Supporting Information 

[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: _Hlk113031718]Dynamic Ru equilibrium based on Co, Zn-driven double anchoring for robust acidic water oxidation 
[bookmark: _GoBack]Ya-Nan Zhou, Ning Yu, Ruo-Yao Fan, Yu-Sheng Zhang, Bin Liu, Bin Dong [footnoteRef:1]*, Yong-Ming Chai * [1: * Corresponding author. Email: dongbin@upc.edu.cn (B. Dong); ymchai@upc.edu.cn (Y.M. Chai)
Tel: +86-532-86981156, Fax: +86-532-86981156] 

[bookmark: _Hlk144391567]State Key Laboratory of Heavy Oil Processing, College of Chemistry and Chemical Engineering, 
China University of Petroleum (East China), Qingdao 266580, PR China




22

Experimental section 
Synthesis of CoxZn1-x-BTC
   CoxZn1-x-BTC was synthesized by a co-precipitation method. Taking Co-BTC as an example, 0.2 g cobaltous acetate and 1.2 g polyvinyl pyrrolidone were dissolved in 20 mL ethyl alcohol and 20 mL deionized water to prepare the solution A. 0.36 g trimesic acid (H3-BTC) was dissolved in 20 mL ethyl alcohol and 20 mL deionized water to prepare the solution B. Then, the transparent solution B was dropped in solution A. After being aged for 24 h, the mixed solution was centrifuged three times and named Co-BTC. Similarly, CoxZn1-x-BTC was synthesized by changing the mole ratio of Co to Zn to be x:1-x. 
   Zn-BTC was obtained by heating the mixture of solution A (20 mL N,N-dimethylformamide containing 0.875 g H3-BTC) and solution B (15 mL N,N-dimethylformamide containing 1.098 g zinc acetate) at 140 ℃ for 12 h.
Synthesis of RuCoxZn1-x-BTC
   Briefly, 100 mg CoxZn1-x-BTC was dissolved in 25 mL deionized water and kept stirred for 5 min. Then, 10 mL RuCl3 solution (50 mg RuCl3) was added to the above solution. After agitating stirring for 24 h in dark, the dark RuCoxZn1-x-BTC was separated by centrifugation and rinsed with distilled water and ethanol.
Synthesis of CoxZn1-x@RuO2
[bookmark: OLE_LINK10]   RuCoxZn1-x-BTC was calcined in air at 300 ℃ for 4 h to prepare CoxZn1-x@RuO2.
Synthesis of RuO2
   The well-mixed 25 mL RuCl3 (50 mg) aqueous solution was slowly dropped into 10 mL H3-BTC solution (0.26 g) and kept stirring in dark for 24 h. The obtained black solution was centrifuged several times to prepare Ru-BTC. Then, Ru-BTC was calcined in air at 300 ℃ for 4 h to synthesize RuO2.
Characterization
[bookmark: _Hlk33814384]The morphology of the prepared catalysts was studied using a scanning electron microscope (SEM, Nova NanoSEM 450) with an accelerating voltage of 10 kV. In addition, the morphology of the catalysts was observed using a transmission electron microscope (TEM, FEI, Tecnai F30) with an accelerating voltage of 300 kV and a spherical aberration-corrected TEM (Thermo Fisher, Titan Themsis Z). X-ray diffraction (XRD) with Cu Kα radiation (λ = 1.54 Å) on the Brook D8 advance equipment to examine the crystalline structures and phase purity of the samples. Raman spectrum was obtained via LabRAM HR Evolution with an excitation wavelength of 514 nm. The element composition of the sample was characterized by the inductively coupled plasma mass spectrometry (ICP-MS) detected on the Agilent ICPMS7700. X-ray photoelectron spectroscopy (XPS) was acquired on Thermo Fisher K-alpha 250Xi to quantitatively research the chemical and electronic states of the sample elements. Infrared spectroscopy (IR) spectra were collected by Thermo fisher-Nicolet 6700. Electron paramagnetic resonance (EPR) (JES-FA series) was used to detect the defects of samples. laser scanning confocal microscope (LSCM) images was detected by KC-X1000 Series and was used for the stereostructural analysis. 
Electrochemical measurements
Electrochemical tests were performed at room temperature on a standard three-electrode configuration in 0.5 M H2SO4 with Gamry Reference 3000 electrochemical equipment. The working electrode was prepared as follows: 4 mg catalyst and 20 μL Nafion solution (5 wt.%) were dispersed in 1 mL of water/ethanol solution (vwater : vethanol = 1:1) by sonicating at least 30 min to form a homogeneous ink. Then 5 μL of suspensions were coated on a glassy carbon electrode (GCE) with a diameter of 3 mm and dried in the air before measurement. The linear sweep voltammetry (LSV) was detected at the same condition with a scan rate of 2 mV s–1 with iR-correction. All the potentials vs. SCE were converted into a standard reversible hydrogen electrode (RHE) via the Nernst equation: ERHE = ESCE + 0.0594 pH + 0.245. The electrical double-layer capacitances (Cdl) were calculated by cyclic voltammetry (CV) curves with different scan rates. Electrochemical impedance spectroscopy (EIS) was performed with the frequency ranges from 105 Hz to 0.1 Hz. The stability of the samples was measured through CV curves for 2000 cycles at 40 mV s-1 and chronopotentiometry at a constant current density of 10 mA cm-2.
Estimation of turnover frequencies
The calculations used to determine the TOF values are shown below, taking RuO2 as an example. The density was calculated using the crystal structure (unit cell) of RuO2. Theoretical surface area values were obtained by assuming that a 0.5 nm shell represents the surface of a solid 5 nm particle. Turnover frequencies were estimated per surface atom (Ru and O) rather than per oxygen binding site, because the oxygen-binding sites can not be explicitly known. 
Volume: 64.804 Å3
Density: 6.82 g cm-3
Volume of a 5 nm sphere: 5.236 × 10-19 cm3
Surface area of a 5 nm sphere: 3.142 × 10-12 cm2
Current density at some certain overpotential (mV) is obtained from LSVs of RuO2: I, A cm-2.
   Active sites per real surface area:

   Surface area per gram of 5 nm sphere:

Surface Atoms per testing area:

Turnover frequency (per surface atom) with current density of I (A cm-2) can be calculated:   
Density Functional Theory Calculation
The density functional theory (DFT) calculations were carried out using the Materials Studio. The exchange-correlation interaction between atomic cores and valence electrons with DFT was described by generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional1–3. The RuO2 slab model with the (110) surface was employed to simulate the interaction surface (Fig. S10). Moreover, based on the above RuO2 slab model, the models of Zn@RuO2 and CoZn@RuO2 were built. The optimized models were displayed in Fig. S24. The reasonable vacuum layers were set around 20 Å in the z-direction for avoiding interaction between planes. The structures were optimized by using 489.8 eV as the cutoff energy for the basis function. The Monkhorst-Pack k-point mesh was set as 3 × 3 × 4 for all models, respectively. Geometry optimizations were pursued until the force on each atom falls below the convergence criterion of 0.05 eV Å−1 and energies were converged within 2 × 10−5 eV. The free energies of the intermediates at 298.15 K were obtained by ΔG = ΔE + ΔZPE - TΔS + eU, where ΔE is the binding energy of adsorption species *OH, *O and *OOH. ΔZPE, ΔS and U are the zero point energy changes, entropy changes and applied potentials, respectively.
The Gibbs free energies of each elementary step were calculated through the four-electron OER pathways as follows, for which the adsorption energies of *OH, *O and *OOH intermediates determined the overpotentials4–6: 
H2O + * → *OH + H+ + e−
*OH → *O + H+ + e−
*O + H2O → *OOH + H+ + e−
*OOH → * + H+ + e−
Theoretical overpotential calculation
Calculating electrochemical potentials in aqueous environments using DFT is still quite difficult compared to thermal and gas-phase systems. However, due to the energetic interconnection of transition states and intermediates, thermodynamic descriptors can be used to predict and interpret trends in catalytic activity. For electrochemical reactions, one of the approaches that has proved successful is the calculation of the theoretical overpotential, which is the overpotential that makes all the fundamental steps of the mechanism conform to the desired overpotential. The free energy change for any fundamental step involving the generation of proton-electron pairs will decrease linearly with the applied potential versus the RHE:
[bookmark: OLE_LINK5]ΔG = ΔG0 - eURHE
such that the potential at which the step becomes downhill (the limiting potential, UL) may be calculated as:
UL = ΔG0/e
and thus, the theoretical overpotential is written
η = maxi (ΔG0i)/e – E0
where E0 is the equilibrium potential of the reaction (1.23 V in the case of OER) and e is the fundamental unit of charge. 
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Fig. S1. (a) XRD pattern of RuO2. (b,c) SEM images of RuO2. RuO2 was supported on Ti foil.
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Fig. S2. (a) Illustration of the synthesis of Zn@RuO2. SEM images of (b,c) Zn-BTC and (d) Zn@RuO2.
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Fig. S3. XRD patterns of (s) Zn-BTC and (b) Zn-RuO2.
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Fig. S4. OER activity of synthesized RuO2 and Zn@RuO2 in acidic electrolyte. (a) LSV plots. (b) Tafel plots. (c) OER process. (d) EIS plots.
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Fig. S5. CV curves (a) RuO2 and (b) Zn@RuO2. (c) Cdl and (d) ECSA of RuO2 and (b) Zn@RuO2.
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Fig. S6. (a) v-t curves of RuO2. (b) LSV curves before and after 2000 CVs for RuO2. (c) Schematic for comparison of RuO2 catalyst durability in acidic OER without Zn dopants. The RuO2 decays rapidly during OER in acid because of the loss of catalytic active sites.
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Fig. S7. (a) XRD pattern and (b) SEM image of Zn@RuO2 after OER test.
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Fig. S8. XPS spectra of RuO2 and Zn@RuO2. (a) Ru 3p, (b) O 1s, (c) C 1s and (d) Zn 2p. After Zn doping, the Ru3+ content obviously increased. O 1s XPS shows that the content of O defectes increased.
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Fig. S9. XPS spectra of Zn@RuO2 after OER test. (a) Ru 3p, (b) O 1s, (c) Zn 2p and (d) C 1s. After OER test, the Ru3+ content did not decreased, showing the strong electron donating capacity of Zn atom (Fig. S9a). While the Zn signal can not be well detected due to the the large loss of Zn (Fig. S9b). There is no significant change in the chemical environment of O 1s, but there is a large loss of lattice oxygen connected to Ru (Fig. S9c). In the C 1s XPS (Fig. S9d), there is no significant change in the chemical environment and content of carbon, suggesting that carbon plays a supporting and conducting role here.
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Fig. S10. Optimized models of (a) RuO2 and (b) Zn @RuO2 with the (110) plane. Green ball: Ru, Red ball: O, Yellow ball: Zn.
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Fig. S11. The schematic diagram of the synthesis process of CoxZn1-x@RuO2. 
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Fig. S12. SEM morphologies of (a,b) Co@RuO2, (c,d) Co0.4Zn0.6@RuO2, (e,f) Co0.6Zn0.4@RuO2 and (g,h) Co0.8Zn0.2@RuO2.
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Fig. S13. XRD of Co0.2Zn0.8-BTC. The broad diffraction peak at around 25° attributed to the (002) plane of graphitic carbon.
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Fig. S14. XRD patterns of RuO2, Zn@RuO2 and Co0.2Zn0.8@RuO2. Compared with RuO2, the XRD characteristic peaks of Zn@RuO2 and Co0.2Zn0.8@RuO2 were shifted to a high angle without the appearance of spurious peaks, indicating the successful doping of Co and Zn atoms.
