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Experimental

Materials

Ruthenium chloride (RuCl;) was purchased from Aladdin Industrial Corporation.
Nafion (5 wt%) was obtained from Sigma-Aldrich Co. Graphene oxide (GO) was
supported by Advanced Materials Supplier Co. The commercial Pt/C catalyst was
from Alfa Aesar Co. (Platinum, nominally 40 wt% on carbon black). Commeical
RuO, was bought from Great Chemicals Co. Other reagents were analytical reagent
grade without further purification. Doubly-distilled water was used throughout the

experiment.

Characterization

X-ray powder diffraction (XRD, Philips X’pert PRO MPD diffractometer) with Cu
Ko radiation source (Ac, = 0.15406 nm) was used to study the phase and
crystallography of the catalysts. Transmission electron microscope (TEM) (FEI
Tecnai G2 F20 S-TWIN) and high resolution TEM (HRTEM) were used to observe
the morphology of the surface of catalyst with an accelerating voltage of 200 kV.
Thermogravimetric analysis (TGA) was used to measure the content of RuO, in the
catalyst under 900 °C with the heating rate of 10 °C per minute under air. The states
of catalysts were analyzed by using X-ray photoelectron spectroscopy (XPS) on a
Kratos AXIS UltraDLD ultrahigh vacuum surface analysis system with Al Ka

radiation (1486 eV) as a probe. Scanning electron microscopy (SEM) was performed

S1



via using a Zeiss Supra 55. The Fourier transform infrared spectrum (FTIR)
(HYPERION Bruker) was used to Vibration of chemical bonds. The mass ratios of Ru
in catalysts were characterized by Bruker Aurora M90 inductively coupled plasma

mass spectrometer (ICP-MS).

Synthesis of SINWs

SiNWs was obtained via thermal-evaporation oxide-assisted growth method [S1]. In
brief, load 500 mg SiO powder on alumina boat, then put it at the center of a
horizontal alumina tube mounted inside a high-temperature tube furnace. The reaction
pressure was maintained at 0.8 Torr by using a mechanical pump. The temperature
was heated at a rate of 5 °C and maintaining 1280 °C for 3 h. The product was

obtained from the surface of the alumina tube.

Electrochemical activation of RuQO,/F-graphene for OER

According to previous reports, RuO,/F-graphene catalysts need to be activated by
electrochemical activated process before OER test. The RuO,/F-graphene catalysts
were activated in the potential cycling from +0.05 V to +1.5 V at rate of 50 mV s! for

about 20 cycles until reproducible voltammograms were obtained [S2].

Electrochemical measurements

CHI 760 D electrochemical workstation with a standard three-electrode system was
used to conduct all HER and OER electrochemical experiments. A modified glassy
carbon electrode (GCE, 3 mm in diameter) and Ag/AgCl (3 M KClI solution) electrode
are chosen to be the working electrode and the reference electrode, respectively. A

carbon rob (for HER) or a Pt wire (for OER) were selected to be the counter electrode.

The preparation of working electrode was as follow: First, 2 mg catalyst was added
into mixed solution (900 pL N,N-dimethylformamide and 100 puL Nafion solution
(0.5 wt%)), then the dispersion was ultrasonicated until it become homogeneous.

Finally, 4 pL of above dispersion was dropped on the surface of glassy carbon
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electrode. The equation (Eryg = E(vs. Ag/AgCl,) + 0.197 V + 0.0591 V x pH) was
used to calibrate data and convert to the reversible hydrogen electrode (RHE).

All electrochemical measurements were studied at room temperature. OER
and HER performances were analyzed in 1 M KOH solution or 1 M PBS (pH = 7.3)
solution, respectively. Linear sweep voltammetry (LSV) with scan rate of 5 mV s!
was used to conduct all catalysts electrocatalytic performance. The experiment of
overall water splitting was carried out in a two-electrode system. Both cathode
and anode were served by catalysts modified GCEs. The stability of all
catalysts was examined for HER and OER by chronopotentiometry. In brief,
The current density of working electrode was maintained in 10 mA-cm™ during

whole test process and operating potentials were regarded as a function of time.
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Figure S1. The FTIR of SiNWs with HF treatment; inset is the enlarged view with

