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Supplementary Figure 1. Characterizations of ZIF-8 nanocubes. a, TEM image. b,

SEM image. ¢, XRD patterns of ZIF-8 nanocubes.
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Supplementary Figure 2. TEM images of the samples obtained at three
representative stages during the evolution process from ZIF-8 nanocubes to hollow
nanoboxes. a, Initial ZIF-8 nanocubes. b, Intermediates obtained after 5 mins of

solvothermal reaction. ¢, Products obtained after 2 hr of solvothermal reaction.



Supplementary Figure 3. TEM images of samples with different Ru:Ir ratios. a,
RuZnOy. b, RulrZnO:-25. ¢, RulrZnOs-50. d, RulrZnO,-72.5. 25, 50 and 72.5
indicates the introduction amount of Ir precursor (umol). RulrZnO,-72.5 was simply

denoted as RulrZnOy in the manuscript.
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Supplementary Figure 4. XRD patterns of samples with different Ru:Ir ratios.



Supplementary Figure 5. Solvothermal reaction products of ZIF-8 with (a) Ru
only, (b) Ru + Ir, and (c) Ir only.
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Supplementary Figure 6. Characterization of RulrZnO.-U and RulrZnO.. a-b,
SEM images of RulrZnO,-U (a) and RulrZnO; (b). ¢-d, TEM images of RulrZnO,-U
(¢) and RulrZnOy (d). e, XRD patterns.



Supplementary Figure 7. SEM images. (a) Low, (b) high magnification SEM images
of RulrZnO; and (c¢) low, (d) high magnification SEM images of RuZnOi.
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Supplementary Figure 8. Nitrogen adsorption-desorption isotherms. a, RulrZnO,.

b, RuZnO,. The insets are the corresponding micropore size distribution curves.
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Supplementary Figure 9. X-ray absorption spectroscopic studies of the RulrZnOx.
a, Raman spectrum profile of RulrZnO. nanobox. b, Fourier-transform EXAFS
spectrum of RulrZnO, nanobox in comparison with that of RuO, and Ru foil at the Ru
K-edge. ¢, Fourier-transform EXAFS spectrum of RulrZnO, nanobox in comparison

with IrO; and Ir foil at the Ir Ls-edge.
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Supplementary Figure 10. Supplementary characterizations of of RulrZnO,-U

and RulrZnOx. a, TGA profile. b, FT-IR spectra. c-e, XPS spectra.



Supplementary Figure 11. Characterization of RulrZnO, nanoboxes. a, HRTEM
and b, magnified images. ¢, AC HAADF-STEM and d, magnified images. e, EDX

elemental mapping. Inset of b shows the SAED pattern.
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Supplementary Figure 12. Characterization of RuZnO, nanoboxes. a, Dark-filed

HRTEM. b, Bright-filed HRTEM. ¢, Raman spectrum. d, Magnified HRTEM images.

e, SAED. f, EDX elemental mapping.
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Supplementary Figure 13. Calibration of the saturated calomel electrode (SCE)
with the respect to RHE. a, b, Current-potential curves of the Pt plate (1 cm?) in highly
pure Hs-saturated 1.0 M KOH solution and 0.5 M H>SOs4 solution. Scan rate: 1 mV-s™..
All the measured polarization curve potentials in this work were converted to reverse
hydrogen electrode (RHE) by following equations: Erue = Esce + 1.031V (1.0 M KOH
solution); Erug = Esce + 0.229V (0.5 M H2SO4 solution).
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Supplementary Figure 14. HER performance of samples with different Ru:lIr
ratios. a, b, Polarization curves of samples in 1.0 M KOH solution and 0.5 M H2SO4
solution. Scan rate: 1 mV's™'. The HER performance is enhanced as the Ir ratio increases.
Therefore, we selected the RulrZnO,-72.5 with the saturated Ir ratio as the optimized
catalyst for further investigation, which was simply denoted as RulrZnO, in the

manuscript.
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Supplementary Figure 15. HER activity trends as the etching of ZnO progressed.

