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Supplementary experimental section

1. Chemicals and materials

Carbon cloth (CC, W0S1011) was purchased from Suzhou Sinero Technology Co., 

Ltd. Ethanol (EtOH, AR), potassium permanganate (KMnO4, AR), hydrochloric acid 

(HCl, AR), tetrabutyl titanate (TBT, AR), dicyandiamide (DCDA, AR) and ammonium 

fluoride (NH4F, AR) were purchased from Chengdu Chron Chemical Co., Ltd. 

Potassium hydroxide (KOH, 85%), potassium chloride (KCl, 99.8%) and potassium 

fluoride (KF, 99.8%) were purchased from Aladdin. Ruthenium (III) trichloride 

trihydrate (RuCl3 3H2O, 99%), iridium (III) chloride trihydrate (IrCl3 3H2O, 98%), 

palladium (II) chloride (PdCl2, 99%) and platinum (IV) chloride (PtCl4, 97%) were 

purchased from Admas-Beta. All the raw chemicals and materials were used without 

purification.

2. Materials characterization

Scanning electron microscope (SEM, JEOL JMS-7610F) and transmission electron 

microscope (TEM, JEOL JEM-F200) were used for observing the surface morphology 

of the prepared materials. X-ray diffraction (XRD, SmartLab SE, Rigaku), energy 

dispersive spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS, PHI5000 

Versa spectrometer) were used for determining the crystalline, elemental and valence 

state information of the sample, respectively. Laser Raman spectroscopy (Thermal 

Fisher DXR) was used to identify TiO2 type. Electron paramagnetic resonance 

spectrometer (EPR, MS-5000X) was used to study the unpaired electronic states of 

samples.

3. Electrochemical measurements

The HER performances of prepared samples are measured in a standard three-

electrode setup through a CHI 760E electrochemical workstation. F-M@TiOxNy (M = 

Ru, Pd, Ir, Pt) is directly used as working electrode. Hg/HgO and carbon rod were used 

as the reference electrode and counter electrode, respectively. 1 M KOH was used as 

electrolyte. LSV tests are carried out with a scan rate of 5 mV s−1 in the potential range 
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of 0 to -1.7 V vs. Hg/HgO for HER. All the potentials mentioned in the figures were 

converted to potential versus reversible hydrogen electrode (vs. RHE) according to the 

Nernst equation:

E(RHE) = E(Hg/HgO) + 0.059×pH + 0.197

Chronopotentiometry tests are conducted at the current density of −10 mA cm−2 to 

evaluate the stability of the catalysts for HER. The electrochemical impedance 

spectroscopy was conducted at -0.844 and -1.004 V vs. Hg/HgO for HER, respectively, 

in the frequency range of 100 kHz to 0.1 Hz with an amplitude of 5 mV. The double 

layer capacitance (Cdl) was measured by collecting CV in the potential range of -0.3 to 

-0.2 V vs. Hg/HgO with various scan rates (10–50 mV s−1) for HER. The 

electrochemically active surface area (ECSA) was calculated by taking the ratio of Cdl 

with specific capacitance Cs (40 μF cm−2 for a flat surface).

The TOF value is calculated by using the following formula:

N =
Q
2F

TOF(s - 1) =
I

2NF

Where N is the amounts of the active sites, Q is the electric quantity, and I is the 

catalytic current. CV plot was recorded in a phosphate buffer solution at pH =7.4 from 

–0.2 V to 0.6 V vs. RHE with a scan rate of 50 mV s-1.
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Figure S1. Photographs of the composites prepared under different KF addition 

amount: (a) F-Ru@TiOxNy-5, (b) F-Ru@TiOxNy-10, (c) F-Ru@TiOxNy-20 and (d) F-

Ru@TiOxNy-40.

In order to determine the appropriate operating parameters, factors such as the type 

of salt, the type of carrier, the amount of KF, and the concentration of precious metals 

were investigated.

Firstly, different amounts of KF (5, 10, 20, and 40 mg) were investigated for the 

etching preparation of F-Ru@TiOxNy. As the dosage of KF increases, the solution 

becomes increasingly turbid (Figure S1), indicating that the F- etching process has 

become more drastic. Nevertheless, TiOxNy retains its nanorod morphology (Figure 

S2). F-Ru@TiOxNy-10 demonstrates the best electrocatalytic hydrogen evolution 

performance, with an overpotential of 20.8 mV at a current density of 10 mA cm-2, a 

Tafel slope of 59.9 mV dec-1, the lowest internal resistance, and the highest 
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electrochemical active surface area (ECSA) of 206.7 mF cm-2. This indicates that the 

hydrogen evolution performance initially increases and then decreases with the amount 

of KF (Figure S3, 4). Therefore, the optimal amount of KF to be added is 10 mg.

