77 99.80 

RuO2/CoOx-2 1.60 39.76 99.65 99.71 

RuO2/CoOx-3 1.80 39.71 99.52 99.58 

Pristine RuO2 -- 133.13 100.00 -- 

RuO2-1 1.40 131.42 98.72 -- 

RuO2-2 1.60 123.01 92.40 -- 

RuO2-3 1.80 96.07 72.16 -- 

Supplementary Table 2. Quantifying the remaining Ru contents in RuO2/CoOx and RuO2 after 

stability test in 1.0 M KOH by ICP-MS. 

Catalyst
Treating 
potential 
(VRHE) 

Ru content 
mass in 

catalyst (µg) 

Remaining Ru 
content in catalyst 

after test (wt%) 

Remaining Co 
content in catalyst 

after test (wt%) 

Pristine 
RuO2/CoOx

-- 39.90 100.00 100 

RuO2/CoOx-1 1.40 39.69 99.47 99.63 

RuO2/CoOx-2 1.60 39.62 99.30 99.39 

RuO2/CoOx-3 1.80 39.53 99.07 98.97 

Pristine RuO2 -- 132.97 100.00 -- 

RuO2-1 1.40 131.46 98.87 -- 

RuO2-2 1.60 124.06 93.30 -- 

RuO2-3 1.80 102.29 76.93 -- 
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Supplementary Table 3. Details of preparing RuO2/CoOx
a for OER test. 

Catalyst
mRu𝐎𝟐

(μg cm-2)b

mCo𝐎𝐱
(mg cm-2)c

Ru (at%)d mCarbon black-ink
(mg cm-2)e

Total mass     
(mg cm-2)f

1 3 0.25 0.7 0.25 0.50 

2 6 0.25 1.3 0.25 0.50 

 3 10 0.25 2.1 0.25 0.50 

4 17 0.24 3.9 0.25 0.50 

5 30 0.23 7.0 0.25 0.50 

aloaded 0.05 mg RuO2/CoOx and 0.05 mg carbon black on RDE (0.196 cm2). bmass of RuO2 on per cm2 RDE, 

measured by ICP-MS. cmass of CoOx on per cm2 RDE, mCoOx = (0.05 mg- mRuO2) /0.196 cm2. dRu 

(at%)=NRu/(NRu+NCo), where NRu and NCo are the number of Ru and Co in the RuO2/CoOx catalyst, respectively. 

eadded in the catalyst ink. fTotal mass = mRuO2+ mCoOx + mCarbon black . 

Supplementary Table 4. Details of preparing reference RuO2
a (deposited on carbon black) for 

OER test. 

Catalyst
mRu𝐎𝟐

(μg cm-2)b

mCarbon black

(mg cm-2)c
mCarbon black-ink

(mg cm-2)d

Total mass     
(mg cm-2)f

1 23 0.23 0.26 0.50 

2 50 0.20 0.26 0.50 

3 84 0.17 0.26 0.50 

4 126 0.13 0.26 0.50 

a loaded 0.05 mg RuO2 (with supporting carbon black) and 0.05 mg carbon black on RDE (0.196 cm2). bmass of 

RuO2 on per cm2 RDE, measured by ICP-MS. cmass of carbon black for depositing RuO2 on per cm2

RDE, mCarbon black = 0.05 mg- mRuO2 . dmass of carbon black added in the catalyst ink. eTotal mass = 

mRuO2
+mCarbon black+mCarbon black-ink . 
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Supplementary Table 5. Performance comparison between RuO2/CoOx catalyst and the reported highly active catalysts in neutral solutions. 

Catalyst           Electrolyte
Overpotential @ 
10 mA cm-2 (mV)

Loading  
(mg cm-2) 

TOF (s-1) 
Current density retention after stability 

test 
Reference

RuO2/CoOx 1.0 M PBS 242 0.25 
1.21@300 mV 
3.61@400 mV 

99.8% after 200 h@10 mA cm-2 This work 

RuIrCaOx 0.50 M KHCO3 250 0.42 0.36@400 mV 99.3% after 200 h@10 mA cm-2 16

RuO2@C 1.0 M PBS 269 0.76 -- -- 17

PdP2/C 1.0 M PBS 277 0.28 -- -- 18

Ir-NSGa 1.0 M PBS 307 0.30 -- 97.3% after 4.2 h@1.4 V 19

IrRu@Teb 1.0 M PBS  309 0.60 -- -- 20

RhCo 1.0 M PBS  310 2.00 -- 94.6% after 5 h@1.6 V 21

N-Fe2PO5-x
c 1.0 M PBS 315 2.50 -- 99.6% after 30 h@50 mA cm-2 22

NiCoFeP 0.50 M KHCO3 330 0.39 -- 97.4% after 100 h@10 mA cm-2 23

Ru-RuO2/C3N4 1.0 M PBS 342 0.14 0.03@300 mV 97.5% after 5.5 h @10 mA cm-2 24

Ir1-Co(OH)2
d 1.0 M PBS 373 0.57 -- 98.5% after 10 h@10 mA cm-2 25

Co3O4 3.0 M KPi 390 0.16 0.01@400 mV -- 26

Co-Pi/Tie 1.0 M PBS 450 0.95 0.07@410 mV 99.4% after 20 h@10 mA cm-2 27
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aIr nanoclusters dispersed on N, S-doped graphene. bIrRu intermetallic nanoclusters loaded on tellurium nanoparticle support. cNitrogen-incorporated Fe2PO5. dSingle-atom Ir 

supported on Co(OH)2 nanosheets. eCobalt phosphate nanoarrays on Ti mesh. fCobalt metal-organic framework.