a, b, Polarization curves of RulrZnOy #-nanoboxes in 1.0 M KOH solution and 0.5 M

H>SO4 solution. Scan rate: 5 mV-s™.
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Supplementary Figure 16. HER electrochemical performance of typical samples.

a, b, Tafel plots of electrocatalysts in 1.0 M KOH and 0.5 M H2SOs. ¢, d, Nyquist plots

of the catalysts under the overpotential of 20 mV for HER in 1.0 M KOH solution and

0.5 M H2SOs4 solution. e, f, Faradaic efficiencies.
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Supplementary Figure 17. HER Durability tests. a-b, The polarization curves of
RulrO;, before and after 3,000 CV cycles in 1.0 M KOH solution and 0.5 M H>SO4

solution. ¢, The polarization curves of RuO, before and after 3,000 CV cycles in 1.0 M

KOH solution. Scan rate: S mV's™.
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Supplementary Figure 18. OER electrochemical performance of typical samples.

a, b, Tafel plots of electrocatalysts in 1.0 M KOH and 0.5 M H2SOs. ¢, d, Nyquist plots

of the catalysts under the overpotential of 200 mV for OER in 1.0 M KOH solution and

0.5 M H2SOs4 solution. e, f, Faradaic efficiencies.
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Supplementary Figure 19. OER Durability tests of RulrOx and RuOy in 0.5 M
H2S04 solution. a, The polarization curves before and after 5 CV cycles of RuO.. b,
The polarization curves before and after 3,000 CV cycles of RulrO, nano-netcage. Scan

rate: S mVs.
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Supplementary Figure 20. OER Durability tests of RulrOx and RuOyx in alkaline

solution. a, The polarization curves of RuO, in 1.0 M KOH solution (pH=14). b, The
polarization curves of RulrOy in 1.0 M KOH solution (pH=14). ¢, The polarization

curves before and after 1,000 CV cycles of RulrO, in PBS solution (pH=12). Scan rate:

5mVs.
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Supplementary Figure 21. Characterization of RulrO.-H-Alkaline. a, TEM. b,
HRTEM. ¢, SAED. d, EDX elemental mapping.
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Supplementary Figure 22. Line-scan profiles of RulrZnOx and RulrOy after

electrochemical activation.
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Supplementary Figure 23. EDX elemental mapping of RulrZnO. and RulrOx

after electrochemical activation.
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Supplementary Figure 24. SEM images of electrochemically in-situ formed

RulrO..



Supplementary Figure 25. Comparison of nanobox, nanoframe and nano-netcage.
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Supplementary Figure 26. Comparison of the products obtained from liquid-phase
etching method and in-situ electrochemical etching method. a-c, HRTEM image
(a), AC HAADF-STEM image (b) and EDX spectroscopy line-scan profiles (¢) of
RulrZnOy h-nanobox. d-f, HRTEM images (d-e¢) and EDX spectroscopy line-scan
profiles (f) of samples after liquid-phase etching of ZnO. g-i, AC HAADF-STEM
images (g-h) and EDX spectroscopy line-scan profiles (i) of RulrO, nano-netcage after
in-situ electrochemical etching of ZnO. In a typical process, the RulrZnO, nanoboxes
(20 mg) were added into 10 mL 1 M KOH solution and stirred for 30 min. The
nanostructures obtained from KOH etching have smooth surfaces, rather than porous

ones. EDX line-scan revealed the existence of residual ZnO.
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Supplementary Figure 27. HER of RulrZnOy obtained after liquid-phase etching.
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Supplementary Figure 28. XPS of electrochemical in-situ generated RulrQO,.
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Supplementary Figure 29. XAS studies of electrochemically in-situ formed RulrQO,.
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Supplementary Figure 30. k3-weighted EXAFS oscillations collected at Ru K-edge

(a) and Ir-L3 edge (b) of different samples. The experimental (open symbols) and fits

