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Figure S1. Lab-based XRD patterns of CCCRO powder.
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Figure S2. SR-based XRD pattern of CCCRO loaded on carbon paper.
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Figure S3. Lab-based XRD patterns of (a) CaCuzRu4O12, and (b) SroCoRuOe.
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Figure S4. Refined XRD profiles of (a) CaCu3zRusO12, and (b) Sr2CoRuOg.
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Figure SS. Particle size of CCCRO. (a) HRTEM images. (b) Particle size distribution

determined using the diameters measured on the HRTEM image.
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Figure S7. (a) Fourier transforms of k*-weigted EXAFS spectra at Cu K-edge of CCCRO, Cu
foil, Cu20 and CuO. (b) Fourier transforms of k*>-weigted EXAFS spectra at Co K-edge of
CCCRO, Co foil, CoO and LaCoO:s. (c) Fourier transforms of k*>-weigted EXAFS spectra at
Ru K-edge of CCCRO, Ru foil, RuClz, RuO», and SroGdRuOg.
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Figure S8. The EXAFS fitting curves for (a) Cu foil. (b) Co foil. (c) Ru foil.
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Figure S9. The EXAFS fitting curves of K-space for CCCRO.
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Figure S10. Wavelet transform for the k?>-weighted EXAFS spectra of (a) Cu foil, (b) Cu-O,
(c) CuO, (d) Co foil, (e) CoO, (f) LaCoOs3, (g) Ru foil, (h) RuO», and (i) Sr2GdRuOs.
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Figure S11. Mass activity of CCCRO, CaCu3Ru4012, Sr2CoRuOg, and RuO, were measured

at 1.5 V.
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Figure S12. EIS of CCCRO, CaCu3zRu4012, Sr2CoRuOg, and RuO> were measured at 1.5 V.
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Figure S13. ECSA of (a) CCCRO, (b) CaCusRu4012, (¢) Sr2CoRuOs, and (d) RuOs-.
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Figure S14. LSVs curves normalized by ECSA for CCCRO, CaCu3Ru4012, Sr2CoRuOs, and
RuO:..
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Figure S15. The plots of the TOFs value as a function of potential.
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Figure S16. Long-term electrochemical stability of CCCRO was measured at the current

density of 100 mA cm™2.
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Figure S17. Schematic illustration of the AEM reactor.
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Figure S18. Cell voltage of the AEM electrolyzer at various current densities.
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Figure S19. Fits for Co K-edge spectra of the CCCRO measured in KOH electrolyte (a)
without and (b—h) with applied potentials. The Fourier transformation was carried out in over

3-12 A !, and the fitting was carried out over 1-2 A.
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Figure S20. Wavelet transform for the k*-weighted EXAFS spectra at Co K-edge of CCCRO
(a) without and (b—h) with applied potentials.
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Figure S21. Fits for Ru K-edge spectra of the CCCRO measured in KOH electrolyte (a)

without and (b—h) with applied potentials. The Fourier transformation was carried out in over

3-12 A -1, and the fitting was carried out over 1-2 A.
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Figure S22. Wavelet transform for the k*>-weighted EXAFS spectra at Ru K-edge of CCCRO
(a) without and (b—h) with applied potentials.
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Figure S23. FT-EXAFS at the Cu K-edge.
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Figure S24.Fits for Cu K-edge spectra of the CCCRO measured in KOH electrolyte (a)
without and (b—h) with applied potentials. The Fourier transformation was carried out in over

3-12 A -1, and the fitting was carried out over 1-2 A.
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Figure S25. Cu-O bond length in CCCRO electrocatalyst under applied potential extracted

from EXAFS fitting. The applied voltage is referenced to RHE.

Figure S26. Wavelet transform for the K>-weighted EXAFS spectra at Cu K-edge of CCCRO
(a) without and (b—h) with applied potentials.
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Figure S27. In-situ Raman spectroscopy of CCCRO.
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Figure S28. (2) and (b) SR-based XRD pattern of CCCRO loaded on carbon paper before and
after the OER.
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Figure S30. HRTEM images of CCCRO after the OER.

Figure S31. EDX images of CCCRO after the OER.

14



green dots represent the Ca and Cu atoms, respectively.
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Figure S33. (a) Cu K-edge spectra of CCCRO after OER (green line) and before OER (red
line). (b) Co K-edge spectra of CCCRO after OER (green line) and before OER (red line) (c)
Ru K-edge spectra of CCCRO after OER (green line) and before OER (red line).
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Figure S34. (a) Cu L»3-edge spectra of CCCRO after OER (green line), before OER (red
line), and reference Cu?*O (blue line). (b) Co L2 3-edge spectra of CCCRO after OER (green
line), before OER (red line), and references HS-Co>" (Sr2Co®"RuQg, blue line) and LS-Co**

(EuCo®"Os: pink line). (c) Ru Li-edge spectra of CCCRO after OER (green line), before OER

(red line), and reference Ru** O, (blue line).

