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Supplementary Figures 

 

 

 

 

Fig. S1 XRD patterns of HP-RuOx, P-RuOx, H-RuOx and commercial RuO2. For reference, the 

standard diffraction patterns of rutile RuO2 (JCPD No. 40-1290) is also presented. 
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Fig. S2 Raman spectra of HP-RuOx, P-RuOx, H-RuOx and commercial RuO2. 
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Fig. S3 (a) TEM image, (b) HRTEM image, (c) HAAF-STEM-EDS elemental maps of Ru and O for 

P-RuOx. 
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Fig. S4 (a) TEM image, (b) HRTEM image, (c) HAAF-STEM-EDS elemental maps of Ru and O for 

H-RuOx. 
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Fig. S5 Nanoparticle size distribution of (a) P-RuOx and (b) H-RuOx. 
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Fig. S6 Inverse fast Fourier transform (IFFT) pattern of Fig. 1f. The yellow solid and red dashed 

lines denote the ideal and actual lattice alignment orientations, respectively. The deviation 

between ideal and actual situations indicates lattice distortion in HP-RuOx, while the white T-

shaped marks represent lattice dislocations. 
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Fig. S7 (a) OER polarization curves and (b) corresponding Tafel slopes of HP-RuOx at different 

mass loadings. 
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Fig. S8 OER polarization curves for different catalysts loaded on the Ti@Au felt recorded in 

0.05 M H2SO4. The overpotentials (10) needed to deliver 10 mA cm-2 for HP-RuOx, P-RuOx, H-

RuOx and commercial RuO2 are 243, 258, 291 and 352 mV, respectively. The loading density 

is 1 mg cm-2 for all catalysts. 
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Fig. S9 Cyclic voltammograms recorded for (a) HP-RuOx, (b) P-RuOx, (c) H-RuOx and (d) 

commercial RuO2 in the potential region of 0.85 – 0.95 V vs. RHE at scan rates from 20 to 100 

mV s-1.  
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Fig. S10 (a) ECSA values, (b) ECSA normalized specific activity and (c) TOF at the overpotential 

of 300 − 450 mV of HP-RuOx, P-RuOx, H-RuOx, and commercial RuO2. 
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Fig. S11 N2 adsorption/desorption isotherms of (a) HP-RuOx, (b) P-RuOx, (c) H-RuOx, and (d) 

commercial RuO2. 

  



S13 
 
 

 

 

 

 

Fig. S12 Pore size and pore volume analyses of (a) HP-RuOx, (b) P-RuOx, (c) H-RuOx, and (d) 

commercial RuO2, based on the N2 desorption isotherms using the BJH method. 
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Fig. S13 EIS Nyquist plots of HP-RuOx, P-RuOx, H-RuOx, and commercial RuO2. The inset shows 

an equivalent circuit model, in which CPE, Rct, and Rs are constant phase element, charge 

transfer resistance and equivalent series resistance, respectively. The quantitative fitting 

results are presented in Table S1. 
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Fig. S14 Digital photographs of (a) a blank carbon paper, (b) a blank Ti@Au felt, (c) a 

commercial RuO2 catalyst-loaded carbon paper, and (d) a commercial RuO2 catalyst-loaded 

Ti@Au felt. (e, f) The commercial RuO2 catalyst-loaded carbon paper after a long-term OER 

test at 100 mA cm-2 for 4 h. The carbon paper was oxidized and became rather fragile. (The 

carbon paper was broken upon a very gentle touch by tweezers) (g, h) The commercial RuO2 

catalyst-loaded Ti@Au felt after a long-term OER test at 100 mA cm-2 for 4 h. Although the Au 

on the surface was partially oxidized and dissolved, the electrode still maintained 

mechanically robust and showed good electrical conductivity.  
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Fig. S15 Chronopotentiometry curve of commercial RuO2 catalysts loaded on a carbon paper 

current collector for OER in 0.05 M H2SO4 at 100 mA cm-2 (loading: 1.0 mgcat cm-2). 
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Fig. S16 Chronopotentiometry curves of the HP-RuOx catalysts for the OER tested in 0.05 M 

H2SO4 at 100 mA cm-2 with the catalyst loading of (a) 0.5 mgcat cm-2 and (b) 2.0 mgcat cm-2. 
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Fig. S17 EXAFS fitting of the first-shell coordination for (a) HP-RuOx, (b) P-RuOx, (C) H-RuOx, 

and (d) commercial RuO2 catalysts. The quantification results are shown in Table S3. 
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Fig. S18 XPS survey spectra of HP-RuOx, P-RuOx, H-RuOx and commercial RuO2. 

