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Fig. S1 Scanning electronic microscopy (SEM) images. SEM images of the (a) LRO, (b) 3.6V-LRO, (c) 4.3V-LRO, and 
(d) 5.0V-LRO.



Fig. S2 XRD patterns of LRO series. As the delitiation process proceeds, the overall XRD peaks of the Li2-xRuO3 
series become broader and the intensity decreases, indicating a decrease in crystallinity of the structure. In 
addition, in the xrd pattern, the Full Width at Half Maximum (FWHM), which is closely related to the lattice strain 
and the crystallite size of the particles, was reduced. In particular, when 3.6V-LRO is charged from 4.3V-LRO, the 
excessive collapse of peaks occurs, which is an area where oxygen gas is generated and the oxygen network is 
modified due to oxidation of oxygen. The collapse of the (002) mono peak coincides with the tendency of 
intragranular cracks in the {111} cubic direction in Figure 1d-f.



Fig. S3 a, O K-edge EELS spectra of Li2-xRuO3-y series. The 530 eV region, shown in yellow, is the pre-edge region 
of the oxygen K-edge, indicating the hybridization state of TM3d-O2p. The integral value of the pre-edge peak is 
directly related to the degree of TM3d-O2p hybridization, and the bar graph b, represents the degree of TM-O 
hybridization according to the material.



Fig. S4 a, Schematic illustration of oxygen network modification in the oxygen redox region. After 3.6 V, oxidation 
of peroxo-like species (peroxo (O2)2-

 , superoxo (O2)-), and irreversible O2 release occur during reversible and 
irreversible oxygen redox, resulting in formation of O-O bonds and modification of oxygen network. b, 
Visualization of peroxo-like species upon delithiation.



Fig. S5 STEM images of 5.0V-LRO with elemental mappings of Ru and O through EDS



Fig. S6 Fluorine 1s X-ray photoelectron spectroscopy (XPS) spectra of LRO and 5.0V-LRO. There were two peaks 
at binding energies of 684.9 eV (LiF) and 687.7 eV (PVDF) in 5.0V-LRO, while there is no obvious peak in LRO. It 
implied that 5.0V-LRO has thin CEI.



Fig. S7 XPS of Ru 3p and O 1s in Li2-xRuO3-y series. a) LRO, b) 3.6V-LRO, c) 4.3V-LRO, and d) 5.0V-LRO. Because of 
the spin orbital coupling, the Ru 3p spectrum is separated into 3p3/2 components located at 465 eV and 3p1/2 
components at 486 eV. The peak shift of 3.6V-LRO to ~0.8 eV occurred because the oxidation number of 
ruthenium increased from 4+ to 5+. Interestingly, in the 4.3V-LRO and 5.0V-LRO, a shift in the low binding energy 
(~0.4 eV) occurred. The O 1s spectra shows two peaks characteristic of lattice oxygen (O2-) and oxygenated 
deposited. In the process of Li extraction from LRO to 3.6V-LRO, there was barely change, but notable changes 
from 4.3V-LRO and 5.0V-LRO.

Table S1 inductively coupled plasma-optical emission spectroscopy (ICP-OES) results. The amounts

of delithiation were calculated assuming no loss of Ru ions 

Sample LRO 3.6V-LRO 4.3V-LRO 5.0V-LRO

Expected 
Composition

Li2RuO3 Li1.21RuO3 Li0.52RuO3-β Li0.15RuO3-δ



Fig. S8 Electrochemical characteristic. a, d, The corresponding Tafel plots of LRO, 3.6V-LRO, 4.3V-LRO, and 5.0V-
LRO (a) for ORR and (d) for OER. b, Corresponding Number of transferred electrons LRO, 3.6V-LRO, 4.3V-LRO, 
and 5.0V-LRO. c, Corresponding hydrogen peroxide yield of LRO, 3.6V-LRO, 4.3V-LRO, and 5.0V-LRO.



Fig. S9 a, b, Durability test of 5.0V-LRO by measuring linear sweep voltammetry after 10,000 cycling for (a) ORR 
and (b) OER at a scan rate of 20 mV s–1. c,d, Chronoamperometric response of the reference samples (Pt/C or 
RuO2) and 5.0V-LRO in O2-saturated 0.1 M KOH electrolytes with 1600 r.p.m for (c) ORR at 0.4 V (vs. RHE) (d) OER 
at voltage where current density is 10 mA cm–2.