[image: ]
[bookmark: OLE_LINK6]Fig. S15. (a) Raman spectra of Co0.2Zn0.8-BTC, (b) Raman spectra of RuO2, Zn@RuO2 and Co0.2Zn0.8@RuO2. Although the presence of ZnO was detected in the Raman spectra of Co0.2Zn0.8-BTC, it disappeared from the final sample after calcination. During the calcination process, ZnO is reduced to monomeric Zn by carbon, and finally Zn doping is realized.
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Fig. S16. CV curves of (a) Zn@RuO2, (b) Co0.4Zn0.6@RuO2, (c) Co0.6Zn0.4@RuO2, (d) Co0.8Zn0.2@RuO2, (e) Co@RuO2. The oxidation peaks of Ru4+/Ru6+ are gradually enhanced with the increase of Co doping.
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Fig. S17. XPS spectra of Zn@RuO2 and Co0.2Zn0.8@RuO2. (a) Co 2p, (b) Zn 2p, (c) Ru 3p, (d) O 1s and (d) C 1s. (f) Schematic for electron transfer in Co0.2Zn0.8@RuO2. At large potential, Zn and Co atoms donate electrons to Ru and prevent dissolution of active Ru sites.
For Co0.2Zn0.8@RuO2, Co 2p XPS can be deconvoluted into two pair of peaks accompanied by two satellite peaks, which can be ascribed to Co2+ (781.0 and 796.4 eV) and Co3+ species (779.5 and 794.2 eV). Zn2+ components can also be perceived in the Zn 2p region in Fig. S17b. The fitted Ru 3p spectra verify the existence of Ru3+ (463.7 eV) and Ru4+ (461.8 eV) species. After Co doping, the relative content of Ru3+ and Ru4+ remained unchanged. O 1s spectra are also analyzed, where the four fitting peaks appeared at 529.5, 530.8, 532.4 and 533.4 eV are assigned to the lattice oxygen, oxygen vacancies adjacent to oxygen lattice sites, surface-adsorbed oxygen (OOH) and surface-adsorbed H2O (OH2O), respectively. C 1s was fitted into the C 1s (284.4 eV), C-O-C (285.3 eV) and O-C=O (286.5 eV) species.
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Fig. S18. Pourbaix diagrams of (a) Co and (c) Zn.
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Fig. S19. (a) SEM image and (b) XRD pettern of Co0.2Zn0.8@RuO2 after OER. After the OER test, the surface of the Co0.2Zn0.8@RuO2 nanorods had a visible deposition layer. In addition, the weakened signal of RuO2 in XRD is due to the dissolution and redeposition of atoms making RuO2 less crystalline. 
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Fig. S20. Long-term stability of Co@RuO2 in acidic media. Co@RuO2 can run stably for 50 h at 10 mA cm-2.
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Fig. S21. HAADF-STEM images of Co0.2Zn0.8@RuO2 in the initial state (a) and post-electrolysis (b). 
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Fig. S22. XPS spectra of Co0.2Zn0.8@RuO2 before and after OER. (a) Ru 3p, (b) Co 2p, (c) Zn 2p and (d) O 1s.
Generally, Ru-based oxides with high valence states are featured with high solubility in the acidic electrolyte, resulting in poor stability. After OER, the content of Ru4+ slightly increased, showing the stong electron interaction between Ru and Co, Zn. For Co 2p, the content of Co3+ also increased. Encouragingly, Zn was preserved after OER stability, possibly due to the redeposition of Zn. In addition, the unchanged chemical environment is further confirmed by the O 1s spectra. Only the proportion of lattice oxygen in Co0.2Zn0.8@RuO2 decreased slightly caused by a small quantity of leaching of Ru oxides. These results indicate that the unique strong Ru anchoring and effective Ru redeposition in final Co0.2Zn0.8@RuO2 is responsible for the enhanced stability in acidic media.
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Fig. S23. V-t curves of RuO2 with the add of Zn2+ and Co2+. To further verify the role of Co and Zn ions in electrolyte, we dropped Co2+ and Zn2+ to the electrolyte during the chronopotentiometric test of RuO2. Obviously, the v-t curve shows no detectable fluctuation, signifying that the leached Zn ions played a negligible role in the redeposition of Ru4+. In contrast, as soon as Co2+ was added, a sharp drop in potential and a smoother stability can be obtained. This result can fully validate we proposed catalyzed self-healing mechanism.
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Fig. S24. (a-d) CV curves, (e) Cdl plots and (f) ECSA of different samples. 
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Fig. S25. Optimized models of CoZn@RuO2. Green ball: Ru, Red ball: O, Blue ball: Co, Yellow ball: Zn.
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Fig. S26. The optimized geometry of adsorption structure of OH, O and OOH intermediates on the active site of RuO2.
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Fig. S27. The optimized geometry of adsorption structure of OH, O and OOH intermediates on the active site of Zn@RuO2.
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Fig. S28. The optimized geometry of adsorption structure of OH, O and OOH intermediates on the active site of CoZn@RuO2.
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Fig. S29. ELF of RuO2 (110) and CoZn@RuO2 (110) and corresponding zoomed-in figures of the region 1 and region 2.
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Fig. S30. Electron density difference of RuO2, Zn@RuO2 and CoZn@RuO2. Green ball: Ru, Red ball: O, Blue ball: Co, Yellow ball: Zn.
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Fig. S31. (a) Ru-d band and (b) O-p band of RuO2, Zn@RuO2 and CoZn@RuO2.
[image: ]
Fig. S32. (a) LSV of Co0.2 Zn0.8@RuO2 at room temperature on carbon cloth (CC), Ti foil (TF) and fluorine-doped tin oxide (FTO) substrates. (b) LSV of CC, TF and FTO.
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Fig. S33. (a) LSV of Co0.2 Zn0.8@RuO2 at 80 ℃ on carbon cloth (CC), Ti foil (TF) and fluorine-doped tin oxide (FTO) substrates. (b) LSV of CC, TF and FTO.
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Fig. S34. Stability of Co0.2Zn0.8@RuO2 at 1000 mA cm-2 in (a) H2SO4 and (b) H3PO4.
[image: ]