Co-MOFf 0.10 M PBS 548@2 mA cm-2 0.71 0.03@400 mV -- 28

NiFe2O4/FeNi2S4 0.20 M PBS 253@1 mA cm-2 0.20 -- -- 29

Co4Mo 0.10 M PBS  490 0.20 0.03@490mV 97.9% after 15 h@10 mA cm-2 30
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Supplementary Table 6. Location of *OOH reported in literature.a 

  Catalyst Location of *OOH (cm-1) Electrolyte Reference 

Pt/C 1212 0.1 M HClO4
31 

Ru1–Pt3Cu 1212 0.1 M HClO4
32 

CoOx 1054 1.0 M KOH 33 

NiFe MOF 1050 0.1 M KOH 34 

aNote that *OOH bands shift toward lower wavelength direction in alkaline solution compared with 

those in acidic solution. According to previous work35, it is ascribed to the fact that the H atom in 

*OOH can form hydrogen bond with O atom in OH–, resulting in *OOH to move in the lower 

wavenumber direction in IR spectra. The location of *OOH on our samples in neutral solution is 

between the reported values of *OOH in alkaline and acidic solutions. 
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Supplementary Table 7. Performance comparison between RuO2/CoOx catalyst and the reported highly active catalysts in alkaline solutions. 

Catalyst Electrolyte
Overpotential @ 
10 mA cm-2 (mV)

Loading 
(mg cm-2) 

TOF (s-1) 
Current density retention after 

stability test 
Reference

RuO2/CoOx 1.0 M KOH 165 0.25 8.75@300 mV 97.3% after 20 h@1 A cm-2 This work

NiFe-Boride 1.0 M KOH 167 0.39 -- 99.7% after 100 h@20 mA cm-2 36

(Ru-Co)Ox 1.0 M KOH 171 0.80 0.25@270 mV 98.1% after 10 h@10 mA cm-2 37

Ir/CoNiB 1.0 M KOH 178 -- 0.37@300 mV 98.4% after 50 h @ 100 mA cm-2 38

NiO/NiFe LDHa 1.0 M KOH 180 0.20 0.71@300 mV 99.8% after 10 h @20 mA cm-2 39

NiFeCu 1.0 M KOH 180 0.45 -- 99.7% after 20 h @20 mA cm-2 40

NiMOx/NiMoS 1.0 M KOH 186 -- -- 98.6% after 25 h@500 mA cm-2 41

LNFb 1.0 M KOH 189 0.23 -- 98.7% after 100 h@10 mA cm-2 42

FeCoW 1.0 M KOH 223 0.21 0.46@300 mV 99.8% after 550 h@30 mA cm-2 43

Ru/CoFe-LDH 1.0 M KOH 198 1.0 -- 99.5% after 24 h@200 mA cm-2 14

Mo-Co9S8 1.0 M KOH 200 1.0 -- 99.7% after 72 h@10 mA cm-2 44

Ru1-FeCoNi 1.0 M KOH 205 0.25 -- 98% after 48 h@10 mA cm-2 45

CoV-Fe0.28
c 1.0 M KOH 215 0.28 -- 96.9% after 40 h@1.55 V 46
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Co3O4/Fe0.33Co0.66P 1.0 M KOH 215@50 mA cm-2 2.5 -- 89.4% after 150 h@240 mV 47

NiFeP 1.0 M KOH 218 -- -- 98.1% after 30 h@10 mA cm-2 48

Fe-CoP/CoO 1.0 M KOH 219 0.29 -- 97.5% after 12 h@10 mA cm-2 49

NiFe LDHd 1.0 M KOH 225 0.10 -- -- 50

NiFeRu-LDH 1.0 M KOH 225 1.20 -- 98.8% after 10 h@10 mA cm-2 51

CoFeWOx 1.0 M KOH 231 0.20 0.54@300 mV 99.4% after 120 h@100 mA cm-2 52

Au1-NiFe LDH 1.0 M KOH 237 2.0 -- 91.2% after 20 h@100 mA cm-2 53

NiFe-LDH 1.0 M NaOH 240 -- -- -- 54

Fe0.4Co0.6Se2 1.0 M KOH 270 0.50 1.23@300 mV 98.3% after 24 h@10 mA cm-2 55

Ir16-PdCu 0.1 M KOH 284 0.050 64.1@300 mV 98.6% after 10 h@10 mA cm-2 56

RuO2 0.5 M KOH 358 0.025 0.53@400 mV -- 57

aNiO nanoparticles connecte with NiFe LDH. bFeCl3 treated LaNiO3. cCobalt-vanadium-iron (oxy)hydroxide (CoV-Fe0.28). dNiFe layered double 
hydroxides (LDHs). 
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