Fig. S10 a, XRD results and b, SEM images of 5.0V-LRO and 5.0V-LRO after stability test.



Fig. S11 Hydrogen evolution reaction (HER), Oxygen evolution reaction (OER), and Oxygen reduction reaction 
(ORR) performance. a,b,e, polarization curves and linear sweep voltammetry (LSV) curves of LRO, 3.6V-LRO, 
4.3V-LRO, 5.0V-LRO, and reference samples (Pt/C or RuO2) in 0.5 M H2SO4 electrolyte at a scan rate of 10 mV s–1 
(a) for HER, (b) for OER, and (e) for ORR. c,d,f, The corresponding Tafel plots of LRO, 3.6V-LRO, 4.3V-LRO, and 
5.0V-LRO (a) for HER, (d) for OER, and (f) for ORR. 



Fig. S12 VO2+/VO2
+ half-cell reactions. a, Cyclic voltammograms (CVs) of of LRO, 3.6V-LRO, 4.3V-LRO, and 5.0V-

LRO at a scan rate of 5 mV s–1 with the potential window of 0.4 to 1.3 V versus Ag/AgCl in 0.1 M VOSO4 + 3 M 
H2SO4 solutions. b, Randles-Sevcik plot obtained from the CV data

Table S2 Summary of Cyclic voltammetry results.

V4+ ↔ V5+ Epa (V) Epc (V) E (V)∆ Ipa (A cm-2) Ipc (A cm-2) Ipa/Ipc

LRO 1.014 0.773 0.241 0.0631 0.0658 0.95

3.6V-LRO 1.003 0.774 0.229 0.0640 0.0660 0.97

4.3V-LRO 0.984 0.838 0.171 0.0697 0.0650 1.07

5.0V-LRO 0.977 0.811 0.166 0.0976 0.0884 1.10



Table S3 Electrical conductivity and resistivity of the electrocatalyst-loaded air electrodes. 

Sample Air-electrode LRO 3.6V-LRO 4.3V-LRO 5.0V-LRO

Conductivity

(S cm−1)
3.19 10–2× 3.36 10–2× 3.62 10–2× 3.55 10–2× 3.47 10–2×

Resistivity

(Ω cm)
31.3 29.8 27.6 28.2 28.8

 

Fig. S13 Electrochemical impedance spectroscopy (EIS) results of LRO LRO, 3.6V-LRO, 4.3V-LRO, and 5.0V-LRO.



Fig. S14 Rechargeable Zinc-air batteries (ZAB) cycling profiles. a,b, Rechargeable ZAB cycling profiles at 
(dis)charge current density of (a) 20 mA cm–2 (b) 50 mA cm–2 (20 min per cycle).

Table S4 summary and comparison of the Zn-air battery performances. 

Catalyst Electrolyte
OCV

(V)

Peak power 
density

(mW cm–2)

Current 
density

(mA cm–2)

Discharge 
time

(min)

Specific capacity

(mAh g–1)

Gravimetric 

energy density

(Wh kg–1)

