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Metallic Nickel Activation of Non-Reconstructed Amorphous Nickel Selenide Interface for Ampere-level Natural Seawater Splitting
Supplementary Methods
Synthesis of Ni/C-a-NiSe2 and C-a-NiSe₂
Ni/C-a-NiSe₂ was synthesized using a one-step γ-ray radiation reduction method. Initially, 1 mmol of (CH₃COO)₂Ni·4H₂O and 2 mmol of Na₃C₆H₅O₇·2H₂O were dissolved in ultrapure water. Subsequently, 8 mL of isopropanol and 8 mL of a 0.2 M Na₂SeSO₃ solution (prepared according to previously reported procedures) were added, and the total volume was adjusted to 30 mL.1 The resulting precursor solution was purged with N₂ to remove dissolved oxygen, sealed, and irradiated using a ⁶⁰Co source (Department of Applied Chemistry, Peking University). Optimization of the sample was achieved by varying the amount of Na₃C₆H₅O₇·2H₂O and the dose rate, detailed preparation conditions provided in Table S1. The Ni/C-a-NiSe₂-III with an absorbed dose of 50 kGy and a dose rate of 50 Gy min⁻¹ is abbreviated as Ni/C-a-NiSe₂. For comparison, C-a-NiSe₂ was synthesized by reducing the isopropanol volume to 4 mL, while keeping all other preparation conditions consistent with those described above. To further demonstrate the advantages of the radiation approach, h-NiSe₂ was also prepared via a conventional hydrothermal method with the addition of 2 mmol of Na₃C₆H₅O₇·2H₂O.2
[bookmark: _Toc198752521]Materials Characterizations
The crystal structure was analyzed using X-ray diffraction (XRD, X-Pert3 Powder) with Cu-Kα radiation (λ = 1.54178 Å). Morphological and structural characteristics were examined by scanning electron microscopy (SEM, Hitachi S-4800) and high-resolution transmission electron microscopy (HRTEM, Tecnai 2100F), coupled with energy-dispersive X-ray spectroscopy (EDS) for elemental analysis. Fourier transform infrared spectroscopy (FTIR, Thermo Fisher Scientific Nicolet iS20) was employed to identify functional groups modified by organic compounds. Thermogravimetric analysis (TGA, Q600 SDT) was conducted under a nitrogen atmosphere from 25 °C to 800 °C at a heating rate of 10 °C min⁻¹. Raman spectroscopy with a 532 nm laser was utilized to further investigate the material composition. The elemental chemical environment was characterized by X-ray photoelectron spectroscopy (XPS, AXIS Supra) using an Al-Kα source, with charge correction based on the C 1s peak. Synchrotron radiation X-ray absorption spectroscopy (XAS) was employed to probe the fine electronic structure, providing insights into the coordination environment and coordination number. Surface charge properties were measured at various pH values using a zeta potential analyzer (Malvern Zetasizer Nano ZS90). Hydrophilicity and hydrophobicity were assessed via contact angle measurements (LAUDA Scientific LSA100S-T). Vacancy defects were confirmed by electron paramagnetic resonance spectroscopy (EPR, Bruker EMXplus-6/1). Elemental leaching was monitored using inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5110). Time-of-flight secondary ion mass spectrometry (ToF-SIMS, PHI nanoTOFII) was utilized to analysis the catalyst interface after HER, with Bi3+ as the ion beam and the collection mode set to high mass resolution.
[bookmark: _Toc198752522]Electrochemical Measurements
Electrochemical measurements were conducted using the AUTOLAB PGSTAT302 workstation (Metrohm Autolab, Switzerland). The three-electrode system consists of a carbon rod as the counter electrode, HgO/Hg as the reference electrode, and the catalyst as the working electrode, with 1 M KOH as the electrolyte. To prepare the catalyst ink, 4 mg of catalyst powder was dispersed in a mixture of 480 μL ethanol, 312 μL deionized water, and 50 μL of 20% Nafion solution. This suspension was ultrasonicated to ensure homogeneity and subsequently drop-cast onto a glassy carbon electrode (3 mm diameter) as the working electrode. The hydrogen evolution reaction (HER) activity was evaluated by linear sweep voltammetry (LSV) under an Ar-saturated atmosphere, sweeping from 0 V to 0.4 V vs.RHE at a scan rate of 5 mV s⁻¹. The Tafel slope, which provides insight into the reaction kinetics, was determined according to Equation 1:

																	(1)
where b is the Tafel slope, J is the current density, and η is the overpotential.
Cyclic voltammetry (CV) was performed within the non-Faradaic potential window (0.02 V to 0.12 V) to evaluate the intrinsic electrocatalytic activity. The electrochemically active surface area (ECSA) and double-layer capacitance (Cdl) were determined from the CV curves recorded at scan rates ranging from 10 mV s⁻¹ to 60 mV s⁻¹, as described by Equations 2.

