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Experiment Section

Materials: Titanium plate (0.4 mm in thickness) was purchased from Qingyuan Metal 

Materials Co., Ltd (Xingtai, China). Sodium hydroxide (NaOH), sodium nitrate 

(NaNO3), sodium nitrite (NaNO2), salicylic acid, sodium citrate, ruthenium(III) 

chloride trihydrate (RuCl3·3H2O), and ethanol were bought from Beijing Chemical 

Corporation (China). Ruthenium oxide (RuO2), Nafion (5 wt%), 5,5-dimethyl-1-

pyrroline-N-oxide (DMPO), sodium chloride (NaCl), sulfanilamide, sodium 

nitroferricyanide dihydrate, sodium sulphate (Na2SO4), and perchloric acid (HClO4) 

were obtained from Aladdin Reagent (Shanghai, China). Phosphoric acid (H3PO4), 

hydrochloric acid (HCl), nitric acid (HNO3), and N-(1-naphthyl)ethylenediamine 

dihydrochloride were bought from Keshi Chemical Reagent Co. All chemicals were 

used as received without further purification.

Preparation of RuO2@TiO2/TP: Firstly, Ti plate (TP) (2.0 × 4.0 cm2) was immersed 

in concentrated HCl at 70 °C for 15 min and then ultrasonicated in ethanol and water 

for 10 min, respectively. The pre-tread TP was put into a Teflon-lined autoclave 

containing 40 mL of 5 M NaOH solution, and then the autoclave was kept in an 

electric oven at 180 °C for 24 h. After natural cooling of the autoclave, the sample 

was moved out, washed several times with deionized water and ethanol, and dried at 

60 °C for 30 min. Then the sample was immersed in 0.25 M RuCl3·3H2O for 30 min 

to exchange Na+ with Ru3+. Subsequently, Ru-titanate/TP was annealed in a muffle 
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furnace at 450 °C for 3 h at a rate of 5 °C min–1 under air atmosphere. After cooling to 

room temperature, RuO2@TiO2/TP was finally obtained.

Electrochemical tests: All electrochemical measurements were conducted using CHI 

660E (CH Instruments, China). The prepared sample (0.5 × 0.5 cm2), graphite rod, 

and saturated calomel electrode (SCE) were used as working electrode, counter 

electrode, and reference electrode, respectively. Unless otherwise stated, all the 

potentials in this experiment are presented as RHE: E (vs. RHE) = E (vs. Hg/HgO) + 

0.0591 × pH + 0.24. Electrochemical impedance spectroscopy (EIS) tests were 

performed at different applied potentials in the frequency range of 0.01 – 100000 Hz 

with a potential amplitude of 5 mV.

Characterizations: The phase and composition of the samples were obtained by X-

ray diffraction (XRD, Philip D8) and X-ray photoelectron spectroscopy (XPS, 

ESCALAB 250 Xi). The morphology of the samples was investigated by scanning 

electron microscopy (SEM, ZISS 300) and transmission electron microscopy (TEM, 

JEM-F200, JEOL Ltd.). The loading of RuO2 in RuO2-TiO2/Ti was performed by 

inductively coupled plasma-mass spectrometry (ICP-MS). The sample preparation 

was made by dissolving a piece of 0.5 × 0.5 cm2 sample in 1 mL of concentrated 

HNO3 and 3 mL of concentrated HCl solution. Solutions were heated at 50 °C in a 

sonication bath. The loading of RuO2 in RuO2@TiO2/Ti is 1.264 × 10–4 mg cm–2. 

Absorbance data were acquired on UV-vis spectrophotometer (Shimadzu UV-2700). 

In situ Raman measurements were performed using a Horiba-Xplora Plus confocal 
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microscope with 633 nm laser in ~20 mL of electrolyte. The Electron paramagnetic 

resonance (EPR) measurements were recorded by a Bruker EMX plus X-band EPR 

spectrometer. DMPO was selected as the spin trapping agent. Chronoamperometry 

was carried out at a given constant potential of 2.1 V for 60 s, and 100 mM DMPO 

was added during the reaction.

Determination of active chlorine: The yield of active chlorine in the electrolyte was 

measured based on the DPD colorimetric method using a UV-vis spectrophotometer. 