Fig. S35. Electrocatalytic HER performance of the as-made electrocatalysts in 0.5 M H2SO4. (a) IR-corrected LSV plots, (b) The tendency of overpotential (at 10 mA cm−2) changing with the percentage content of Zn in raw material. (c) Tafel slope value of obtained samples and commercial RuO2. (d) EIS plots of all samples. (e) ECSA-normalized LSVs. (f) TOFs of RuO2, Co@RuO2, Zn@RuO2, Co0.2Zn0.8@RuO2 and commercial RuO2. (g) LSVs of Co0.2Zn0.8@RuO2 before and after 2000 CVs. Insertion is the morphology of Co0.2Zn0.8@RuO2 after 50 h stability test. (h) Chronopotentiometry test for Co0.2Zn0.8@RuO2.
[bookmark: OLE_LINK13]In view of the previous report that when appropriate single metal atoms are introduced in the carbon support, enhanced charge transfer would occur at the interface between the substrate and Ru nanoparticles (Angew. Chem. Int. Ed. 60, 16044 (2021)), while considering that the resulting Co0.2Zn0.8@RuO2 contains moieties of Ru nanoparticles and carbon matrix possibly doped with Co and Zn atoms, we assessed the HER performance using a similar three-electrode configuration in 0.5 M H2SO4. As illustrated in the iR-corrected LSV (Fig. S34a,b), Co0.2Zn0.8@RuO2 achieved the best HER activity within this series requiring a η10 of 42 mV and a Tafel slope of 30.5 mV dec−1 (Fig. S34c). The small η10 and Tafel slope values render Co0.2Zn0.8@RuO2 one of the best acidic HER catalysts (Supplementary Table 2). In addition to the accelerated electron transfer, abundant active sites, enhanced intrinsic activity and favorable structure robustness can be concluded from their respective EIS, Cdl, TOF and stability results (Fig. S34-S35).
[image: ]
Fig. S36. (a-g) CV curves of all synthesized samples with the scan rate of 40, 60, 80, 100, 120 mV s-1. (h) Corresponding Cdl. (i) ECSA value for RuO2, Co@RuO2, Zn@RuO2 and Co0.8Zn0.2@RuO2.
Table S1. ICP-MS concentration of Co, Zn and Ru in electrolyte for Co0.2Zn0.8@RuO2 during the OER process.
	ICP-MS contents of Co0.2Zn0.8@RuO2 (mg L-1)