		(2)
Electrochemical impedance spectroscopy (EIS) was conducted at -1.024 V vs. RHE over a frequency range of 100 kHz to 10 mHz, using an amplitude of 5 mV. To probe the kinetics isotope effect, experiments were conducted in D₂O as the electrolyte. Additionally, 0.1 M KSCN was introduced to poison the metallic active sites, facilitating the identification of catalytic centers. The catalytic stability was evaluated through long-term chronoamperometry. The 100,000-cycles CV test with a scan rate of 10 mV s-1 over the potential range of -0.15 to 0.05 V was also employed for accelerated degradation testing (ADT) to validate the catalyst's performance robustness. To further demonstrate the practical applicability, HER performance was evaluated using natural seawater as the electrolyte, collected from Qingdao, Shandong Province, China. For fabrication of self-supported electrodes, the catalyst slurry was drop-cast onto nickel foam (5×5 cm-2) with the loading of 5 mg cm-2, which served as the cathode in an anion exchange membrane (AEM) electrolyzer, assembled with C-NiFe-LDH/NF (citrate-modified NiFe-LDH, prepared as reported in prior literature).3 For comparative analysis, commercial Pt/C catalysts were subjected to analogous electrode preparation and testing protocols. The Faraday efficiency measurement is achieved by collecting gas content through the displacement method.
All potentials were converted to reversible hydrogen electrode (RHE) potentials using Equation 3.

	(3)
where iR represents the correction for ohmic resistance. 
In-situ electrochemical measurements were conducted using a three-electrode system in conjunction with appropriate characterization instruments, including IR spectroscopy, Raman spectroscopy and EIS. The applied potential range was set from 0 to -0.5 V.
All electrochemical tests were strictly controlled at 25 °C.
Chemicals and Reagents
Nickel (II) acetate tetrahydrate ((CH3COO)2Ni·4H2O), iron nitrate nonahydrate (Fe(NO3)3·9H2O), nickel nitrate hexahydrate (Ni(NO3)2·6H2O), trisodium citrate dihydrate (Na3C6H5O7·2H2O), urea (CH4N2O), ammonium fluoride (NH4F), selenium powder (Se, 400 mesh), sodium sulfite (Na2SO3), isopropyl alcohol (IPA, C3H8O, 99.8%), ethanol (C2H6O, ≥99%), deionized water with a resistivity of ≥18 MΩ (PSDK-20-E, Beijing Zihan Shiji Technology Co., Ltd), nickel foam (NF, thickness = 0.5 mm), Nafion solution (20wt% in water), 20 wt% Pt/C, RuO2 (Suzhou Sinero Technology Co., Ltd). All chemicals and reagents were used without further purification.
Table S1. Preparation conditions of Ni/C-a-NiSe2-I to VII.
	Sample
	ncit / mmol
	Absorbed dose/kGy
	Dose rate/Gy min-1

	Ni/C-a-NiSe2-I
	0.5
	50
	50

	Ni/C-a-NiSe2-II
	1.0
	
	

	Ni/C-a-NiSe2-III
	2.0
	
	

	Ni/C-a-NiSe2-IV
	4.0
	
	