  



S20 
 
 

 

 

 

 

 

Fig. S19 (a) High-resolution Ru 3p spectra of P-RuOx, H-RuOx, and commercial RuO2. (b) High-

resolution O 1s spectra of P-RuOx, H-RuOx, and commercial RuO2. OL – lattice oxygen, OV – 

oxygen vacancy, and OW – adsorbed oxygen from water. 
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Fig. S20 DEMS measurements of (a) HP-RuOx and (b) commercial RuO2 in 0.05 M H2SO4 

containing 18OH2. DEMS measurements of 18O-labeled (c) HP-RuOx and (d) commercial RuO2 

in 0.05 M H2SO4 prepared with 16OH2.  
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Fig. S21 The model of a perfect RuO2(110) surface. The red and dark green spheres represent 

O and Ru atoms, respectively. The outermost O atoms are bridge atoms, labeled as Obr, and 

other O atoms are threefold, labeled as O3f. 
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Fig. S22 Top views of (a) the defect-free RuO2 model, (b - c) two 1Ov-RuOx models, and (d - g) 

four possible 2Ov-RuOx models. n and p stand for different relative positions between Ru atom 

and oxygen vacancies.   
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Fig. S23 The formation energy values for the (a) 1Ov-RuOx and (b) 2Ov-RuOx model catalysts 

shown in Fig. S22. 
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Fig. S24 Bader charge analysis of the Ru sites on (a) pristine RuO2, (b) 1Ov-RuOx and (c) 2Ov-

RuOx. The dark green, yellow and blue spheres represent unsaturated Ru sites on the RuO2 

(110) surface, Ru sites around a single oxygen vacancy (Ru(1Ov)) and Ru sites surrounded by 

dual oxygen vacancies (Ru(2Ov)). The red and white spheres denote O atoms and oxygen 

vacancies (Ov), respectively. 
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Fig. S25 Two-dimensional charge density contour plots for Ru and O in (a) defect-free RuO2 

and (b) 2Ov-RuOx.  
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Fig. S26 Partial density of states (PDOS) analysis of the Ru sites on 1Ov-RuOx. Ru and Ru(1Ov) 

represent the unsaturated Ru sites on the RuO2 (110) surface and Ru sites around a single 

oxygen vacancy, respectively. 
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Fig. S27 Top view images showing H2O adsorption on the (a) Ru site of RuO2, (b) Ru(2Ov) site 

of 2Ov-RuOx, and (c) Ov site of 2Ov-RuOx.  
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Fig. S28 The charge density difference plot for H2O adsorption on the Ru sites of RuO2. The 

yellow and cyan regions represent electron accumulation and depletion, respectively. The 

isosurface value is 0.001 e/Bohr3. 
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Fig. S29 The Gibbs free-energy diagram for the OER on 1Ov-RuOx. 
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Fig. S30 Digital photograph showing the PEM single-cell electrolyzer used in our experiments. 
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Fig. S31 XRD patterns of HP-RuOx catalysts before and after the OER at 500 mA cm-2 for 150 

h in MEA.  

  



S33 
 
 

 

Fig. S32 (a) XPS survey spectra, high-resolution (b) Ru 3p and (c) O 1s XPS spectra of HP-RuOx 

catalysts before and after the OER at 500 mA cm-2 for 150 h in MEA. The F signal in (a) comes 

from the remanent Nafion used to prepare the catalyst ink. Since Nafion (C7HF13O5SC2F4) is 

very difficult to be removed completely, it may also influence the (quantitative) analysis of 

the O 1s spectrum after the stability test.  
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Supplementary Tables: 

Table S1. EIS Fitting results of Rs and Rct values for different samples. 

Sample Rs (Ω) Rct (Ω) 

Commercial RuO2 54.1 80.1 

H-RuOx 51.8 32.9 

P-RuOx 51.3 30.0 

HP-RuOx 51.3 29.2 

 

Rs – equivalent series resistance. 

Rct – charge transfer resistance. 
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Table S2. Summary of some Ru-based OER electrocatalysts reported recently in the literature, 

which were tested in acidic electrolyte. 