Different concentrations of RuCl3 3H2O (0.5, 1.0, 1.5, and 2.0 mM) were investigated 

for the preparation of Ru@TiOxNy. As the concentration of RuCl3 3H2O increases, the 

solution becomes increasingly turbid (Figure S5), indicating fast F- etching and Ru 

immobilization process. Nevertheless, TiOxNy still retains its nanorod morphology 

(Figure S6). F-Ru@TiOxNy-1.5 demonstrates the best electrocatalytic hydrogen 

evolution performance, with an overpotential of 20.8 mV at a current density of 10 mA 

cm-2, a Tafel slope of 59.9 mV dec-1, minimal internal resistance, and the largest 

electrochemical active surface area (ECSA) of 260.7 mF cm-2. This indicates that the 

hydrogen evolution performance initially increases and then decreases with the 

concentration of RuCl3 3H2O (Figure S7, 8). Therefore, the optimal concentration of 

RuCl3·3H2O is determined to be 1.5 mM.

Furthermore, Ru@TiOxNy prepared with various type of salts was investigated. The 

solution is clear with the presence of KCl (Figure S9), indicating that fluoride ions play 

an etching role. Additionally, TiOxNy retains its nanorod morphology (Figure S10). 

Meanwhile, although the electrocatalytic hydrogen evolution performance of the KF 

and NH4F etched catalysts is similar, the former exhibits lower internal resistance and 

a greater electrochemical surface area (ECSA) (Figure S11, 12).

Further investigation was conducted on the changes in pH values before and after F- 

etching the samples in the solution. Only in the absence of KF, the pH value of the 

etched solution increases, indicating an increase in hydroxide concentration after 

etching the sample with a mixed solution of ethanol and water. However, in the 

presence of 10 mg KF, there was no significant change in the pH value of the solution 

after F- etching the sample (Figure S13). Therefore, it can be inferred that oxygen and 

hydrogen ions are generated during F- etching process, and the reaction between 

hydrogen ions and hydroxide ions stabilizes the pH value of the etched solution.



S6

Figure S2. SEM images of (a) F-Ru@TiOxNy-5, (b) F-Ru@TiOxNy-10, (c) F-

Ru@TiOxNy-20 and (d) F-Ru@TiOxNy-40.
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Figure S3. (a) LSV curves, (b) overpotential, (c) Tafel plots, (d) Nyquist plots, (e) 

ESCA and ECSA-normalized LSV curves of F-Ru@TiO2-10, F-Ru@TiOxNy-0, F-

Ru@TiOxNy-5, F-Ru@TiOxNy-10, F-Ru@TiOxNy-20 and F-Ru@TiOxNy-40.
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Figure S4. CV curves of the F-Ru@TiO2-10, F-Ru@TiOxNy-0, F-Ru@TiOxNy-5, F-

Ru@TiOxNy-10, F-Ru@TiOxNy-20 and F-Ru@TiOxNy-40.
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Figure S5. Photographs of the composites prepared under different Ru addition 

dosage: (a) F-Ru@TiOxNy-0.5, (b) F-Ru@TiOxNy-1, (c) F-Ru@TiOxNy-1.5 and (d) 

F-Ru@TiOxNy-2.
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Figure S6. SEM images of (a) F-Ru@TiOxNy-0.5, (b) F-Ru@TiOxNy-1, (c) F-

Ru@TiOxNy-1.5 and (d) F-Ru@TiOxNy-2.
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Figure S7. (a) LSV curves, (b) overpotential, (c) Tafel plots, (d) Nyquist plots, (e) 

ESCA and ECSA-normalized LSV curves of F-Ru@TiOxNy-0.5, F-Ru@TiOxNy-1, F-

Ru@TiOxNy-1.5 and F-Ru@TiOxNy-2.
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Figure S8. CV curves of (a) F-Ru@TiOxNy-0.5, (b) F-Ru@TiOxNy-1, (c) F-

Ru@TiOxNy-1.5 and (d) F-Ru@TiOxNy-2.
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Figure S9. Photographs of the composites prepared under different etchant agents: (a) 

TiO2-10 mg KF, (b) TiOxNy-12.8 mg KCl, (c) TiOxNy-6.4 mg NH4F and (d) TiOxNy-0 

mg KF.
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Figure S10. SEM images of (a) Ru@TiO2, (b) Ru@TiOxNy-KCl, (c) Ru@TiOxNy-

NH4F and (d) Ru@TiOxNy-KF.