	Ni/C-a-NiSe2-V
	2.0
	50
	30

	Ni/C-a-NiSe2-VI
	
	
	80

	Ni/C-a-NiSe2-VII
	
	
	100


Theoretical Calculations
All the calculations are performed in the framework of the density functional theory with the projector augmented plane-wave method, as implemented in the Vienna ab initio simulation package4. The generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof is selected for the exchange-correlation potential5. The long range van der Waals interaction is described by the DFT-D3 approach6. The cut-off energy for plane wave is set to 400 eV. The energy criterion is set to 10−5 eV in iterative solution of the Kohn-Sham equation. A vacuum layer of 15 Å is added perpendicular to the sheet to avoid artificial interaction between periodic images. The Brillouin zone integration is performed using a 2x2x1 k-mesh. All the structures are relaxed until the residual forces on the atoms have declined to less than 0.05 eV/Å. The energy barriers were calculated by Climbing image-nudged elastic band (CI-NEB) method in VTST code7 embedded in VASP, and eight intermediates were taken into consideration. During the calculations, the amorphous NiSe2 was constructed by AIMD simulation. The initial structure was built from a 2*2*2 supercell of NiSe2 primate cell. Then the structure was heated from 100 K to 3000 K in 40 ps with a timestep of 2 fs. The final structure was fully optimized to get the ground state of the amorphous structure. Then the Ni13 cluster was put on the slab surface of the amorphous structure to simulate the amorphous NiSe2 supported Ni clusters.
Calculation of Electrolyzer Production Efficiency and Hydrogen Cost
Hydrogen Production Rate Calculation (PRH)：

							(4)
Hydrogen Equivalent Power Output (PH):

								(5)
LHV denotes the lower heating value, which for hydrogen corresponds to the energy released during complete combustion: 2.42 × 10⁵ J mol⁻¹ H₂. FE denotes the Faraday efficiency at the corresponding current density. 
Electrolyzer Power Consumption (PE):

												(6)
Electrolyzer Energy Conversion Efficiency (η):

																(7)
Hydrogen Production Costs (CE):

					(8)
Ebill represents the electricity bill, typically $0.02 per kWh.
Electrolyzer Production Energy consumption (kWh Nm-3):

						(9)



Supplementary Figures
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Fig. S1. SEM images of (a) h-NiSe2, (b) C-a-NiSe2 and (c) Ni/C-a-NiSe2.


[image: ]
Fig. S2. (a, b) HRTEM images of C-a-NiSe2 (the inset is corresponding SAED image).
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Fig. S3. (a, b) HRTEM images of h-NiSe2 (the inset is the lattice fringe images of (210) plane).
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Fig. S4. Raman spectrum of h-NiSe2, C-a-NiSe2 and Ni/C-a-NiSe2.
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Fig. S5. IR spectrum of h-NiSe2, C-a-NiSe2 and Ni/C-a-NiSe2.
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Fig. S6. IR spectrum of Ni/C-a-NiSe2-I to VII.
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Fig. S7. XRD patterns of Ni/C-a-NiSe2-I to VII.
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Fig. S8. Ni 2p spectra of XPS spectrum for Ni/C-a-NiSe2-I to VII.
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Fig. S9. Se 3d spectra of XPS spectrum for Ni/C-a-NiSe2-I to VII.
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Fig. S10. Experimental and the fitting Ni K-edge EXAFS spectra in k-space for (a) h-NiSe2, (b) C-a-NiSe2 and (c) Ni/C-a-NiSe2.
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Fig. S11. Experimental and the fitting Se K-edge EXAFS spectra in k-space for (a) h-NiSe2, (b) C-a-NiSe2 and (c) Ni/C-a-NiSe2.


[bookmark: _Hlk192335428]Table S2. EXAFS fitting parameters.a
	Sample
	Shell
	N
	R/ Å
	σ2
	R factor (%)

	h-NiSe2
	Ni-Se
	5.7±0.15
	2.19±0.003
	0.0073
	0.97

	
	Ni-O
	0.4±0.02
	3.36±0.012
	0.0092
	

	
	Ni-O-Ni
	0.5±0.07
	4.25±0.009
	0.0063
	

	C-a-NiSe2
	Ni-Se
	5.4±0.16
	1.99±0.011
	0.0081
	0.86

	Ni/C-a-NiSe2
	Ni-Se
	5.5±0.09
	2.12±0.015
	0.0043
	1.05

	
	Ni-Ni
	0.6±0.03
	3.68±0.022
	0.0037
	

	
	