wavenumber from 2120 to 2180 cm™L.
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Figure S2. Characterization of SEM. (A) SEM image of RuO,/F-graphene; and (B-
E) corresponding EDS mapping for distribution of C, O, Ru and F elements.
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Figure S3. (A) the full scan XPS spectrum of RuO,/F-graphene; (B) the high-
resolution Ru 3p spectrum of RuO,/F-graphene.
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Figure S4. LSV curves of catalysts with different mass ratio (GO:Ru?") in 1 M
KOH solution. (A) for HER and (B) for OER.
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Figure S5. Mass activity based on the weight of Ru at different potentials of
RuO,/F-graphene catalysts in 1 M KOH solution. (A) for HER and (B) for OER.
The mass ratios of Ru in catalysts were tested by ICP-MS.
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Figure S6. Electrocatalytic measurements of RuQO,/F-graphene and other
catalysts in 1 M PBS solution. (A) HER performance of RuO,/F-graphene,
RuO,/graphene, F-graphene, commercial RuO, and 20% Pt/C catalysts at the scan
rate of 5 mV s7! with iR-compensation; (B) the corresponding Tafel plots derived
from (A); (C) OER performance of RuO,/F-graphene, RuO,/graphene, F-graphene,
commercial RuO, and 20% Pt/C catalysts at the scan rate of 5 mV s™! with iR-
compensation; and (D) the corresponding Tafel plots came from (C).
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Figure S7. The long-time stability of RuO,/F-graphene and commercial RuO, for
overall water splitting was measured by chronopotentiometry technique and current
density was maintained @ 10 mA-cm2.
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Figure S8. Electrocatalytic measurements of cyclic voltammetry (CV) under
different scan rates of 20, 60, 100, 140 and 180 mV-s'l. (A) CV curve of
RuO,/graphene; and (B) CV curves of commercial RuO,.
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Table S1. Comparison of different catalysts in 1 M KOH solution for HER.

Catalysts Overpotential @  Overpotential @ - Tafel TOF atn=

-l mA-cm? (mV) 10 mA-cm? (mV) slope(mV-dec!) 0.1V (s!)
RuO,/F-graphene 14.2 49 31 6.60
RuO,/graphene 18.5 119 53 0.82
Comm. RuO, 60.5 148 81 0.02
20% Pt/C 25.8 65 40 1.40

Table S2. Comparison of different catalysts in 1 M KOH solution for OER.

ial @ 1 ial @ 10  Tafel sl TOF atn =
Catalysts Overpotential @ Overpotential @ 10 afel slope OF atn

mA-cm? (mV) mA-cm? (mV) (mV-dec!) 0.3V (s
RuO,/F-graphene 177 239 56 2.18
RuO,/graphene 260 360 79 0.01
Comm. RuO, 290 380 90 0.09

Table S3. The comparison of Ru-based electrocatalysts toward HER and OER with
different content of Ru.

Type Content of Ru Overpotential Tafel slope
s Catalysts (wt @10 mA-cm? (mV-dec™) References
%) (mV)
RuO,/F- 6.9 49 31 This work
graphene
Ru-RuO, 64 12 30 [S3]
/CNT
RuO,/NiO/N 52 22 31.7 [S4]
F
HER Ru@GnP 18.7 22 28 [S5]
Ru/P 21.4 17 34 [S6]
Ru NP/C 23.4 52 33 [S7]
RuCoP 17.7 23 37 [S8]
Ru,Ni, 13.8 40 23.7 [S9]
SNs/C
RuO,/F- 6.9 239 56 This work
graphene
Ru- 64 210 64 [S3]
RuO,/CNT 13.8 310 75 [S9]
OER Ru,Ni,
SNs/C
Ru-RuPy-Coy 18.7 291 85.4 [S10]
P

Ru NWs 97.9 224 46 [S11]
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Table S4. Comparison of different catalysts with RuO,/F-graphene in alkaline
medium for overall water splitting.

Catalysts Electrolyte (rgziemng) Potential (V) Reference

RuO,/F-graphene 1 M KOH 10 1.56 This work
NiCo,04 1 M NaOH 10 1.65 [S12]
MoS,/Ni;S, 1 M KOH 10 1.56 [S13]
NiS/Ni foam 1 M KOH 10 1.64 [S14]
NiCoP 1 M KOH 10 1.58 [S15]
NiCoP/rGO 1 M KOH 10 1.59 [S16]
CoSe,/CF 1 M KOH 10 1.63 [S17]
Ru0O,/C0304 1 M KOH 10 1.645 [S18]
MoS;-Ni3S, 1 M KOH 10 1.50 [S19]
NiCoFe 1 M KOH 10 1.55 [S20]
Cu@CoFe 1 M KOH 10 1.681 [S21]
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