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1. Material Characterizations

The crystal phases and structures of the as-prepared samples were characterized
by powder X-ray diffraction (XRD) with Bruker D8 Advance diffractometer (Cu Ka
radiation, A = 0.15418 nm) in the 26 range of 20-80° at a scanning rate of 0.05° s*!. The
microstructures of the products were observed by transmission electron microscopy
(TEM, JEM-2100F) and field-emission scanning electron microscopy (FESEM, Zeiss
Supra 55) that equipped with element mappings. The morphologies of the materials
were characterized by scanning electron microscopy (SEM, Zeiss Sigma 300 Cold Field
scanning electron microscope). X-ray photoelectron spectroscopy (XPS, PHI-5000C
ESCA, PerkinElmer, USA) was employed to obtain elemental information of prepared
catalysts on a VG ESCALAB MKII using Al Ka radiation. Ultraviolet photoelectron
spectroscopy (UPS) is performed on Thermo ESCALAB Xi+ equipped with ultraviolet
photoelectron spectrometer (Hel (21.22 eV)). In Situ Raman Measurement: In situ
Raman spectra were recorded on XpoloRA PLUS Raman spectrometer with 532 nm
wavenumber of the excitation light source. Electron paramagnetic resonance (EPR)
spectra were recorded on a Bruker EPR ELEXSYS 500 spectrometer. The Fourier
transform infrared spectrometer (FT-IR, Nicolet iS5) was recorded to detect the
functional groups of samples in the range of 200-4000 cm'!. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) characterization was performed on an
Agilent Varian 720ES equipment.

2. Electrochemical Measurements

All the electrochemical measurements were tested using a CHI760E
electrochemical workstation with a standard three electrode cell. The reference
electrodes were Hg/HgO or Ag/AgCl in alkaline or acidic solution, respectively, the
counter electrode was graphite rod. A glassy carbon electrode (GCE. 5 mm inner
diameter, 0.196 cm? area) that modified with catalyst ink is used as the working
electrode. The homogeneous catalyst ink was made by ultrasonically dispersing a
mixture containing 2 mg of catalyst, 20 uL Nafion (5 wt%), 360 uL ethanol and 120
puL H,O. Then, 10 pL of the catalyst ink was dropped on the surface of GCE with an

approximate mass loading of 203.8 pug-cm. Taking the alkaline test as an example, all



potentials were measured against Hg/HgO or Ag/AgCl, and converted to reversible
hydrogen electrode (RHE) by Nernst equation: Eysrug = Evs Hg/tigo T 0.0591-pH + 0.098.
The overpotential () was calculated through the formula: n = Eggg. Cyclic
Voltammograms (CV) were measured at a scan rate of 5 mV-s'!. Electrochemical
impedance spectroscopy was tested over the frequency range of 10°to 10-2 Hz with an
AC signal amplitude of 5 mV. The double-layer capacitance (Cy) was evaluated by
cyclic voltammetry (CV) curves performed at the non-faraday reaction regions with an
interval of 20 mV-s'! over the scanning range of 20 ~ 120 mV-s'!. The turnover
frequency (TOF) values were calculated from the following equation: TOF (s*') = (j x
A)/ (k x F x n). Here, k is the number of electron transfer (the factors of HER is 2), j is
the current density at a given overpotential, A is the geometric surface area of the
electrode, F is the Faraday constant (96485.3 C mol!), n is the number of active sites
(mol). The number of voltammetric charges is gained by CV curves from 0 ~ 0.6 V vs.
RHE for HER in a phosphate buffer solution (pH ~ 7) with a scan rate of 50 mV s-!
respectively, and the following equation is n (mol) = Q/2F (the surface charge Q is
proportional to the number of active sites). The long-term stability of the catalyst was
conducted by chronopotentiometry (CP). All the data of electrochemistry were

presented without any iR correction.

3. Finite Element Simulations

Free electron density and electric field around electrode were simulated using the
COMSOL multiphysics finite-element-based solver!. The “electrostatics” module was
used to simulate electric field when the electrode is under a specific potential bias. The
electric field, E, was computed as the negative gradient of the electric potential as

follows:
E=-VV

The simulation model for Ru nanoparticles was regarded as nanospheres with a
diameter of about 150 nm. The electric potentials 1 V was applied to the bottom of the

high-curvature nanoparticles.



Fig. S1 SEM image of the Ru-Co(OH)p.
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Fig.S2 The content of element in Ru-CoPv@C catalyst
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Fig. S3 XRD pattern of the Co(OH), and Ru-Co(OH),.




Table S1. UPS measured work functions of as-prepared catalysts

Catalysts Ecutor (€V) AE (eV) ® (eV)
Co,P 15.27 4.02 5.95
Co(OH), 15.05 1.94 6.17
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Fig. S4 (a-d) CV curves of different electrocatalysts with different scanning rates for

HER in alkaline seawater solution.
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Fig. S5 LSV curves normalized to the ECSA.
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Fig. S6 (a, b) CV curves from 0 to 0.6 V vs. RHE for HER in 1.0 M PBS (pH =7) at

50 mV s).
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Fig. S7 (a) TOF values and (b) TOF ratio of catalysts.
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Fig. S8 (a) LSVcurves of Ru-Co(OH), in various solutions and (b) corresponding
overpotential of at 10 and 100 mA-cm™.
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Fig. S9 CP curves of Ru-Co,Pv@C at 200 mA-cm™
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Fig. S10 (a) Sem of Ru-Co,Pv(@C after prolonged electrolysis, (b) XRD of Ru-

Co,Pv@C before and after prolonged electrolysis.
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Fig. S11 EIS curves of Ru-Co(OH), for HER in alkaline seawater solution.



Table S2 The alkaline OWS performance of Ru-Co,Pv@C with some representative
bifunctional electrocatalysts reported.

Catalysts Electrolyte Voltage (V) Ref.

1.0 KOH+

Ru-Co,Pv@C 1.58 This work
seawater

CoNSC 1.0 KOH 1.64 2

CoP@NCNHP 1.0 KOH 1.64 3

CoP@SNC 1.0 KOH 1.64 4

v-NiS,/CeO, 1.0 KOH 1.64 5

NiCo,04 1.0 KOH 1.65 6

Co-NC/CF 1.0 KOH 1.67 7

NiFe LDH/NF 1.0 KOH 1.7 8

NisP4/NF 1.0 KOH 1.7 9

NisS; 1.0 KOH 1.76 10




Table S3 The fitted parameters of the EIS data of Ru-Co(OH), and Ru-Co,Pv@C for

HER in alkaline seawater.

Catalysis n(mVv) Rs(Q) R; () R, (Q) C, (uF)
-20 9.025 15.64 608.7 106.51
-40 9.115 14.5 311.9 123.33
-60 8.983 11.45 173.1 125.59
Ru- -80 8.891 9.823 105.3 134.55
CoPv@C -100 8.869 8.858 71.33 138.22
-120 9.146 7.37 49.07 143.65
-140 8.596 6.89 35.87 144.27
-160 8.722 6.368 26.53 145.34
-180 8.791 6.191 20.12 147.52
-20 3.728 309.9 5693 0.3564
-40 3.683 238.9 4428 0.53984
-60 3.624 197.8 3075 0.59759
-80 3.596 184.7 2118 0.8397
Ru-Co(OH), -100 3.574 27.79 1440 2.6931
-120 3.585 33.95 860 3.4708
-140 3.624 27.75 514.1 6.0847
-160 3.618 26.64 309 8.4029

-180 3.6 20.77 190.7 12.271
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