S15

Figure S11. (a) LSV curves, (b) overpotential, (c) Tafel plots, (d) Nyquist plots, (e) 

ESCA and ECSA-normalized LSV curves of Ru@TiOxNy-KCl, Ru@TiOxNy-NH4F 

and Ru@TiOxNy-KF.
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Figure S12. CV curves of the (a) Ru@TiOxNy-KCl, (b) Ru@TiOxNy-NH4F and (c) 

Ru@TiOxNy-KF under different scan rates.
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Figure S13. Photographs of the composites prepared under different solution 

conditions: (a) without KF, (b) 1 mL DI W, (c) 1 mL 0.5 M HCl and (d) 1 mL 0.5 M 

KOH.
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Figure S14 EDX spectrum of Ru@TiOxNy.
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Figure S15 (a) O 1s spectra of the F-TiOxNy. (c) Proportion of Ov in different 

catalysts. (c) Relationship between peak intensity of oxygen vacancies and Ru 

concentration of the F-Ru@ TiOxNy.
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Figure S16 XPS full survey spectra of the as-prepared composites.
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Figure S17. Static water contact angles of (a) F-Ru@TiOxNy and (b) TiOxNy.
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Figure S18. CV curves of (a) TiO2, (b) TiOxNy, (c) Pt/C, (d) F-Ru@TiO2 and (e) F-

Ru@TiOxNy. (f) Calculated ECSA values.
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Figure S19 Nyquist plots of the as-prepared electrodes.
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Figure S20 SEM images of the F-Ru@TiOxNy after long-term test for (a) 24 h at 10 

mA cm-2 and (b) 48 h at 100 mA cm-2.
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Figure S21 (a) XRD patterns after and before long-term test for 48 h at 100 mA cm-2. 

XPS spectra of the (b) O 1s, (c) N 1s, (d) F 1s, (e) C 1s & Ru 3d and (f) Ti 2p & Ru 

3p after and before 48 h long-term test at 100 mA cm-2.
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Figure S22. SEM images of (a) F-Pd@TiOxNy, (b) F-Ir@TiOxNy and (c) F-

Pt@TiOxNy.



S27

Figure S23. EDX of (a) F-Pd@TiOxNy, (b) F-Ir@TiOxNy and (c) F-Pt@TiOxNy.
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Figure S24. CV curves of (a) F-Pd@TiOxNy, (b) F-Ir@TiOxNy and (c) F-Pt@TiOxNy. 

(d) CV curves of F-Pd@TiOxNy, F-Ir@TiOxNy and F-Pt@TiOxNy at 20 mV s-1 from 

-1.0–0 V.
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Figure S25. Cyclic voltammetry (CV) curves recorded in a phosphate buffer solution.
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Figure S26. LSV curves of F-Pd@TiOxNy, F-Ir@TiOxNy and F-Pt@TiOxNy 

before/after 24 h test at constant potential around 100 mA cm-2.
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Table S1. HER performances comparison of recently reported representative 

electrocatalysts in alkaline medium.

Materials

Overpotentials

@10 mA cm-2 

(mV)

Tafel (mV 

dec-1)
Stability Ref.

Ru@TiOxNy 20.8 59.9 48 h@100 mA cm-2 this work

Pd@TiOxNy 27.2 56.7 24 h@100 mA cm-2 this work

Ir@TiOxNy 13.2 48.6 24 h@100 mA cm-2 this work

Pt@TiOxNy 12.8 40.2 24 h@100 mA cm-2 this work

Ru/r-TiO2 15 49 10 h@10 mA cm-2 1

Ru MIs-MoS2 17 63 ― 2

LaCeOx@NGr/Ru1 22 44 30 h@20 mA cm-2 3

NiRu0.13-BDC 34 32 ― 4

RuP4@CoP/Ti 36 54.8 12 h@10 mA cm-2 5

Ru/TiN-300 38 39 24 h@10 mA cm-2 6

Ru@N-TiO2/C 39 47 10 h@10 mA cm-2 7

Ru-TiO/TiO2@NC 39 49 24 h@25 mA cm-2 8

RTN20 43 56 40 h@10 mA cm-2
9

Ru–CrN/NC 53 59 24 h@10 mA cm-2 10

Ru@TiO2 57 67 12 h@10 mA cm-2 11

Ru0.33Se@TNA 57 50 10 h@10 mA cm-2 12

RuSx/S–GO 58 56 12 h@50 mA cm-2 13

Ru@TiO2 62 70 12 h@10 mA cm-2 14

Ru-RuO2@NPC 90 68 9 h@10 mA cm-2 15

R-TiO2:Ru (5%) 113 95 ― 16
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