Catalysts Electrolyte Activity 

(10, mV) 

Stability Reference 

 

HP-RuOx 0.05 M H2SO4 237 140 h @ 100 mA cm-2 This work 

RuO2 NSs 0.1 M HClO4 255 6 h @ 10 mA cm-2 Ref. S1 

a/c-RuO2 0.1 M HClO4 220 60 h @ 10 mA cm-2 Ref. S2 

Ru1-Pt3Cu 0.1 M HClO4 220 28 h @ 10 mA cm-2 Ref. S3 

Co-RuIr 0.1 M HClO4 235 25 h @ 10 mA cm-2 Ref. S4 

RuB2 0.5 M H2SO4 223 45 h @ 10 mA cm-2 Ref. S5 

RuIr@CoNC 0.05 M H2SO4 239 25 h @ 10 mA cm-2 Ref. S6 

Ru@IrOx 0.05 M H2SO4 282 24 h @ 10 mA cm-2 Ref. S7 

Ru-exchanged Cu-

BTC 

0.5 M H2SO4 188 8 h @ 10 mA cm-2 Ref. S8 

Y1.7Sr0.3Ru2O7 0.5 M H2SO4 264 28 h @ 10 mA cm-2 Ref. S9 

Ru/RuS2 0.5 M H2SO4 201 24 h @ 10 mA cm-2 Ref. S10 

Ru@MoO(S)3 0.5 M H2SO4 292 24 h @ 10 mA cm-2 Ref. S11 

RuO2-WC NPs 0.5 M H2SO4 347 10 h @ 10 mA cm-2 Ref. S12 

La-RuO2 0.5 M H2SO4 208 28 h @ 10 mA cm-2 Ref. S13 

RuCoOx@LLCF 0.1 M HClO4 256 110 h @ 10 mA cm-2 Ref. S14 

Y2MnRuO7 0.1 M HClO4 270 45 h @ 10 mA cm-2 Ref. S15  

Ru/Se-RuO2 0.5 M H2SO4 190 24 h @ 10 mA cm-2 Ref. S16 

Ru0.85Zn0.15O2-δ 0.5 M H2SO4 190 50 h @ 10 mA cm-2 Ref. S17 

RuTe2 PNRs 0.5 M H2SO4 245 24 h @ 10 mA cm-2 Ref. S18 

C-RuO2-RuSe-5 0.5 M H2SO4 212 50 h @ 10 mA cm-2 Ref. S19 

SnRuOx 0.5 M H2SO4 194 250 h @ 100 mA cm-2 Ref. S20 

L-Ru 0.5 M H2SO4 202 10 h @ 10 mA cm-2 Ref. S21 

RuNi2© G-250 0.5 M H2SO4 227 24 h @ 10 mA cm-2 Ref. S22 

Mg-RuO2 0.5 M H2SO4 228 30 h @ 10 mA cm-2 Ref. S23 

Co0.11Ru0.89O2-δ  0.5 M H2SO4 169 50 h @ 10 mA cm-2 Ref. S24 
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RuCoOx-RuCo-NC 0.5 M H2SO4 228 12 h @ 10 mA cm-2 Ref. S25 