	0.4±0.08
	4.39±0.026
	0.0015
	

	h-NiSe2
	Se-Ni/Se
	3.9±0.17
	2.08±0.023
	0.0022
	1.14

	C-a-NiSe2
	Se-Ni/Se
	2.9±0.13
	2.05±0.018
	0.0041
	0.82

	
	Se-O
	0.8±0.11
	3.09±0.033
	0.0034
	

	Ni/C-a-NiSe2
	Se-Ni/Se
	3.1±0.19
	2.11±0.019
	0.0087
	0.89

	
	Se-O-C
	0.6±0.14
	3.07±0.028
	0.0056
	


aFitting regions of samples.
3.000≤k (/Å)≤12.000 and 1.00≤R (Å)≤5.00.
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Fig. S12. Hydrogen evolution overpotential at 10 mA cm-2 and 100 mA cm-2 in 1 M KOH for Pt/C, h-NiSe2, C-a-NiSe2 and Ni/C-a-NiSe2.
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Fig. S13. (a-c) CV curves at scan rates of 20–60 mV s⁻¹ for h-NiSe2, C-a-NiSe2 and Ni/C-a-NiSe2 and (d) the Cdl linear fitting.
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Fig. S14. LSV curves in 1 M KOH for (a, b) Ni/C-a-NiSe2-I to VII and (c, d) corresponding Tafel slope.
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Fig. S15. (a-g) CV curves at scan rates of 20–60 mV s⁻¹ for Ni/C-a-NiSe2-I to VII and (h, i) the Cdl linear fitting.
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Fig. S16. (a) LSV curves in 1 M KOH+0.5 M NaCl for Pt/C, h-NiSe2, C-a-NiSe2, Ni/C-a-NiSe2 and (b) corresponding Tafel slope.


Table S3. Comparison of seawater electrolytic performance between nickel-based and chalcogenide-based catalysts in a three-electrode system.
	Samples
	electrolyte
	η (mV)
	Tafel slope/ mV dec-1
	Refs.

	Se/NiSe2
	1 M KOH+seawater
	η100:280
	109
	8

	P-NiSe2
	seawater
	η10:296;
	180
	9

	Ru,W-NiSe2
	seawater
	η10:353
	152.5
	10

	1 T-MoSe2/NiSe
	1 M KOH +seawater
	η10:104
	124
	11

	CrOx@ Ni2P-Ni5P4
	seawater
	η10:164
	112
	12

	Mo3Se4-NiSe
	seawater
	η10:166
	90.12
	13

	CoSe/NiSe2
	1 M KOH+seawater
	η10:204.5
	122
	14

	1T/2H-MoSe2
	Simulated seawater
	η10:274
	142
	15

	CoS2@CoFe-LDH
	1 M KOH+seawater
	η100:311
	95
	16

	NRAHM-NiO
	1 M KOH+0.5 M NaCl
	η100:247
	116
	17

	Ni2P–FeNi-LDH
	1 M KOH+seawater
	η100:230
	55.63
	18

	MoS2–ReS2
	1 M KOH+seawater
	η10:200
	101.58
	19

	Ni/C-a-NiSe2
	seawater
	η10:90.3
η100:159.8
	68.5
	This work
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Fig. S17. Catalytic stability in 1 M KOH of Pt/C, h-NiSe2, C-a-NiSe2 and Ni/C-a-NiSe2.
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[bookmark: _Hlk214283616]Fig. S18. (a) LSV curve in 1 M KOH+0.5 M NaCl for Pt/C, h-NiSe2, C-a-NiSe2 and Ni/C-a-NiSe2 after ADT testing. (b) Performance comparison before and after ADT Testing at 100 mA cm-2.
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Fig. S19. Differences in LSV curves of Ni/C-a-NiSe2 before and after long-term seawater electrolysis.
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Fig. S20. CV curves at scan rates of 20–60 mV s⁻¹ for (a) h-NiSe2, (b) Ni/C-a-NiSe2 and (c) the Cdl linear fitting after long-term seawater HER. (d) Comparison of the decreased Cdl value for h-NiSe2 and Ni/C-a-NiSe2.
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Fig. S21. SEM images of (a) h-NiSe2 and (b) Ni/C-a-NiSe2 after long-term seawater electrolysis.
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Fig. S22. Se 3d spectra of XPS spectrum for h-NiSe2 and Ni/C-a-NiSe2 after long-term seawater electrolysis.
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Fig. S23. (a) HRTEM image, (b) STEM images of h-NiSe2 and (c-e) EDS mapping of Ni, Se and O element.