	Elements
	10 min
	20 min
	30 min
	40 min
	50 min
	80 min
	140 min
	100 h

	Co
	0.07
	0.15
	0.17
	0.21
	3.1
	0.25
	0.51
	0.48

	Zn
	0.41
	0.56
	0.45
	1.75
	1.16
	0.46
	0.44
	0.62

	Ru
	10-3
	10-3
	10-3
	0.21
	0.14
	0.03
	10-3
	0.17



Table S2. Comparison of OER performance in acidic media of Co0.2Zn0.8@RuO2 with reported RuO2-based catalysts. (η, overpotential at 10 mA cm-2, mV. b, Tafel slope, mV dec-1) 
	Catalysts
	Media
	η
	b
	Reference

	Co0.2Zn0.8@RuO2
	0.5 M H2SO4
	150
	49.5
	This work

	RuO2/(Co,Mn)3O4
	0.5 M H2SO4
	270
	77.0
	[7]

	Mn-RuO2
	0.5 M H2SO4
	158
	42.9
	[8]

	Cu-RuO2
	0.5 M H2SO4
	188
	44.0
	[9]

	0.27-RuO2@C
	0.5 M H2SO4
	250
	66
	[10]

	IrO2-RuO2@Ru
	0.5 M H2SO4
	281
	55
	[11]

	Zn doped RuO2
	0.5 M H2SO4
	206
	49.2
	[12]

	RuO2
	0.5 M H2SO4
	219
	44.9
	[13]