After a constant potential had been applied for 15 min, the electrolyte containing 

active chlorine was diluted 50 times with deionized water. Then, the DPD reagent 

reactive to active chlorine was added so that the electrolyte color changed into 

transparent pink. The concentration of active chlorine is calculated by UV-vis 

spectroscopy for a certain wavelength about 510 nm:

Active chlorine yield = [active chlorine] × V / (70.9 × t × A)

where [active chlorine] is the mass concentration, V is the volume of the anodic 

reaction electrolyte, t is the electrolysis time, and A is the area of the working 

electrode.

FE = (n × F × c × V) / (i × t).

where n is the electrons transfer number, F is the Faraday constant, c is the 

calculated products concentration, V is the volume of the anodic reaction electrolyte, i 

is the applied current, and t is the electrolysis time.

Determination of nitrate: Firstly, a certain amount of electrolyte was taken out from 

the anodic reaction cell and diluted to 5 mL to the detection range. Then, 0.1 mL 1 M 

HCl and 0.01 mL 0.8 wt% sulfamic acid solution were added into the aforementioned 
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solution. The absorption spectrum was measured using a UV-vis spectrophotometer 

and the absorption intensities at a wavelength of 220 nm and 275 nm were recorded. 

The final absorbance value was calculated by this equation: A = A220nm – 2A275nm. The 

concentration-absorbance curve was calibrated using a series of standard NaNO3 

solutions and the NaNO3 crystal was dried at 105 – 110 ºC for 2 h in advance.

Determination of nitrite: The nitrite concentration was detected by the Griess test 

using UV spectrophotometry. The Griess reagent was provided through adding N-(1-

naphthyl)ethylenediamine dihydrochloride (0.1 g), sulfanilamide (1.0 g), and H3PO4 

(2.94 mL) in 50 mL H2O. Typically, 1.0 mL Griess reagent was added to 1.0 mL 

electrolyte and 2.0 mL H2O. After maintained for 10 min, the concentration of nitrite 

was measured by UV-vis spectroscopy at a wavelength of 540 nm.
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Fig. S1. Schematic illustration of the preparation process of RuO2@TiO2/TP.
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Fig. S2. (a) XRD patterns of Na-titanate/TP and Ru-titanate/TP. (b)The corresponding 

(200) diffraction peaks shown in an expanded way.
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Fig. S3. SEM image of bare TP.
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Fig. S4. SEM images of (a) Na-titanate/TP and (b) Ru-titanate/TP.
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Fig. S5. (a) UV-vis absorption spectra of various active chlorine concentrations at 

room temperature. (b) Calibration curve used for estimation of active chlorine 

concentration.
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Fig. S6. (a) Chronoamperometry curves and (b) corresponding UV-vis absorption 

spectra of electrogenerated active chlorine for RuO2@TiO2/TP at 1.8 V, 1.9 V, 2.0 V, 

2.1 V, and 2.2 V in 0.5 M NaCl + 0.01 M HClO4.
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Fig. S7. UV-vis absorption spectra of the electrolytes colored with DPD under 

different conditions.



S12

Fig. S8. (a) Chronoamperometry curves for bare TP and TiO2/TP at 2.1 V and (b) 

corresponding UV-vis absorption spectra for active chlorine.
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Fig. S9. LSV curves for RuO2@TiO2/TP before and after stability test in 0.5 M NaCl 

+ 0.01 M HClO4.
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Fig. S10. (a) Schematic of a custom in situ electrochemical Raman cell. (b) 

Chronoamperometry curves for RuO2@TiO2/TP at different potentials in 6 M NaCl + 

0.01 M HClO4 for in situ Raman acquisition.
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Fig. S11. Electrical equivalent circuit models that may be applicable in aiding the

interpretation of the experimental EIS data presented in this article.
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Fig. S12. (a) UV-vis absorption spectra of various nitrate concentrations. (b) 

Calibration curve used for quantification of nitrate concentration.
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Fig. S13. (a) UV-vis absorption spectra of various nitrite concentrations. (b) 

Calibration curve used for quantification of nitrite concentration.
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Fig. S14. (a) Chronoamperometry curves and corresponding UV-vis absorption 

spectra of RuO2@TiO2/TP for electrogenerated (b) nitrate and (c) nitrite at 1.8 V, 1.9 

V, 2.0 V, 2.1 V, and 2.2 V in NO-saturated 0.5 M NaCl + 0.01 M HClO4.
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Fig. S15. UV-vis absorption spectra for nitrate in NO and O2 co-saturated 0.5 M NaCl 

+ 0.01 M HClO4.