IrRu/T90G10 0.1 M HClO4 254 24 h @ 10 mA cm-2 Ref. S26 

RuMn 0.5 M H2SO4 270 720 h @ 10 mA cm-2 Ref. S27 

Ru/Co-N-C 0.5 M H2SO4 232 24 h @ 10 mA cm-2 Ref. S28 

Ru/MnO2 0.1 M HClO4 161 200 h @ 10 mA cm-2 Ref. S29 

Mn0.73Ru0.27O2-δ 0.5 M H2SO4 208 10 h @ 10 mA cm-2 Ref. S30 

In0.17Ru0.83O2-350 0.5 M H2SO4 177 20 h @ 10 mA cm-2 Ref. S31 

Ru5W1Ox 0.5 M H2SO4 227 550 h @ 10 mA cm-2 Ref. S32 

CoCV/np-RuO2-250 0.5 M H2SO4 169 20 h @ 10 mA cm-2 Ref. S33 

Ru/RuO2-Co3O4 0.1 M HClO4 226 20 h @ 10 mA cm-2 Ref. S34 

H/d-MnOx/RuO2 0.5 M H2SO4 178 40 h @ 10 mA cm-2 Ref. S35 

Nd0.1RuOx 0.5 M H2SO4 211 25 h @ 10 mA cm-2 Ref. S36 

Ru-VO2 0.5 M H2SO4 300 125 h @ 10 mA cm-2 Ref. S37 

(Ru-W)Ox 0.5 M H2SO4 170 300 h @ 10 mA cm-2 Ref. S38 

Ru-O-Mn/CPD 0.5 M H2SO4 196 30 h @ 10 mA cm-2 Ref. S39 

RuO2/CeO2@C 0.5 M H2SO4 170 100 h @ 50 mA cm-2 Ref. S40 

Ru-UiO-67-bpydc 0.5 M H2SO4 200 140 h @ 50 mA cm-2 Ref. S41 

Bi0.15Ru0.85O2 0.5 M H2SO4 200 100 h @ 10 mA cm-2 Ref. S42 

RuCoOx 1.0 M HClO4 200 100 h @ 10 mA cm-2 Ref. S43 

Nb0.1Ru0.9O2 0.5 M H2SO4 204 360 h @ 200 mA cm-2 Ref. S44 

py-RuO2:Zn 0.5 M H2SO4 212 1000 h @ 10 mA cm-2 Ref. S45 

Re0.06Ru0.94O2 0.1 M HClO4 190 200 h @ 10 mA cm-2 Ref. S46 

Li0.52RuO2 0.5 M H2SO4 156 70 h @ 10 mA cm-2 Ref. S47 

BixEr2-xRu2O7 0.1 M HClO4 180 100 h @ 100 mA cm-2 Ref. S48 

Ru/TiOx 0.5 M H2SO4 174 900 h @ 10 mA cm-2 Ref. S49 

Ni-RuO2 0.1 M HClO4 214 200 h @ 10 mA cm-2 Ref. S50 

Se-RuO2 0.5 M H2SO4 166 48 h @ 10 mA cm-2 Ref. S51 

RuFe@CF 0.5 M H2SO4 188 620 h @ 10 mA cm-2 Ref. S52 

m-RuO2 0.5 M H2SO4 230 4 h @ 10 mA cm-2 Ref. S53 

MnRuOx-300 0.5 M H2SO4 231 780 h @ 100 mA cm-2 Ref. S54 
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GB-RuO2 0.1 M HClO4 187 550 h @ 10 mA cm-2 Ref. S55 

RuSnOx 0.1 M HClO4 184 150 h @ 10 mA cm-2 Ref. S56 

Ru-RuO2/Mn3O4/CP 0.5 M H2SO4 182 400 h @ 10 mA cm-2 Ref. S57 

RuMnOx 0.5 M H2SO4 240 2600 h @ 10 mA cm-2 Ref. S58 

MD-RuO2-BN 0.5 M H2SO4 196 24 h @ 10 mA cm-2 Ref. S59 

Si-RuO2-0.1 0.1 M HClO4 226 800 h @ 10 mA cm-2 Ref. S60 
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Table S3. Ligand structure parameters derived from EXAFS spectrum fitting. 

Sample CN R (Å) σ2 (Å 2) ΔE0 Rfactor 

Commercial RuO2 6.0 1.97 0.002 -2.99 0.012 

H-RuOx 5.92 1.97 0.002 -3.12 0.010 

P-RuOx 5.51 1.97 0.002 -3.60 0.010 

HP-RuOx 5.26 1.97 0.001 -4.29 0.021 

 

CN − coordination number 

R − bond distance 

2 − Debye-Waller factors 

E0 − the inner potential correction 

Rfactor − goodness of fit 
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Table S4. Quantitative XPS analyses of Ru3+ species and the oxygen vacancy (OV). 

Sample Ru3+ OV 

Commercial RuO2 28.6 % 30.5 % 

H-RuOx 32.9 % 34.6 % 

P-RuOx 38.3 % 39.3 % 

HP-RuOx 42.9 % 41.0 % 
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Table S5. Gibbs free energy values of H2O adsorption on defect-free RuO2, Ru(2Ov) of 2Ov-

RuOx, and Ov of 2Ov-RuOx. 

 H 

(eV) 

ZPE 

(eV) 

T × S 

(T = 298.15 K) 

G  

 (eV) 

∆G 

 （eV） 

RuO2 -714.06 0.68 0.11 -713.49 -0.96 

Ru(2Ov) -703.06 0.68 0.11 -702.49 -0.93 

Ov -702.82 0.67 0.13 -702.28 -0.72 

 

H – enthalpy 

ZPE – zero-point energy 

T × S – entropy contribution  

G − Gibbs free energy 

G – the change of Gibbs free energy induced by H2O adsorption 
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Table S6. Gibbs energy changes of the elementary steps during the OER on RuO2, 1Ov-RuOx 

and 2Ov-RuOx. 

U = 0 V △G (eV) 

RuO2 

△G (eV) 

1Ov-RuOx 

△G (eV) 

2Ov-RuOx 

* + H2O → H2O* -0.97 -0.93 -0.93 

H2O* → OH* + H+ + e− 0.68 0.57 0.52 

OH* → O*+H+ + e− 0.87 0.88 0.86 

O* + H2O → O*(Ov-H2O) -1.09 -1.36 -1.17 

O*(Ov-H2O) + H2O → OOH*(Ov-

H2O) + H+ + e− 

1.33 

 

1.25 

 

1.24 

 

OOH*(Ov-H2O) → H2O* + O2 + 

H+ + e− 

-2.52 -1.99 -1.98 
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