(solid lines) are shown.
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Supplementary Figure 31. operando XAS of RulrOy under HER condition in 1 M
KOH.
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Supplementary Figure 32. operando XAS of RulrO, under HER condition in 0.5
M H:SOs4.
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Supplementary Figure 33. Electrochemical surface area (ECSA) measurement of
RulrOy and RuOx nano-netcages. Cu-UPD in 0.5 M H2SOys in the presence (I-V) of
5 mM CuSOs on RulrO; (a) and RuOx (¢). Cu-UPD in 0.5 M H2SO4 in the absence (1)
and presence (II) of 5 mM CuSOs4 on RulrO; (b) and RuOx (d).
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Supplementary Figure 34. Characterization and ECSA measurement of
commercial Ru/C, Ir/C and Pt/C catalysts. TEM image and size distribution of
commercial Ru/C (Ds = 1.2 nm) and Ir/C (D4 = 2.0 nm) catalysts (a, b). Cu-UPD in
0.5 M H2SOy4 in the absence (I) and presence (I1) of 5 mM CuSO4 on commercial Ru/C
(¢), Ir/C (d) and Pt/C (f) catalysts. The electrode was polarized at 0.24 V (¢), 0.25 V (d)
and 0.30 V (f) for 100 s to form the UPD layer for I and II. e, H-UPD of Pt/C in 0.5 M
H2SO04.
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Supplementary Figure 35. Electrochemical surface area (ECSA) of catalysts.
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Supplementary Figure 36. Model structures of the fcc Ruzlr (111) surfaces, with

the corresponding surface energies y given in parentheses.
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Supplementary Figure 37. The predicted free energy profiles of the elementary

steps for HER on Ru (0001) (black line), Ir (111) (blue line) and Ruzlr (111) (red

line) surfaces under acidic and alkaline conditions. Volmer step under acidic HER

condition (a). Volmer step under alkaline HER condition (b). Tafel step under acidic

and alkaline HER conditions (c¢). The O atoms are in red, H in pink, Ir in gray and Ru

atoms in gold.




Supplementary Figure 38. Electron density difference of Ru:lr with *H. The
increase of electron density is indicated by the yellow color, while the decrease of

electron density by the cyan color.
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Supplementary Figure 39. The predicted free energy profiles for HER on Ru (0001)
surface (black line), Ir (111) surface (blue line), RuzIr (111) surface (red line),
RuzlIrZn (111) surfaces (Zn located at the surface) with Zn (green line) and Ir (cyan
line) active sites, and RuzlrZns (111) surface (Zn incorporated in the slab) with Ir

active site (magenta line) at U =0 eV.
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Supplementary Figure 40. Top and side views of the intermediates in HER on
RuzlIrZn (111) surfaces with (a) Zn (green line), (b) Ir (cyan line) active sites, and
(¢) RuzIrZns (111) surface with Ir active site (magenta line). The H atoms are in pink,

Ir in gray, Ru in gold and Zn atoms in blue.
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Supplementary Figure 41. The predicted free energy profiles of the RDS for OER

on RuOx (110) surface (black line), RulrO, (110) surfaces with Ir (blue line) and

Ru (cyan line) as the active sites under acidic (a) and alkaline (b) conditions. The

O atoms are in red, H in pink and Ru atoms in gold.



Supplementary Figure 42. Structures of the intermediates and transition states
(TS1, TS2) of the RDS for OER on RulrOx (110) surfaces with Ir (blue frame)
active sites under acidic condition (a), Ru (cyan frame) active sites under acidic
condition (b), Ir (blue frame) active sites under alkaline condition (c) and Ru (cyan
frame) active sites under alkaline condition. The O atoms are in red, H in pink, Ir in

gray and Ru atoms in gold.
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Supplementary Figure 43. Structures of the intermediates in OER on RulrO, (110)

surfaces with (a) Ir (blue frame) and (b) Ru (cyan frame) active sites. The O atoms

are in red, H in pink, Ir in gray and Ru atoms in gold.
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Supplementary Figure 44. The predicted free energy profiles for OER on
RulrZnOx (110) surface (Zn located at the surface) with Zn active site (green line)
and RulrZnO, (110) surfaces (Zn incorporated in the slab) with Ir (red line) and
Ru (magenta line) active sites at U = 1.23 eV. The energy uptake of the PLS is 0.43
eV at the Ir site of RulrZnsOy, even higher than that (0.40 eV) of RulrO,. OER on the
Zn site at the surface is also hindered due to large energy barriers of the first two steps

(1.03 eV, 1.69 eV).



