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Text S1
The formation energy of Ni6@Pt1M31 was defined as
                     (S1)
where ENi6@M32 and ENi6@Pt1M31 denote the total energy of Ni6@M32 and Ni6@Pt1M31, respectively. Pt and M are the chemical potentials of Pt and M (M= Pd, Cu, Ag, Au) respectively. The chemical potential of M (including Pt) was calculated from optimized geometry of bulk structures. The chemical potential of M indicates dividing the total energy of the bulk structure by the number of metal atoms in the bulk ().
The average binding energy of the clusters and SACs was calculated according to the following equation: 
                          (S2)
where , ,  correspond to the total energies of Ni core, M shell and Ni6@M32 or Ni6@Pt1M31 catalysts.  and  denotes total energies of Ni atom and M (M= Pt, Pd, Cu, Ag, Au) atom which equal to zero.
	The HER mechanism[1-3] in acidic electrolyte for reducing protons to hydrogen includes two possible reaction pathways. the Volmer–Heyrovsky and the Volmer–Tafel mechanism are as follow:
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Electrocatalyst performance under the standard conditions was evaluated on the basis of Gibbs free energy for H-adsorption (ΔGH*), a key parameter for HER activity, following the equation:
                                   (S3)
where  represents the hydrogen adsorption energy,  is zero-point energy difference between adsorbed hydrogen and gas-phase hydrogen, and the third value  represents the entropy difference between adsorbed state and gas phase under the temperature is 298.15K. In order to measure the  and , the vibrational frequencies of the system studied should be calculated. 
where ∆𝐸H* is the differential hydrogen adsorption energy, which is defined as:
                       (S4)
or the average chemisorption energy, which is defined as:
                              (S5)
Where , , and  correspond to the total energies of H adsorbed intermediates, the catalyst system without H atom and H2 (gas phase). n is the number of H atoms adsorbed on the catalyst. In general, hydrogen generation is divided into individual process and collective process. For the former, equation (S5) describes the production of hydrogen molecule one by one, which can be assessed by d-ΔGH*. Moreover, equation (S3) for the latter represents all hydrogen atoms on the surface are simultaneously converted to molecules, which can be expressed by a-ΔGH*.
The exchange current i0 is based on Nørskov’s theory[4]. If ΔG*H ≤ 0, the following equation is used to calculate the exchange current at pH= 0:
                                       (S6)
For another case if the ΔG*H > 0, the i0 is calculated by using the following expression at pH= 0:
                                        (S7)
where k0 is the rate constant. As there are no experimental data available, k0 is set to 1. kB is the Boltzmann constant (kB= 1.380649 × 10−23 J/K) and T is the temperature (T=298.15 K).
According to the reaction barrier and frequency analysis, the reaction rate constant (k) was defined by equation (S9) based on the Eyring transition state theory with Wigner correction. 
                              (S8)
where  is the Gibbs free energy barrier, and its unit is kcal/mol.  is the absolute value of imaginary frequency of TS. (h: Planck constant, kB: Boltzmann constant, T: 298.15 K).
The entire reaction process of ORR is as follows:
4H+ +O2 +4e- → 2H2O                                             (S9)
The following are the four protonation reaction steps of the ORR:
* + O2 (g) + H+ + e- → *OOH                                      (S10)
*OOH + H+ + e- → *O + H2O (l)                                    (S11)
*O + H+ + e- → *OH                                             (S12)
*OH + H+ + e- → * + H2O (l)                                       (S13)
Where * represents the adsorption site, and *OOH, *O, *OH are the adsorption intermediate.
The OER is regarded as the opposite of the ORR, and the following are the four electron reaction steps of the OER and at each step, a proton is injected into the electrolyte:
H2O (l) + * → *OH + e- + H+                                       (S14)
*OH → *O + e- + H+                                             (S15)
H2O (l) + *O → *OOH + e- + H+                                    (S16)
*OOH → O2 (g) + e- + H+ + *                                      (S17)
We show the calculated ΔE of intermediates *OOH, *O and *OH defined as the reaction energies of the reactions by the computational hydrogen electrode (CHE) model proposed by Nørskov and co-workers[5].
2H2O (g) + * → *OOH + 1.5H2 (g)                                  (S18)
H2O (g) + * → *O + H2 (g)                                        (S19)
H2O (g) + * → *OH + 0.5H2 (g)                                    (S20)
The adsorption free energy of adsorption intermediate under pH = 0 is calculated by the following equation (U =0):
                                           (S21)
where H2O and H2 are in the gas phase. ΔE, ΔZPE and ΔS correspond to the total energy difference, zero-point energy difference, and entropy difference between final states and initial states according to eqs (S19) - (S21), respectively. 
The free energy changes of each step of ORR are , , , and . Correspondingly, OER process: , , , . The overpotential (η) of ORR and OER is defined as
                          (S22)
                          (S23)





















Table S1 The models by doping a Pt atom at the core (Ni5Pt1@M32), the center or the hexagonal (Ni6@Pt1M31) site of the surface in the core-shell nanocluster Ni6@M32 (M = Pd, Cu, Ag, and Au). 
	