15



WILEY-VCH

Figure S35. The optimized local structures for the (001) surface of (a) Cao.sRu2Os, (b)
Cap5Cuo.sRu4012, (¢) CaisCoRuOs, and (d) CapsCur.sCo2Ru2012. The azure, green, blue,

white, and red balls indicate Ca, Cu, Co, Ru, and O respectively.
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Figure S36. (2) AEM and, (b) LOM on Cao.sRu20¢ and CagsCuo.sRusO15.
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Figure S37. LSV curves of CCCRO in alkaline electrolytes with different pH values.
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Figure S38. DEMS results were obtained for CCCRO with CV cycles in a H»'*0-based 0.1M
KOH electrolyte, within the potential range of 1.10-1.75 V (vs. RHE), using a can rate of 5

mVs !
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Table S1. Refined structural parameters of the as-prepared CCCRO.

Atom X y z Occupancy Uiso
Cal 0.00000 0.00000 0.00000 1.0000 0.0129
Cul 0.00000 0.50000 0.50000 1.0000 0.0315
Rul 0.25000 0.25000 0.25000 0.5175 0.0406

o1 0.34563(17)  0.13698(13) 0.00000 1.0000 0.0016
Col 0.25000 0.25000 0.25000 0.4825 0.0406

Refined lattice parameters: Im-3 space group, a=b=c=7.30121(1) A, a =B =7 =90° and
the unit cell volume V = 390.51 A3,

Table S2. The atomic percentage of each element in EDX (from HRTEM) of CCCRO.

Atom Family Atomic Fraction (%) Atomic Error (%)
Ca K 4.74 0.51
Cu K 15.21 3.33
Co K 9.85 2.16
Ru K 11.17 2.64
Q) K 59.03 3.71

Table S3. EXAFS fitting parameters for (a) Cu foil, Co foil, and Ru foil. (b) CCCRO.
(a) Cu foil, Co foil, and Ru foil.

Sample  Scattering N R A) 62(10342) S R factor
path
Cu foil Cu-Cu 12 2.54240.01 8.7 0.86 0.003
Co foil Co-Co 12 2.49140.06 6.5 0.81 0.008
Ru-Ru 6* 2.618+0.03 3.1
Ru foil 0.65 0.007
Ru-Ru 6* 2.734+0.02 3.3
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(b) CCCRO.
Sample Scattering N RA) S(10°A?) R factor

path

CCRO-Cu Cu-O 4.0+0.3 1.912+0.01 3.4 0.005
Co-O 5.9+0.4 1.933+0.02 4.2

CCRO-Co Co-Ca 2.5+1.2 3.142+0.01 6.8 0.006
Co-Cu 6.0+0.8 3.213+0.05 8.3
Ru-O 5.9+0.5 1.972+0.01 3.6

CCRO-Ru Ru-Ca 2.3+1.1 3.072+0.01 9.2 0.004
Ru-Cu 6.2+1.3 3.114+0.03 7.7

The EXAFS oscillations were extracted from the normalized XAS spectra by subtracting the

atomic background using a cubic spline fit to k>-weighted data, where k is the photoelectron

wave number. The y(k) functions were the Fourier transformed into R-space. The Fourier-

transform window was in the k range 3—12 Al. CN, coordination number; R, distance between

absorber and backscatter atoms; ¢?, Debye-Waller factor to account for both thermal and

structural disorders; R factor indicates the goodness of the fit. So> was fixed to 0.86/0.81/0.65,

according to the experimental EXAFS fit of Cu/Co/Ru foil by fixing CN as the known

crystallographic value.
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Table S4. Comparison of OER performance with previous reported high activity Co-Ru based

OER catalysts.

No. Catalyst N10 (mV) Electrolyte Reference
1 CCCRO 198 1 M KOH This work
2 Co-SAC/RuO; 200 1 M KOH [1]

3 (SA-Ru/Co(OH)F) 200 1 M KOH [2]

4 RuCoOx/NC-350 210 1 M KOH [3]
5 Ru0,/Co0304—RuCo-EO 220 1 M KOH [4]
6 Co-ZnRuOx 224 1 M KOH [5]
7 Co-Ru-Py@500 230 1 M KOH [6]
8 2% Ru-NCO 233 1 M KOH [7]
9 CoRu-O/A@HNC-2 234 1 M KOH [8]

10 VCo-RCO 240 1 M KOH [9]

11 Ru/Co-N-C 247 1 M KOH [10]

12 Ru-Co/ELCO 247 1 M KOH [11]

13 IW-C0304-RuO,-HS 250 1 M KOH [12]

14 Sr2CoRuOs 254 1 M KOH This work

15 Co-Ni-Ru-S-Se 261 1 M KOH [13]

16 (Ru-Co)Ox-350 265 1 M KOH [14]
17 Ru/C0304x 280 1 M KOH [15]
18 Ru/Ni-Co304 290 1 M KOH [16]
19 Ru-Co304-15 292 1 M KOH [17]

20 Ru-Co304/CoP/TM Ru 293 1 M KOH [18]

21 Ru02/Co0304 302 1 M KOH [19]

22 CoO/Ruj 25%,HPNs 308 1 M KOH [20]

23 Co-Ru-MoS; 308 1 M KOH [21]

24 Co/Ru SAs-N-C 338 1 M KOH [22]

25 RuCoOx@Co/N-CNT 350 1 M KOH [23]
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Table SS. EXAFS fitting parameters for Co K-edge under potentials.