We continuously introduced NO and O2 into 0.5 M NaCl electrolyte containing 0.01 

M HClO4 for 30 min, and the nitrate yield in the electrolyte was measured by UV-vis 

absorption spectroscopy.
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Fig. S16. (a) Chronoamperometry curves and corresponding UV-vis absorption 

spectra of RuO2@TiO2/TP for electrogenerated (b) nitrate and (c) nitrite at 1.8 V, 1.9 

V, 2.0 V, 2.1 V, and 2.2 V in NO-saturated 0.5 M Na2SO4 + 0.01 M HClO4.
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Fig. S17. UV-vis absorption spectra of RuO2@TiO2/TP for electrogenerated nitrate in 

12-h electrolysis at 2.1 V in NO-saturated 0.5 M NaCl + 0.01 M HClO4.
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Fig. S18. XRD pattern of RuO2@TiO2/TP after stability test in NO-saturated 0.5 M 

NaCl + 0.01 M HClO4.
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Fig. S19. SEM image of RuO2@TiO2/TP after stability test in NO-saturated 0.5 M 

NaCl + 0.01 M HClO4.
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Fig. S20. XPS spectra in the (a) Ru 3d, (b) Ti 2p and, (c) O 1s regions of 

RuO2@TiO2/TP after stability test in NO-saturated 0.5 M NaCl + 0.01 M HClO4.
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Table S1. CER electrocatalytic performance comparison of RuO2@TiO2/TP with 

recently reported catalysts.

Electrocatalyst Electrolyte Potential Stability Reference

RuO2@TiO2/TP
0.5 M NaCl + 

0.01 M HClO4
1.78 V @ 20 mA cm–2 24 h @ 50 mA cm–2 This work

Ti-Ru-Ir ternary oxide 1 M NaCl 1.90 V @ 10 mA cm–2 / 1

Ti/Sb-SnO2/Pb3O4 0.5 M NaCl 2.36 V @ 10 mA cm–2 / 2

RuO2-TiO2
5 M NaCl + 

0.001 M HClO4
1.50 V @ 10 mA cm–2 2 h @ 1 A cm–2 3

Sb-doped RuO2/TNTs Saturated NaCl 1.81 V @ 10 mA cm–2 / 4

Pt1/CNT
1 M NaCl +

0.1 M HClO4

1.42 V @ 10 mA cm–2 12 h @ 10 mA cm–2 5

Ru-Ir/TiO2
4 M NaCl + 

0.001 M HClO4
1.65 V @ 10 mA cm–2 / 6

CoSb2Ox
4 M NaCl + 

0.01 M HCl
1.71 V @ 10 mA cm–2 90 h @ 100 mA cm–2 7
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Table S2. Comparison of nitrate formation rates for RuO2@TiO2/TP with recently 

reported catalysts.

Electrocatalyst Electrolyte Nitrate yield Potential Reference

RuO2@TiO2/TP 0.5 M NaCl + 0.01 M HClO4 95.22 mg cm−2 h−1 2.1 V This work

Ru/TiO2 0.1 M Na2SO4 10.04 µg h−1 mg−1
cat. 2.2 V 8

Ru-Mn3O4 0.1 M Na2SO4 35.34 µg h−1 mg−1
cat. 2.0 V 9

Fe-SnO2 0.05 M H2SO4 42.9 µg h−1 mg−1
cat. 1.96 V 10

Pd on MXene 0.01 M Na2SO4 2.80 µg h−1 mg−1
cat. 2.03 V 11

Au-Nb2O5-x 4 M NaCl + 0.01 M HCl 2.29 µg mg−1
cat. h−1 2.4 V 12

Pd-s PNSs 0.1 M KOH 18.56 µg h−1 mg−1
cat. 1.75 V 13

Platinum foil 0.3 M K2SO4 0.06 μmol cm−2 h−1 2.19 V 14

Rh NPs 0.1 M KOH + 0.5 M SO4
2− 168 μmol gcat.

 −1 h−1 1.9 V 15

Ru-Doped Pd 0.1 M KOH 77.7 μmol gcat.
 −1 h−1 1.7 V 16

ZnFe0.4Co1.6O4 1 M KOH 130 μmol gcat.
 −1 h−1 1.6 V 17
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