	RuO2 cluster
	1.0 M HClO4
	160
	71
	[14]

	RuNi2@G-250
	0.5 M H2SO4
	227
	65
	[15]

	RuO2 NSs
	0.5 M H2SO4
	199
	38.2
	[16]

	IrO2@RuO2
	0.5 M H2SO4
	270
	60
	[17]

	1D-RuO2-CNx
	0.5 M H2SO4
	250
	52
	[18]

	S-RuFeOx
	0.1 M HClO4
	187
	40
	[19]

	Co0.11Ru0.89O2-δ (350)
	0.5 M H2SO4
	169
	47
	[20]

	Cu-RuO2-300
	0.5 M H2SO4
	201
	55
	[21]

	RuO2-NaPO3
	0.5 M H2SO4
	250
	110
	[22]

	Macro-RuO2
	0.5 M H2SO4
	263
	49
	[23]

	IrO2-RuO2/C
	0.5 M H2SO4
	188
	42
	[24]



[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Table S3. Bader charge analysis of pure RuO2.
	Bader charge analysis of pure RuO2.

	Atom 
	Charge
	Atom 
	Charge

	[bookmark: _Hlk97652000]Ru1
	15.30
	O5
	6.54

	Ru2
	14.93
	O6
	6.59

	Ru3
	15.27
	O7
	6.51

	Ru4
	15.07
	O8
	6.51

	Ru5
	14.92
	O9
	6.51

	Ru6
	15.06
	O10
	6.51

	Ru7
	15.30
	O11
	6.58

	Ru8
	14.93
	O12
	6.54

	Ru9
	15.27
	O13
	6.59

	Ru10
	15.07
	O14
	6.58

	Ru11
	14.92
	O15
	6.54

	Ru12
	15.06
	O16
	6.59

	O1
	6.58
	O17
	6.51

	O2
	6.54
	O18
	6.51

	O3
	6.59
	O19
	6.51

	O4
	6.58
	O20
	6.51



Table S4. Bader charge analysis of Zn-doped RuO2.
	Bader charge analysis of Zn-doped RuO2.

	Atom 
	Charge
	Atom 
	Charge

	Ru1
	15.29
	O5
	6.54

	Ru2
	14.94
	O6
	6.68

	Ru3
	15.07
	O7
	6.51

	Ru4
	14.91
	O8
	6.50

	Ru5
	15.04
	O9
	6.52

	Ru6
	15.30
	O10
	6.58

	Ru7
	14.93
	O11
	6.58

	Ru8
	15.13
	O12
	6.53

	Ru9
	15.08
	O13
	6.59

	Ru10
	14.91
	O14
	6.58

	Ru11
	15.04
	O15
	6.53

	Zn1
	11.15
	O16
	6.59

	O1
	6.58
	O17
	6.51

	O2
	6.54
	O18
	6.50

	O3
	6.68
	O19
	6.52

	O4
	6.58
	O20
	6.58



Table S5. Bader charge analysis of Co, Zn co-doped RuO2.
	Bader charge analysis of Co, Zn co-doped RuO2.

	Atom 
	Charge
	Atom 
	Charge

	Ru1
	15.32
	O9
	6.50

	Ru2
	14.95
	O10
	6.50

	Ru3
	15.06
	O11
	6.58

	Ru4
	14.92
	O12
	6.58

	Ru5
	15.03
	O13
	6.60

	Ru6
	15.31
	O14
	6.58

	Ru7
	14.92
	O15
	6.54

	Ru8
	15.15
	O16
	6.60

	Ru9
	15.06
	O17
	6.50

	Ru10
	14.92
	O18
	6.51

	Ru11
	15.03
	O19
	6.50

	Ru12
	15.32
	O20
	6.60

	Ru13
	14.93
	O21
	6.58

	Ru14
	15.06
	O22
	6.54

	Ru15
	14.93
	O23
	6.61

	Ru16
	15.03
	O24
	6.58

	Ru17
	15.31
	O25
	6.54

	Ru18
	14.92
	O26
	6.61

	Ru19
	15.15
	O27
	6.50

	Ru20
	15.06
	O28
	6.51

	Ru21
	14.93
	O29
	6.50

	Ru22
	15.03
	O30
	6.53

	Co1
	8.32
	O31
	6.58

	Zn1
	11.08
	O32
	6.54

	O1
	6.58
	O33
	6.60

	O2
	6.55
	O34
	6.58

	O3
	6.67
	O35
	6.54

	O4
	6.58
	O36
	6.60

	O5
	6.55
	O37
	6.50

	O6
	6.66
	O38
	6.51

	O7
	6.50
	O39
	6.50

	O8
	6.51
	O40
	6.53



Table S6. Comparison of HER performance in acidic media of Co0.2Zn0.8@RuO2 with previously reported Ru-based catalysts. (η, overpotential at 10 mA cm-2, mV. b, Tafel slope, mV dec-1.) 
	Catalysts
	η
	b
	Reference