Front view

Supplementary Figure 45. Structures of the intermediates in OER on (a)
RulrZnOy (110) surface with Zn active site (green frame), (b) RulrZnsOx (110)
surface with Ir active site (red frame) and (c¢) RulrZnsO. (110) surface with Ru
active site (magenta frame). The O atoms are in red, H in pink, Ir in gray, Ru in gold

and Zn atoms in blue.
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Supplementary Figure 46. operando XAS of RulrO, under OER condition in 0.5

M H2SOs.
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Supplementary Figure 47. Experimental setup with an AA battery for overall

water splitting.



Supplementary Tables

Supplementary Table 1. Samples with different Ru:Ir ratios.

Introduction amount

Introduction amount

Ru:Ir (molar

Sample of Ru precursor of Ir precursor
ratio, ICP-OES)
(umol) (umol)

RuZnO, 75 0 1:0
RulrZnO,-25 62.5 25 1:0.34
RulrZnO,-50 62.5 50 1:0.46

RulrZnO,-72.5 62.5 72.5 1:0.47




Supplementary Table 2. Summary of some recently reported catalysts for HER in

alkaline electrolyte.

octahedrons

Catalyst
'y n 1o Tafel
loading 5
Catalyst Electrolyte mA-cm™) slope Ref.
amount 1
5 /mV /mV-dec
/mg-cm
0.01
RulrO; 1.0 M KOH 13 23 This work
(Ru+lIr)
Ru@CoN 1.0 M KOH 0.285 17 38 1
RuCo@NC 1.0 M KOH 0.275 28 31 2
Ni@NiP-Ru 1.0 M KOH 0.283 31 41 3
Pt3Ni; 1.0OMKOH | 0.015 (Pt) 40 - 4
Au-Ru-2 NWs 1.0 M KOH 0.08 50 31 5
RuP> @NPC 1.0 M KOH 1.0 52 69 6
Ru/C;3N4/C 0.1 M KOH 0.2 79 - 7
86 (4
Pt/SL-Ni(OH); | 1.0MKOH | 0.016 (Pt) - 8
mA-cm?)
Pt@PCM 1.0 M KOH - 139 74 9
158 (5
CoMoSx 0.1 M KOH 0.05 - 10
mA-cm?)
Co(OH)2/Pt(111) | 0.1 M KOH - ~248 - 11
MoCx nano-
1.0 M KOH 0.8 151 59 12




Supplementary Table 3. Summary of some recently reported catalysts for HER in

acidic electrolyte.

Catalyst
Y 1 (10 Tafel
loading )
Catalyst Electrolyte mA-cm™) slope Ref.
amount 1
5 /mV /mV-dec
/mg-cm
0.01
RulrOy 0.5 M H,SO4 12 21 This work
(Ru+Ir)
Ru@C,N 0.5 M H2SO4 0.285 22 30 1
IrCo@CN 0.5 M H2SO4 - 24 23 13
A-Ni-C 0.5 M H2SO04 0.283 34 41 14
Ni@Ni,P-Ru | 0.5 M H,SO4 0.283 38 31
RuP> @NPC | 0.5 M H,SO4 1.0 38 38
CoPS
0.5 M H2SOq4 - 48 57 15
nanoplate
Pt-MoS; 0.5 M H2SO4 | 0.075 (Pt) 53 40 16
WO2 0.5 M H2SO4 0.285 70 50 17
Pt ML Ag
) 0.5 M H2SO4 -- 70 53 18
NF/Ni foam
Pt NWs/SL- 95 (5
. 0.5 M H,SO04 - - 8
Ni(OH), mA-cm?)
SV-MoS; 0.5 M H,SO04 - 170 60 19
Mo03S13]*
MosS1sl™ - s M mso, 0.1 180 40 20
clusters
207 (5
CoMoSy 0.5 M H,SO04 0.05 ( - 10
mA-cm)
Mesoporous
0.5 M H,SO04 0.06 233 50 21
MoS;
Exfoliated
WS, 0.5 M H2SO04 0.0065 234 55 22