[image: ]
Fig. S24. (a) STEM images of h-NiSe2 (the inset is corresponding SAED pattern) and (b-e) EDS mapping of Ni, Se and O element.
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Fig. S25. (a) HRTEM images of Ni/C-a-NiSe2 and (b) FFT image of lattice fringes on the Ni (111) crystal plane (inset is the integrated pixel intensities).
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Fig. S26. Two-dimensional TOF-SIMS interface mapping of h-NiSe2 and Ni/C-a-NiSe2 (brightness represents ion sputtering intensity).
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Fig. S27. EIS plots after long-term HER in seawater for (a) h-NiSe2 and (b) Ni/C-a-NiSe2.
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Fig. S28. In situ Raman spectrum of C-a-NiSe2 within the potential range of 0 to -0.5 V.
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Fig. S29. (a) LSV Curves of h-NiSe2, C-a-NiSe2, Ni/C-a-NiSe2 after KSCN poisoning and (b) the overpotential at 100 mA cm-2.
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Fig. S30. CV curves within the potential range of -0.05 V to 0.5 V of (a) C-a-NiSe2 and (b) Ni/C-a-NiSe2.
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Fig. S31. Front view of the cubic crystalline nickel selenide structural model (c-NiSe2).
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Fig. S32. Front view of the amorphous nickel selenide structural model (a-NiSe2).
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Fig. S33. Front view of the metallic Ni decorated amorphous nickel selenide structural model (Ni/a-NiSe2).
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Fig. S34. The free energy of *H migration from the metallic Ni site to the NiSe2 metallic site in Ni/a-NiSe2.
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Fig. S35. XRD pattern of NiFe-LDH and C-NiFe-LDH.
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Fig. S36. SEM images of (a) NiFe-LDH and (b) C-NiFe-LDH.
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Fig. S37. IR spectrum of NiFe-LDH and C-NiFe-LDH.
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Fig. S38. (a) HRTEM image and (b) SAED pattern of C-NiFe-LDH.
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Fig. S39. (a) Gas production measurement for Ni/C-a-NiSe2// C-NiFe-LDH electrolyzer at 100 mA cm-2 and (b) the Faraday efficiency at various current density under 60 °C.


Table S4. Production efficiency and economic analysis of direct seawater electrolysis in AEM.
	j /A cm-2
	Voltage /V
	theoretical H2 production rate (mol H2 cm-2 s-1)
	Faradaic Efficiency (%)
	Electrolyzer Power (W cm-2)
	Efficiency of AEM (%)
	H2 Price ($/kg)

	0.1
	1.56
	5.18 × 10-7
	97.8
	0.156
	78.6
	0.855

	0.5
	1.63
	2.59 × 10-6
	95.2
	0.815
	72.9
	0.918

	1.0
	1.71
	5.18 × 10-6
	94.6
	1.71
	69.4
	0.969





Table S5. Comparison of hydrogen evolution performance in seawater electrolyzers.
	Electrolyzer
	Electrolyte
	Cell voltage at 1 A cm-2/V
	Stability/h
	Refs.