	Co0.2Zn0.8@RuO2
	42
	30.5
	This work

	1D-RuO2-CNx
	93
	40
	[18]

	RuO2 NRs/C
	99
	99.4
	[23]

	IrO2-RuO2/C 
	82
	37
	[24]

	Co-SAC/RuO2
	45
	58
	[25]

	La-RuO2
	71
	49.3
	[26]

	Au/RuO2 NFs
	127
	39.1
	[27]

	Ru@WNO-C
	172
	-
	[28]

	Ru-KB-H-6H
	30.3
	52
	[29]

	Ru(3 mL)-MC
	40
	42
	[30]

	B-Ru@CNT
	62
	82
	[31]

	Ru@NG-4
	60
	41
	[32]

	Ru@GnP
	45
	30
	[33]

	RuW
	~78
	40.8
	[34]

	Ru@Co/N-CNTs
	92
	45
	[35]

	Ru/d-NPC
	68
	37.7
	[36]

	Ru/MeOH/THF
	83
	60
	[37]



Note 1: OER pathway for RuO2, Zn@RuO2 and Co0.2Zn0.8@RuO2.
Solid-state TM oxides display an ordered coordination network with a metal cation center and a surrounding oxygen anion ligand. Represented by the octahedrally symmetric TMO6 motif, in which the metal center usually plays a dominant role in the OER activity, the orbital interactions and energy band diagrams can be depicted in Fig. S37a based on a rationalization of molecular orbital theory. The oxygen 2p-metal nd orbital overlap gives rise to bonding (M-O) and antibonding (M-O)* bands, which mainly display oxygen and metal features, respectively. They are also known as oxygen 2p bands and metal nd bands. From the point of view of solid-state physics, the electrons in the metal-characteristic (M-O)* antibonding bands are further localized by strong d-d Coulomb interactions (U), which depend on the orbital volume and valence of the metal center.[38] This on-site electron repulsion leads to the splitting of the (M-O)* bands into empty upper Hubbard band (UHB) and electron-filled lower Hubbard band (LHB), called the Mott-Hubbard split (Fig. S37b).
In light of the large electronegativity of oxygen (χ = 3.44), typical solid-state materials exhibit large charge transfer energy values with strong ionic properties of TM-O bonds, i.e., Mott-Hubbard insulators. [38,39] In this regard, the O 2p bands are deeply aligned in the energy diagrams, whereas the TM nd bands are located above (Fig. S37b, left). In other words, the energy difference between the centers of the TM nd and O 2p energy bands (labeled εTM-nd and εO-2p, respectively) should be positive (i.e., εTM-nd-εO-2p > 0). Thermodynamically, cationic redox electrochemistry is more favorable for electron donating. Electron transfer occurs between the metal center and the adsorbed oxygen intermediate for the OER reaction, following the conventional AEM pathway, whereas the oxygen ligand will be confined in the lattice matrix and not activated. According to DFT results, for all three samples, εRu-d-εO-p > 0, thus water oxidation along AEM mechanism. In addition, in order to make lattice oxygen participate in oxygen precipitation, the absolute energy level of O 2p band needs to be adjusted compared with the redox of (Fig. S37b, right). That is, εO-2p versus EF should be high enough (much higher than εO-2p in this work) to ensure the release of active oxygen ligands from the lattice matrix. [40,41] In summary, it is reasonable to conclude that these three samples follow the AEM mechanism.
[image: ]
Fig. S37. Electronic structure in relation to the OER mechanism. (a) Schematic performance band structure of octahedrally symmetric TMO6 under molecular orbital theory. (b) Schematic representation of cation/anion redox chemistry showing conventional metal cation oxidation (left), oxygen anion oxidation (middle) and direct oxygen anion release (right) for OER, respectively. U is the energy difference between UHB and LHB, respectively.
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