nanosheets




Supplementary Table 4. The Ru:Ir molar ratio of different samples.

Ru:Ir molar RulrO,-H- | RulrO,-H- | RulrO,-O- | RulrO,-O-
RulrZnO,
ratio Alkaline Acid Alkaline Acid
ICP-OES 2.13 2.01 2.18 1.88 1.90




Supplementary Table 5. The calculation of ratio of effective surface area.

surface area (%)

Ru/C Ir/C RuOx RulrOx
R (nm) 0.6 1.0 1.5 1.5
Theoretical specific
650.80 136.92 173.55 133.44
surface area (m?-g™!)
ECSA obtained via
19.2 32.5 102.9 93.9
Cu-UPD (m*-g™)
Ratio of effective
3.0 23.7 59.3 70.4




Supplementary Table 6. Bader charges of atoms in the H adsorbed systems.

Atom*“ Ru Ir Rulr
Ru* 0.05
Ir* 0.05 -0.05
Ruy -0.03
Iry -0.04 -0.17
Ru 0.07 0.20
Ir; 0.06
H -0.24 -0.12 -0.15

“M; (M = Ru, Ir) corresponds to the average charge of M atoms in the first layer while

M, for the second layer.




Supplementary Table 7. Summary of some recently reported catalysts for overall

water splitting.

Cell voltage (10
Catalyst Electrolyte Ref.
mA-cm?) /mV

RulrO; 1.0 M KOH 1.47 This work
NiCeOx-Au 6.0 M KOH 1.5 23
NiFeOy, 1.0 M KOH 1.51 24
Porous MoO,/NF 1.0 M KOH 1.53 25
NiFe-MOF/NF 1.0 M KOH 1.55 26
MoS,/NisS> 1.0 M KOH 1.56 27
NiSe/NF 1.0 M KOH 1.63 28
CoP/NCNHP 1.0 M KOH 1.64 29
NiCo0204 1.0 M KOH 1.65 30
Ni3ZnCo.7-550/NF 1.0 M KOH 1.65 31
NisPy 1.0 M KOH 1.7 32
NizS2/NF 1.0 M KOH 1.7 33

RulrO, 0.5 M H:S04 1.45 This work
Ir/GF 0.5 M H2S04 1.55 34
IrCoNi 0.5 M H2S04 1.56 35
Ir WNWs 0.1 M HCIO4 1.62 36
IrNig.s7Feo.2 0.5 M HCIO4 1.64 37
ONPPGC/OCC 0.5 M H2S04 1.75 (5 mA-cm2) 38




Supplementary Notes

Supplementary Note 1. For clarity, we denoted the catalysts under different
conditions with different names. Here, “electrochemical activation” indicates running
for several CV cycles within the potential range of specific electrochemical reactions.

RulrO,-H-Alkaline: The catalyst after electrochemical activation under alkaline
HER.

RulrO,-H-Acid: The catalyst after electrochemical activation under acidic HER.

RulrO,-O-Alkaline: The catalyst after electrochemical activation under alkaline
OER.

RulrO,-O-Acid: The catalyst after electrochemical activation under acidic OER.

