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1.Experimental section

1.1 Materials

Ruthenium chloride hydrate (RuCl3·xH2O), Chromium(III) nitrate nonahydrate 

(Cr(NO3)3 9H2O, 99%), 2-Aminoterephthalic acid (C8H7NO4, 98%), ruthenium oxide 

(RuO2, AR, 99.9%) were purchased from Aladdin. N, N dimethylformamide 

(C3H7NO, A.R.) and sodium hydroxide (NaOH, AR, 98%) were purchased from 

Macklin. Nafion perfluorinated resin solution (5 wt. %) were purchased from Suzhou 

Sinero Technology Co., Ltd. Ethanol (CH3CH2OH, A.R.) were purchased from 

Tianjin Fuyu Fine Chemical Co., Ltd. The H2SO4 (GR, 98 wt. %) and were purchased 

from Sinopharm Chemical Reagent Co., Ltd. Conductive carbon paper (TGP-H-060 

hydrophilicity) were Purchased from Toray. The water used in all experimental was 

ultrapure (Merck, 18.25 MΩ/cm).

1.2 Synthesis

In a typical RuO2/Cr2O3 synthesis, 0.2 mmol Cr(NO3)3·9H2O, 0.3 mmol 

RuCl3·xH2O, and 0.2 mmol NH2-BDC (2-Aminoterephthalic acid) were dissolved in 

15 mL of deionized water and sonicated to form a homogeneous solution. 

Subsequently, 0.5 mmol NaOH was added to the solution and stirred. The resulting 

mixture was transferred into a Teflon-lined hydrothermal autoclave and heated at 150 

°C for 12 hours. After cooling to room temperature, the product was washed twice 

with N, N-dimethylformamide (DMF) and ethanol, then air-dried at 80 °C overnight. 

Finally, the dried product was calcined in a muffle furnace at 400 °C with a heating 

rate of 5 °C/min and maintained at this temperature for 4 hours. After cooling to room 



temperature, the final product was collected. The synthesis method for RuO2, Cr2O3 

was without Cr(NO3)3·9H2O and RuCl3·xH2O.

1.3 Characterizations of catalysts

The crystal structures were characterized by X-ray diffraction (XRD, Smartlab 

SE, Cu Ka1). The microstructures and composition are studied using a scanning 

electron microscope (TESCAN), Transmission electron microscopy (FEI TF20), and 

an energy dispersive spectrometer (Super-X). Chemical shifts were characterized by 

X-ray photoelectron spectroscopy (Thermo Scientific K-Alpha). The XPS data were 

further analyzed using Avantage software. Operando Raman tests were carried out 

using a DXR3 Raman system (532 nm) and a CHI 760E electrochemical workstation. 

The spectra were processed and analyzed by the software codes Athena and Artemis. 

Electron paramagnetic resonance (Bruker EMXplus-6/1) was used to verify the 

presence of oxygen vacancies.

1.4 Electrochemical measurements 

All electrochemical measurements were performed in a three-electrode cell 

connected with an electrochemical station (CHI 760E) at room temperature. The 

prepared samples were made into ink drops on carbon paper as working electrodes. A 

Pt foil and saturated calomel electrode (SCE) were used as the counter electrode and 

reference electrode, respectively. All potentials in this work were mentioned versus 

reversible hydrogen electrode (RHE) according to the Nernst equation:

𝐸𝑅𝐻𝐸= 𝐸𝑆𝐶𝐸+ 0.059 ∗ 𝑝𝐻+ 0.241

Before performing electrochemical tests，the carbon paper was soaked in a 



mixed solution of concentrated sulfuric acid and concentrated nitric acid (3:1, v/v) for 

24 h for hydrophilic treatment. During electrochemical measurements on carbon 

paper, the catalyst ink was sprayed onto it using the drip coating method。In a typical 

procedure, the catalyst (2.0 mg) was dispersed in a mixture of 150.0 μL ethanol and 

90.0 μL of deionized water, and then 10.0 μL of 5 wt. % Nafion aqueous solution was 

added. After 30 min of sonication, 50.0 μL of homogeneous ink was drop on 1.0 cm × 

1.0 cm carbon paper and dried in room temperature air.

Before the formal test, the working electrode was first scanned from 0.9 to 1.5 V 

(vs. SCE) at a rate of 20 mV s-1 for 10 cycles to achieve stable cyclic voltammetry 

(CV) scans in 0.5 M H2SO4. Linear Sweep Voltammetry (LSV) curves were obtained 

at a scan rate of 5 mV s−1 with 95 % iR compensation. Electrochemical impedance 

spectroscopy (EIS) was performed at 1.23 V (vs. SCE) in a frequency range of 0.1 Hz 

to 105 Hz. And in-situ EIS plots were collected from 1.15 V to 1.4 V in a amplitude of 

50 mV. The stability of RuO2/Cr2O3 was measured by CP at current density of 10 mA 

cm-2. The double layer capacitances (Cdl) were estimated by measuring the CV under 

different scan rates (20 mV s-1 -100 mV s-1) in the range of 0.6 ~ 0.7 V (vs. SCE) 

potential. Electrochemical surface area (ECSA) was calculated by the following 

equation: 

𝐸𝐶𝑆𝐴= 𝐶𝑑𝑙 ∕ 𝐶𝑠

where Cs is the specific capacitance of the sample and the general value of Cs = 0.035 

mF cm−2 was adopted according to previous studies.