Cycle time, 

Overpotential

10 - - - 33.3 h, 0.7 V

20 - - - 33.3 h, -

67 (Static) 360.1 395.3

5V-LRO

(This work)
6 M KOH 1.53 328.1

50

220 (Flow) 917.2 875.2

6.67 h, -

5 790.4 80h, 0.86 V
Pt-SCFP/C-

121

6 M KOH + 

0.2 N ZnCl2
1.44 122

10

-

781.5

-

-

Co3Ni2/CN 

(st)2
6 M KOH 1.48 331 50 - 730 - -

50 600

5rG@NHCS3 6 M KOH 1.54 142

100 300 670

- -



Fe2P/NPC4

6 M KOH + 

0.2 M 

Zn(CH3COO)2

1.469 111.6 10 - 654.1 733.6 -

SA-Fe/N/C-

20-9005

6 M KOH + 

0.2 M 

Zn(CH3COO)2

1.34 22.2 5 - - 927.9 10 h, 0.9 V

10 1,920 - - 24 h, 0.8 V

FeNi/HNC6 6 M KOH 1.43 310

50 960 - -

FeCo@MNC7

6 M KOH + 

0.2 M 

Zn(CH3COO)2

1.41 115 20 - - - 24.2 h, 0.9 V

5 - - - 300 h, 0.988 V

Fe-Nx-C8

6 M KOH + 

0.2 M 

Zn(CH3COO)2

1.51 96.4

10 2000 641 - 250 h, 1.255 V

T-

CoNCNTs//N

iFe-LDH 

arrays9

6 M KOH + 

0.2 M 

Zn(CH3COO)2

1.39 245 50 - - - 33.3 h, 0.9 V

CNCo-60010

6 M KOH + 

0.2 M 

Zn(CH3COO)2

- 479.1 5 - - - 33.3 h, 0.75 V



Fig. S15 Operando X-ray absorption spectroscopy (XAS) analysis results of RuO2. a, Obtained CV profile during 
Operando XAS of RuO2. Corresponding representative b, Operando XANES profile of Ru K-edge. The three main 
peaks, denoted by the dotted lines, are labeled as rising peak (R), maximum peak (M), and back peak (B). c, 
Operando RDF of Fourier-transformed k3-weighted EXAFS spectra of Ru K-edge. The three main bonds, Ru-O 
bond (Ru-O), Ru-Ru short bond (Ru-Ru-short), and Ru-Ru long bond (Ru-Ru-long), are labeled as O, S, and L.



Fig. S16 Operando X-ray absorption spectroscopy (XAS) analysis results of LRO. a, Obtained CV profile during 
Operando XAS of LRO. Corresponding representative b, Operando XANES profile of Ru K-edge. The three main 
peaks, denoted by the dotted lines, are labeled as Rising peak (R), Maximum peak (M), and Back peak (B). c, 
Operando RDF of Fourier-transformed k3-weighted EXAFS spectra of Ru K-edge. The three main bonds, Ru-O 
bond (Ru-O), Ru-Ru short bond (Ru-Ru-short), and Ru-Ru long bond (Ru-Ru-long), are labeled as O, S, and L.



Fig. S17 Operando X-ray absorption spectroscopy (XAS) analysis results of 3.6V-LRO. a, Obtained CV profile 
during Operando XAS of 3.6V-LRO. Corresponding representative b, Operando XANES profile of Ru K-edge. The 
three main peaks, denoted by the dotted lines, are labeled as rising peak (R), maximum peak (M), and back peak 
(B). c, Operando RDF of Fourier-transformed k3-weighted EXAFS spectra of Ru K-edge. The three main bonds, 
Ru-O bond (Ru-O), Ru-Ru short bond (Ru-Ru-short), and Ru-Ru long bond (Ru-Ru-long), are labeled as O, S, and L.



Fig. S18 Operando X-ray absorption spectroscopy (XAS) analysis results of 5.0V-LRO. a, Obtained CV profile 
during Operando XAS of 5.0V-LRO. Corresponding representative b, Operando XANES profile of Ru K-edge. The 
three main peaks, denoted by the dotted lines, are labeled as rising peak (R), maximum peak (M), and back peak 
(B). c, Operando RDF of Fourier-transformed k3-weighted EXAFS spectra of Ru K-edge. The three main bonds, 
Ru-O bond (Ru-O), Ru-Ru short bond (Ru-Ru-short), and Ru-Ru long bond (Ru-Ru-long), are labeled as O, S, and L.



Fig. S19 Comparison of obtained CV profile during Operando XAS of RuO2, LRO, 3.6V-LRO, and 5.0V-LRO



Fig. S20 Summary of Operando Ru K-edge XANES spectrum and EXAFS spectrum. a,c, The normalized intensity 

difference Ru K-edge XANES spectra (ΔI : ) of (a) Rising peak (R) and Back peak (B) cross line and (c) 
𝐼
𝑛𝑡ℎ

‒ 𝐼
1𝑠𝑡

Maximum peak (M) cross line in RuO2 and LRO. b, the photon energy change ( ) of Maximum peak (M) 
𝐸
𝑛𝑡ℎ

‒ 𝐸
1𝑠𝑡

in RuO2 and LRO. d,e, (d) The Fourier-transformed (FT) peak position change and (e)  the FT peak intensity 

change of RuO2 and LRO. Ru-O bond (Ru-O, ~2.04 Å), Ru-Ru short bond (Ru-Ru-short, ~2.52 Å), and Ru-Ru long 

bond (Ru-Ru-long, ~2.75 Å) are labeled as O, S, and L.
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