We can find that the X-ray counts of Zn and O elements is greatly decreased after
the HER reaction. After OER reaction, the X-ray counts of Zn element is vastly reduced,
while the counts of O are not significantly decreased (Supplementary Fig. 22). The
EDX mapping results are consistent with the line-scan profiles (Supplementary Fig. 23).
As shown in the SEM images (Supplementary Fig. 24), after electrochemical activation,
the in-situ formed RulrO; still retain the morphology of hollow nanobox, with abundant
pores on the walls, which is in good agreement with the TEM results.

XPS results (Supplementary Fig 28) show that, compared to the pre-catalyst
RulrZnOy, for the catalysts after electrochemical activation under alkaline/acidic HER
(RulrO,-H-Alkaline, RulrO,-H-Acid), the Ru 3p peaks shifted by 0.4 eV to lower
binding energy, suggesting a lower electron density at the Ru sites. Deconvolution of
Ru 3psn show that the peak for elemental Ru (at 461.1 eV) emerged after HER.
Similarly, the Ir 4f peaks for RulrO.-H-Alkaline and RulrO.-H-Acid also shifted to
lower binding energy, and the peak for elemental Ir 47, (at 60.9 eV) emerged after
HER®. These results prove that during HER, Ru/Ir would undergo in-situ reduction and
form Rulr alloy, which serves as the real active species for HER. In contrast, for the
catalysts after OER activation (RulrO,-O-Alkaline, RulrO-O-Acid), the Ru 3p and Ir

4f spectrum do not show significant changes with respect to those for the pre-catalyst,



indicating that after OER, Ru/Ir still exists in the form of oxides, and retains a good
stability during OER process.

The position of XANES absorption threshold for Ru K-edge can reflect the
electronic structural information. We found that after HER activation, the absorption
thresholds for Ru in RulrO.-H-Alkaline and RulrO.-H-Acid shifted to lower energy,
approaching that for Ru foil, indicating that the oxidation state of Ru in RulrO.-H-
Alkaline and RulrO.-H-Acid decreased after HER (Supplementary Fig. 29). In the
corresponding EXAFS, a new peak emerged at 2.35 A for RulrO,-H-Alkaline and
RulrOx-H-Acid, corresponding to the scattering of Ru-Ru/Ir bonds. The white line
position of Ir can reflect the formal d-band hole count which is related to the oxidation
state of Ir*!"*3. Similarly, after HER activation, the white line position of RulrO,-H-
Alkaline and RulrO,-H-Acid shifted to lower energy, approaching that for metallic Ir.
Also, a new peak corresponding to Ir-Ru/Ir bond emerged in the EXFAS. These results
prove that during HER, Ru/Ir would undergo in-situ reduction. Similar to the XPS
results, the XANES and EXAFS data for RulrO,-O-Alkaline and RulrO,-O-Acid are
quite similar to that for the pre-catalyst, indicating that after OER, Ru/Ir still exists in
the form of oxides, with the electronic structures and coordination environments barely
altered, and the species remains stable during the OER process.

The quantitative coordination configuration of Ru and Ir atoms in RulrOx nano-
netcages after electrochemical activation can be obtained by EXAFS fitting, as shown
in Supplementary Fig.30. After HER activation, the Ru-Ru/Ir and Ir-Ir/Ru scattering
pair emerged, which indicated that the Ru/Ir oxides would undergo in-situ reduction
and form Rulr alloy. After OER activation, the coordination number and the average
bond length of Ru-O bond and Ir-O bond of RulrO,-O-Alkaline and RulrO,-O-Acid
remain close to the RulrZnO. pre-catalyst, suggesting the essentially identical

coordination environment of Ru and Ir atoms before and after OER activation.

Supplementary Note 2. Supplementary Fig. 31d shows the white line position of
the catalysts at different applied potentials as a function of the formal d-band hole count

to reveal the oxidation states of Ir species*!***. The results indicated that, the number of



d-band holes in RulrZnO pre-catalyst is close to IrO», indicating the near +4 oxidation
state which was consistence with the XPS results. And the number of d-band holes
significantly decrease after HER electrochemical activation. Under HER potentials, the
formal d-band hole count of Ir in our sample was almost identical to that of metallic Ir,
implying a similar oxidation state.

