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Experimental Section

Preparation of Ru-Pt/P-TiO,.,: Sodium hypophosphite monohydrate (NaH,PO,-H,O,
15 mg) was ground in a mortar, and then successively added titanium dioxide (TiO,,
commercial P25 100 mg), triruthenium dodecacarbonyl (Ru;(CO);,, 30 mg) and
potassium chloroplatinate (K,PtCl; 2 mg) to grind 10 minutes to obtain light yellow
powder. Afterwards, the yellow powder was put into the quartz porcelain boat and
added 60 pL deionized water. Put the quartz porcelain boat into the microwave oven at
700 W for 1 minute to get the black solid. The black solid was added into 30 mL
deionized water, and then stirred at 300 rpm for 45 minutes. Finally, it was filtered and
dried in a vacuum oven at 60 °C for 6 h to get the black solid powder of Ru/Pt-TiO, (Pt
loading of 0.55%, Ru loading of 2.26%).

Physical Characterizations

Physical characterizations of the involved catalyst materials were performed by X-ray
diffraction (XRD) (Japan Rigaku Ultima I'V), Raman spectroscopy (D-MAX 2500/PC),
scanning electron microscopy (SEM) (Regulus 8100), transmission electron
microscopy (TEM) (JEM-F200), X-ray photoelectron spectroscopy (XPS) (America
Thermo Scientific K-Alpha), electron paramagnanetic resonance (EPR) (BRUKE
EMXPLUS), Ultraviolet—visible spectroscopy (UV-vis) (Agilent 730), and Inductively
Coupled Plasma (ICP) (Hitachi U4150).

Electrochemical Measurements

Measurements of Ru-Pt/P-TiO,_, catalysts were carried out using a three-electrode
structure with carbon rod, reversible hydrogen electrode (RHE), and glassy carbon
electrode (5 mm diameter) as counter electrode, reference electrode, and working
electrode, respectively. A total of 5 mg of catalyst and 1 mg of carbon black were
dispersed in 20 puL of Nafion solution (Shanghai, China, 5 wt%) in isopropanol solution
(1 mL) and then sonicated for 30 minutes to form a homogeneous ink. Then, 20 pL of
ink was dropped onto a glassy carbon electrode (containing 0.05 mg of catalyst).
Measurement of the HER performance of the catalyst was carried out separately in a

0.5 M H,SO, medium. The measured linear sweep voltammetry curves were swept at



a rate of 5 mV s and tested for stability at specific potentials. For comparison,
commercial Pt/C and Ru/C catalysts, as well as Ru-Pt/P-TiO,_,, were also prepared by

this method, and all electrochemical tests were carried out at room temperature.
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0.5 M H,SO,: When the overpotential is 100 mV, the current density j of Ru-Pt/P-TiO,.
« 18 69 mA cm2, TOF=0.031 H, S-!. Similarly, the current density of Pt/C at 100 mV is
134 mA cm? and TOF = 0.000073 H, S*!, Ru/C at 100 mV is 374 mA cm™2 and TOF =

0.000031 H, S°!, Ru/P-TiO, at 100 mV is 141 mA cm? and TOF = 0.000029 H, S-'.
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Figure S1. SEM images of (a) TiO; and (b) Ru-Pt/P-TiO,.
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Figure S2. EDX elemental mappings of P in Ru-Pt/P-TiO,.
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Figure S3. XPS analysis of TiO; and Ru-Pt/P-TiO,_,.
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Figure S4. Tauc plot of TiO; and Ru-Pt/P-TiO,_,.
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Figure SS5. (a) Zeta distribution data and (b) zeta potentials of TiO, and Ru-Pt/P-TiO,.
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Figure S6. TGA curve of Ru-Pt/P-TiO,.
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Figure S7. LSVs curves of Pt/P-TiO,_, Ru/P-Ti0,, Ru-Pt/P-TiO,_, catalysts in 0.5
mM KSCN + 0.5 M H,SOq,.
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Figure S8. Cyclic voltammograms of (a) TiO,, (b) P-TiO,, (c) Pt/P-TiO,, (d) Ru/P-

TiO,4 and (e) Ru-Pt/P-TiO, in the region of 0.35~0.45 V vs. RHE at different scan

rates in 0.5 M H,SO,.
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Figure S9. Multi-step Chronopotentiometry testing of Ru-Pt/P-TiO,_ in 0.5 M H,SOj,.
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Figure S10. The chronoamperometric curves for Ru-Pt/P-TiO,_, at 100 mA cm™ in

0.5 M H,SO,.



—_—

a) [—rupupTiO,, (b) [RuPvp-Tio,,, Ti 2p|(C) [Ru-PuP-Tio,, 01s
- -

3 = =

3 3 E]
& & 8
2 2 >
‘w |—Ru-PUP-TiO,, after HETstlabilizalion ‘o |Ru-PUP-TIiO,, after HER stabilization .%'

C 1

E Pt 4f \0 18 s 5

c / \ = =
= = £ A

Ru 3p o e
100 200 300 400 500 468 466 464 462 460 458 456 534 533 532 531 530 529 528 527
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

(d) P2p|(e) Ru-PUP-TIO, , u 3p)(f) [RuPUP-TiO;, Ptas
2= | P

3 3 3
X} 2 &
2 [RuPUPTIO,, after HER stabilization %‘ Ru-PUP-TIO, , after HER stabilization 2

2 /\ : a4 2

@

[ 8 [
- e -
£ = £

136 135 134 133 132 131 500 435 490 485 480 475 78 76 74 72 70
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure S11. (a) XPS spectra in Ru-Pt/P-TiO,, and Ru-Pt/P-TiO,, after HER
stabilization, XPS spectra of (b) Ti 2p, (c) O 1s, (d) P 2p, (e) Ru 3p and (f) Pt 4f in Ru-

Pt/P-Ti0O,., and Ru-Pt/P-TiO,._, after HER stabilization.
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Figure S12. XRD of Ru-Pt/P-TiO, after HER stabilization.
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Figure S13. Raman spectrum of Ru-Pt/P-TiO,, and Ru-Pt/P-TiO,, after HER

stabilization.



Table S1. Comparison of the HER activity of the Ru/Pt-TiO, with other previously

reported electrocatalysts under 0.5 M H,SO,.

Catalysts Electrolyte Hio/ mV Tafel /mV¥ Ref.
dec’!
RuP(L-RP) 0.5 M H,SOy4 19 37 1
Ru-NGC 0.5 M H,SO4 25 31 2
Pt@DNA 0.5 M H,SOy4 26 30 3
Ru-CSS 0.5 M H,SO, 27 33 4
PtAg NCs 0.5 M H,SOy4 36 40 5
Ru’ /TiO, 0.5 M H,SOy4 41 52 6
Pt/def-WO;@CFC 0.5 M H,SO, 42 61 7
Sr,Ru0O4 0.5 M H,SOy4 61 51 8
Pt-Mo,C 0.5 M H,SOy4 79 55 9
Ru/MeOH/THF 0.5 M H,SOy4 83 46 10
Ru/Pt-TiO, 0.5 M H,SO,4 14 28 This work
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