Sample Seattering N R A) c?(103A2) R factor
path

Co air Co-0 5.9+0.3 1.934+0.02 3.7 0.007
Col.15V Co-0 5.9+0.5 1.926+0.01 3.4 0.011
Col25V Co-0 5.840.6 1.914+0.02 4.5 0.010
Col135V Co-0 5.7+1.1 1.912+0.02 4.3 0.008
Co 145V Co-0 5.8+1.5 1.911+0.02 5.6 0.012
Co155V Co-0 5.7+1.7 1.908+0.02 53 0.007
Co 1.65V Co-0 5.6£1.6 1.901+0.02 6.7 0.009
Col.75V Co-0 5.6+1.5 1.897+0.02 8.9 0.008

Table S6. EXAFS fitting parameters for Ru K-edge under potentials.

Sample Scattering

N R A) 62(103A2) R factor
path

Ru air Ru-O 5.9+0.6 1.972+0.01 4.3 0.008
Ru1.15V Ru -0 6.1+1.2 1.963+0.02 32 0.013
Ru1.25V Ru -0 6.0+0.8 1.957+0.02 53 0.011
Ru1.35V Ru -O 5.9+1.4 1.946+0.02 4.0 0.014
Ru 145V Ru-O 5.84+2.1 1.934+0.02 6.6 0.014
Ru 1.55V Ru-O 5.8+1.9 1.932+0.02 5.8 0.013
Ru 1.65V Ru-O 5.7+1.5 1.927+0.02 7.3 0.015
Ru 1.75V Ru-O 5.7+1.7 1.925+0.02 6.6 0.014
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Table S7. EXAFS fitting parameters for Cu K-edge under potentials.

Sample Seattering N R A) c?(103A2) R factor
path

Cu air Cu-O 4.1£0.2 1.912+0.02 4.4 0.003
Cull5V Cu-O 4.0£0.2 1.911+0.02 3.5 0.004
Cul2sVv Cu-O 4.2+0.4 1.911+0.02 4.1 0.005
Cull3sVv Cu-O 4.0+0.2 1.913+0.02 3.6 0.003
CuldsVv Cu-O 4.2+0.5 1.912+0.02 3.8 0.005
Culssv Cu-O 4.2+0.7 1.910+0.02 3.3 0.008
Cu1.65V Cu-O 4.3+1.1 1.911+0.02 3.9 0.007
Cul75V Cu-O 4.1+0.6 1.910+0.02 3.4 0.006

Table S8. The atomic percentage of each element in EDX (from HRTEM) of CCCRO after
the OER.

Atom Family Atomic Fraction (%) Atomic Error (%)
Ca K 3.17 2.31
Cu K 14.35 2.74
Co K 10.83 3.37
Ru K 12.18 3.15
Q) K 59.74 6.72

Table S9. The atomic percentage of different elements in the CCCRO before and after the
OER (at 100 mA cm2 for 50 h) measured by ICP-MS.

CCCRO Ca% Cu% Co% Ru%
before 12.42 37.64 24.85 25.09
after 7.56 3543 28.02 28.99
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Table S10. The computed Gibbs free energy change and overpotentials () for the Caop.sRu2Os,
Cag.5Cuo.5sRu4012, Ca1.sCoRuOg, and CagsCuz.5Co2R12012 in the (a) AEM, and (b) LOM.

mechanism.
(a) AEM
catalyst stepD step®@ step@  step @ n ()
Cao.sRu206-Ru site 0.88 1.20 2.25 1.19 1.02
Ca0.5Cu0.5sRu4O12-Ru site 0.92 1.30 2.01 0.69 0.78
Ca1.5CoRuO¢-Co site 1.29 2.16 0.18 1.29 0.93
Cai15CoRuQOg¢-Ru site 1.22 2.10 0.17 1.43 0.87
Cao.5Cu2.5C02Ru2012-Co site 1.28 2.00 0.99 0.65 0.77
Cao.5Cu25C02Ru2012-Ru site 1.35 0.91 1.91 0.75 0.68
(b) LOM
catalyst step( step@ step@ step@ (V)
CaosRu206-Ru site 0.51 2.83 0.54 1.04 1.60
Cao.5Cuo.5Ru4012-Ru site 2.51 0.37 1.02 1.02 1.28
Ca1.5CoRuO¢-Co site 1.25 1.07 1.98 0.62 0.75
Cai15CoRuQOg¢-Ru site 1.07 1.80 0.95 1.10 0.57
Cao.5Cu2.5C02Ru2012-Co site 1.54 0.47 1.55 1.36 0.32
Cao.5Cu25C02Ru2012-Ru site 1.61 0.54 1.37 1.40 0.38
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