As for acidic HER (Supplementary Fig.32), RulrO.-H-Acid was also converted
into RuxIr alloy (with a Ru:Ir molar ration as 2.18 of RulrO.-H-Acid), displaying HER

activity.

Supplementary Note 3.  In order to further verify the structural advantages of the
hollow nano-netcage architecture, we assessed the theoretical specific surface areas of
the samples in two different morphologies: (1) nanoparticles, (2) nano-netcages. The
nanoparticles are assumed to take a spherical shape; as for the nano-netcage made of
interconnecting ultrathin nanowires, we calculated the specific surface area of the
nanowires. The calculations are listed below:

(1) Nanoparticles

The radius of a nanoparticle: R

The surface area of a nanoparticle: A = 4TR?
The volume of a nanoparticle: V = gﬂR 3
The volume of a single unit cell: 1,

The number of metal atoms in a unit cell: N

: : v 3mR®  4mnR3
The number of metal atoms in a nanoparticle: n * — = =
Ve Ve 3V,

) V M  4mnR3 M
The mass of a nanoparticle: m = n *x —+— = .

V. Ny 3V, Ny
) i A 4TTR? 3V:Ny
The specific surface area of a nanoparticle: — = — = —=
m 41TtNnR ﬂ NnRM
3Ve Ng

(2) Nano-netcage:



The radius of a nanowire: R

The length of a nanowire: X

The surface area of a nanowire: A = 2mRx
The volume of a nanowire: V = mxR?

The volume of a unit cell: V

The number of metal atoms in a unit cell: n

) . %4 TnxR?
The number of metal atoms in a nanowire: N * — =

Ve Ve
) nnxR? M
The mass of a nanowire: M = " —
Ve Ny
. . A 2TRX 2V.N4
The specific surface area of a nanowire: — = — = —
m nnxR< M NnRM
Ve Ng

Supplementary Note 4. The Tafel slope by RulrOx in H2SO4 solution (21 mV-dec”

1y is similar to that in KOH solution (23 mV-dec™), indicating that both the acidic and
alkaline HER follow the Volmer-Tafel mechanism. As shown in Supplementary Fig.
37, the Tafel step has significantly higher free energy barrier than the Volmer step under
both acidic and alkaline conditions, confirming our previous assumption from
experiments. Thus, the hydrogen adsorption is a valid activity descriptor for HER in
our work. Note that there is a remarkable decrease of free energy barrier of the Tafel
step on the Ruzlr system compared with pure Ru or Ir, which is consistent with the

experiment observation.

Supplementary Note 5. The Tafel slopes of OER on RulrOx are 42 mV-dec? in
H>S04 solution and 50 mV-dec™ in KOH solution, suggesting that the rate determining
step under both acidic and alkaline conditions is the third elementary step. Meanwhile,
the calculated energy profile (Figure 4b) for OER also reveals that the potential limiting
step (PLS) is the third step from *O to *OOH, in good agreement with the experimental

observation. Water dissociation and the formation of *OOH intermediate in the third



step are studied in detail, as shown in Supplementary Fig. 40 and 41. The Ir site of
RulrOx possesses the lowest activation energy (0.38 eV) and contributes to better
performance than pure RuO, under acidic condition.

Note that the kinetic investigations of *OOH formation indicates that the water
dissociation process (*O + H,O — *OOH + H" + ¢") is kinetically more favorable than
OER with hydroxide anion (*O + OH~ — *OOH + e7) under alkaline conditions. Thus,
we conclude that the OER proceeds with water molecules as reactants even under
alkaline conditions, and this is also supported by the fact that the amount of H20O (56
mol/L) is much larger than that of OH™ even in high-concentration alkaline solutions.
The Ir site of RulrOx has stronger interactions with OOH, leading to a remarkable
decrease in the free energy barrier for the PLS. Thus, the excellent OER activity can be

attributed to a high OOH binding energy here.
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