	S-FeNiOOH||P-Fe3O4-x
	1 M KOH+seawater
	1.97@60℃
	1 A cm-2@1000
	20

	Nix-Fe3N@NCPs
	1 M KOH + 0.5 M NaCl
	1.72 at 0.5A cm-2@25℃
	0.5 A cm-2@1200
	21

	NiCoPv@NF
	6 M KOH+seawater
	1.79@60℃
	0.5 A cm-2@120
	22

	RuO2//Mo3Se4-NiSe
	seawater
	1.71 at 0.01A cm-2@25℃
	0.05 A cm-2@50
	13

	Ni3FeN@PO43−/NF//PtNi@NiMoN/NF 
	6 m KOH+seawater
	2.09@25℃
	1 A cm-2@140
	23

	Ru LC Ni(OH)2//FeNi LDH
	1 M KOH+seawater
	1.77@25℃
	0.5 A cm-2@500
	24

	Ru@NMoC and Pt/C
	1 M KOH+seawater
	1.86@25℃
	0.5 A cm-2@500
	25

	Ru–BOx–OH-300
	1 M KOH + seawater
	1.95@25℃
	1 A cm-2@400
	26

	Os-Ni4Mo/MoO2
	1 M KOH + seawater
	>2.00V@25℃
	0.2 A cm-2@200
	27

	Pt/WO2 // NiFe LDH
	seawater
	2.47 V at 0.5A cm-2@60℃
	0.5 A cm-2@100
	28

	NiCoS NAs/NFF
	1 M KOH + seawater
	2.00@30℃
	0.6 A cm-2@500
	29

	RuMoNi
	6 M KOH + seawater
	1.72@80℃
	0.5 A cm-2@240
	30

	Mo2N //IrO2
	1 M KOH + seawater
	1.87@ 60 °C
	1 A cm-2@900
	31

	S-RuO2 
	1 M KOH + seawater
	2.01@60℃
	0.4 A cm-2@100
	32

	Ni/C-a-NiSe2// C-NiFe-LDH
	seawater
	1.81@25℃;1.71@60℃
	1 A cm-2@2000
	This work
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1   Supplementary   Information   Metallic Nickel Activation of Non - Reconstructed Amorphous Nickel Selenide  Interface for Ampere - level Natural Seawater Splitting   Supplementary  Methods   Synthesis of Ni/C - a - NiSe 2   and C - a - NiSe ₂   Ni/C - a - NiSe ₂   was synthesized using a one - step γ - ray radiation reduction method. Initially, 1 mmol of  (CH ₃ COO) ₂ Ni·4H ₂ O and 2 mmol of Na ₃ C ₆ H ₅ O ₇ ·2H ₂ O were dissolved in ultrapure water. Subsequently,  8 mL of isopropanol and 8 mL of a 0.2 M Na ₂ SeSO ₃   solution (prepared according to previously reported  procedures) were added, and the total volume was adjusted to 30 mL. 1   The resulting precursor solution  was purged with N ₂   to remove dissolved oxygen, sealed, and irradiated using a ⁶⁰Co source  (Department of Applied Chemistry, Peking University). Optimization of the sample was achieved by  varying the amount of Na ₃ C ₆ H ₅ O ₇ ·2H ₂ O and the dose rate, detailed preparation conditions provided in  Table   S1 . The Ni/C - a - NiSe ₂ - III with an absorbed dose of 50 kGy and a dose rate of 50 Gy min ⁻ ¹ is  abbreviated as Ni/C - a - NiSe ₂ . For comparison, C - a - NiSe ₂   was synthesized by reducing the isoprop anol  volume to 4 mL, while keeping all other preparation conditions consistent with those described above.  To further demonstrate the advantages of the radiation approach, h - NiSe ₂   was also prepared via a  conventional hydrothermal method with the addition of 2 mmol of Na ₃ C ₆ H ₅ O ₇ ·2H ₂ O . 2   Materials Characterizations   The crystal structure was analyzed using X - ray diffraction (XRD, X - Pert3 Powder) with Cu - Kα radiation  (λ = 1.54178 Å). Morphological and structural characteristics were examined by scanning electron  microscopy (SEM, Hitachi S - 4800) and high - resolution tran smission electron microscopy (HRTEM,  Tecnai 2100F), coupled with energy - dispersive X - ray spectroscopy (EDS) for elemental analysis.  Fourier transform infrared spectroscopy (FTIR, Thermo Fisher Scientific Nicolet iS20) was employed to  identify functional gr oups modified by organic compounds. Thermogravimetric analysis (TGA, Q600  SDT) was conducted under a nitrogen atmosphere from 25 °C to 800 °C at a heating rate of 10 °C min ⁻ ¹.  Raman spectroscopy with a 532 nm laser was utilized to further investigate the material composition.  The elemental chemical environment was characterized by X - ray photoelectron spectroscopy (XPS,  AXIS Supra) using an Al - Kα source, with charge correction   based on the C 1s peak. Synchrotron  radiation X - ray absorption spectroscopy (XAS)  was employed to probe the fine electronic structure,  providing insights into the coordination environment and coordination number. Surface charge  properties were measured at various pH values using a zeta potential analyzer (Malvern Zetasizer Nano  ZS90). H ydrophilicity and hydrophobicity were assessed via contact angle measurements (LAUDA  Scientific LSA100S - T). Vacancy defects were confirmed by electron paramagnetic resonance  spectroscopy (EPR, Bruker EMXplus - 6/1). Elemental leaching was monitored using ind uctively coupled  plasma optical emission spectroscopy (ICP - OES, Agilent 5110). Time - of - flight secondary ion mass  spectrometry (ToF - SIMS, PHI nanoTOFII) was utilized to analysis the catalyst interface after HER, with  Bi 3+   as the ion beam and the collection mode set to high mass resolution.  