2. Supplementary Figures

Figure S1. SEM images (a) and TEM images and particle size distributions of RuO2/Cr2O3



Figure S2. EDS results of RuO2/Cr2O3



Figure S3. XPS survey spectra of RuO2/Cr2O3, RuO2 and Cr2O3



Figure S4. EPR spectra of RuO2



Figure S5. CV curves for these prepared samples: (a) RuO2/Cr2O3; (b) RuO2; (c) Cr2O3 (d) Com- 
RuO2.



Figure S6. Mass activity and areal activity of RuO2/Cr2O3 compared to RuO2 and Com- RuO2.



Figure S7. XRD pattern of the of RuO2/Cr2O3 before and after OER testing.



Figure S8. (a) TEM image of RuO2/Cr2O3 after OER tests. (b) HRTEM image of RuO2/Cr2O3 
after OER tests. Enlarged images of the selected region 1 (c) and region 2 (d) and the 
corresponding FFT patterns. (e) HAADF-STEM image and corresponding EDS elemental 
mapping of RuO2/Cr2O3 after OER tests.

Figure S9. EDS results of RuO2/Cr2O3 after OER tests.



Figure S10. Bode phase plots of RuO2/Cr2O3 and RuO2 at 1.2 V versus SCE.



Figure S11. Response of the phase angle to the applied potential of RuO2/Cr2O3 and RuO2.



Figure S12. The electrochemical circuit. Rs is the solution resistance, Rct is the polarization 
resistance, Cdl is the double-layer capacitance.



Figure S13. RuO2/Cr2O3 and RuO2 at different applied potentials versus SCE in 0.5 M H2SO4, (a) 
1.2 V, (b) 1.25 V, (c) 1.3 V, (d) 1.35 V, (e) 1.4 V and (f) Rct values at different potential for 
RuO2/Cr2O3 and RuO2. 



Figure S14. High-resolution Ru 3d XPS of (a) RuO2/Cr2O3 and (b) RuO2 before and after OER 
testing.



Figure S15. (a) High-resolution Cr 2p XPS of RuO2/Cr2O3 before and after OER testing. (c) O 1s 
spectra for RuO2/Cr2O3 and RuO2 after OER testing. (c) EPR spectra of RuO2/Cr2O3 before and 
after OER testing.



Figure S16 CV curves of RuO2 and RuO2/Cr2O3 catalysts in 0.5 M H2SO4 solution.



Figure S17. Schematic illustration of the operando DEMS.



Figure S18. Area of 34O2 DEMS signals for RuO2/Cr2O3 and RuO2 during six cycles in the 
potential range of 1.2–1.6 V versus RHE at a scan rate of 10 mV s−1



3. Supplementary Tables

Table S1. ICP results of the concentration of each ion of RuO2/Cr2O3.

Content(at%)
Items

Ru Cr

RuO2/Cr2O3 51 49



Table S2. The comparison of ECSA.

Catalysts Cdl (mF cm-2) ECSA (cm2)

RuO2/Cr2O3 37.78 1079.42

RuO2 20.75 592.85

Com-RuO2 9.56 273.14

ECSA is deduced from Cdl by dividing a factor of 0.035 mF cm-2



Table S3. Parameters obtained by fitting EIS experimental spectra recorded at 1.23 V (vs. SCE).

Catalysts Rs (ohm) Rct (ohm) CPE-T CPE-P

RuO2/Cr2O3 1.558 3.447 7.8E-02 6.8E-01

RuO2 1.453 6.297 3.8E-02 7.6E-01

Com-RuO2 1.851 11.43 2.4E-02 7.7E-01



Table S4 Comparison of OER activity with some representative electrocatalysts in acidic media.

Catalysts Electrolyte 
solution

Overpotential at 
10 mA cm-2 

(mV)
Stability References

RuO2/Cr2O3 0.5 M H2SO4 218 30 h @ 10 mA 
cm-2 This work

PdCu/Ir 0.1 M HClO4 283 15 h @ 10 mA 
cm-2

1

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

2

Ru@IrOx 0.5 M H2SO4 282 2 h @ 10 mA 
cm-2

3

RuB2 0.5 M H2SO4 223 10 h @ 10 mA 
cm-2

4

Pt/Ni/RuO2 0.1 M HClO4 239 N/A 5

IrO2/MoO3 0.1 M HClO4 345 11 h @ 10 mA 
cm-2

6

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

7

Ru-N-C 0.5 M H2SO4 267 30 h @ 1.5V vs. 
RHE

8

6H-SrIrO3 0.5 M H2SO4 248 30 h @ 10 mA 
cm-2

9

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

10

IrOx-B 0.1 M HClO4 292 10 h @ 10 mA 
cm-2

11

RuNi NAs 0.5 M H2SO4 252 10 h @ 10 mA 
cm-2

12

Ir-doped WO3 0.5 M H2SO4 258 60 h @ 100 mA 
cm-2

13



BaYIrO6 0.1 M HClO4 315 1 h @ 10 mA 
cm-2

14

Ir0.06Co2.94O4 0.1 M HClO4 300 200 h @ 10 mA 
cm-2

15

IrTe NTs 0.5 M H2SO4 271 24 h @ 10 mA 
cm-2

16

Ir-NiCo2O4 0.5 M H2SO4 240 70 h @ 10 mA 
cm-2

17

IrOx/SrIrO3 0.5 M H2SO4 270 30 h @ 10 mA 
cm-2

18

La3IrO7-SLD 0.1 M HClO4 296 17 h @ 10 mA 
cm-2

19
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