	Substitution site

	
	Core
	Center
	Hex

	M
	Ni5Pt1@M32
	Ni6@Pt1M31

	Pd
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	Cu
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	Ag
	[image: ]
	[image: ]
	[image: ]

	Au
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Table S2 Structural parameters of core-shell cluster catalysts
	System
	Average bond length(Å)

	
	shell-shell
	shell-core
	core-core

	Pt38
	2.75
	2.75
	2.75

	Ni6@Pt32
	2.71
	2.64
	2.46

	Pd38
	2.70
	2.70
	2.70

	Ni6@Pd32
	2.68
	2.62
	2.42

	Ni6@Pt1Pd31
	2.72
	2.62
	2.48

	Cu38
	2.52
	2.52
	2.52

	Ni6@Cu32
	2.47
	2.51
	2.50

	Ni6@Pt1Cu31
	2.48
	2.53
	2.49

	Ag38
	2.85
	2.85
	2.85

	Ni6@Ag32
	2.79
	2.82
	2.57

	Ni6@Pt1Ag31
	2.81
	2.75
	2.48

	Au38
	2.84
	2.84
	2.84

	Ni6@Au32
	2.79
	2.78
	2.46

	Ni6@Pt1Au31
	2.79
	2.77
	2.47


Table S3 The optimal |d−ΔGH*| and |a−ΔGH*| and log(i0) values of Ni6@M32 (M= Pt, Pd, Cu, Ag, Au) and Ni6@Pt1M31 (M= Pd, Cu, Ag, Au) and corresponding Bader charge of hydrogen atom
	System
	| d-ΔGH*| (eV)
	| a-ΔGH* | (eV)
	exchange current density (log(i0))(A/cm2)
	Bader charge of H atom (e)

	6H-Ni6@Pt32
	0.16
	0.48
	-2.68
	-0.01

	6H-Ni6@Pd32
	0.09
	0.33
	-1.54
	-0.12

	1H-Ni6@Cu32
	0.01
	0.01
	-0.40
	-0.29

	3H-Ni6@Ag32
	0.01
	0.002
	-0.40
	-0.22

	1H-Ni6@Au32
	0.002
	0.002
	-0.32
	-0.30

	6H-Ni6@Pt1Pd31
	0.10
	0.19
	-1.67
	-0.12

	4H-Ni6@Pt1Cu31
	0.004
	0.006
	-0.34
	-0.16

	1H-Ni6@Pt1Ag31
	0.16
	0.16
	-2.63
	-0.06

	1H-Ni6@Pt1Au31
	0.007
	0.007
	-0.36
	-0.23













Table S4 The most stable adsorption sites and corresponding adsorption free energies of O, OH and OOH intermediates on the catalysts
	System
	*O
	*OH
	*OOH

	
	Site
	ΔGad/eV
	Site
	ΔGad/eV
	Site
	ΔGad/eV

	Pt (111)
	f
	1.30
	f
	0.42
	f
	3.27

	Pt38
	b1
	1.24
	b1
	0.50
	t2
	3.81

	Ni6@Pt32
	b2
	1.32
	t1
	0.75
	t2
	3.71

	Ni6@Pd32
	f1
	1.50
	b1
	0.19
	b3
	3.54

	Ni6@Cu32
	f1
	1.01
	b2
	-0.69
	b2
	2.77

	Ni6@Ag32
	f1
	1.59
	b2
	-0.57
	b2
	2.89

	Ni6@Au32
	f1
	2.10
	b2
	-0.21
	b3
	3.81

	Ni6@Pt1Pd31
	f1
	1.86
	f1
	0.93
	b
	4.46

	Ni6@Pt1Cu31
	f1
	1.39
	t
	0.40
	b
	4.22

	Ni6@Pt1Ag31
	f1
	2.22
	b
	1.12
	b
	3.36

	Ni6@Pt1Au31
	f1
	2.91
	t
	1.69
	t
	4.75








Table S5 The reaction free energy corresponding to the four-electron step of the ORR reaction on the catalyst and the overpotential of the ORR and OER reactions
	System
	ΔG1
	ΔG2
	ΔG3
	ΔG4
	ηORR
	ηOER

	Pt (111)
	-1.65
	-1.97
	-0.88
	-0.42
	0.81
	0.74

	Pt38
	-1.11
	-2.57
	-0.74
	-0.50
	0.73
	1.34

	Ni6@Pt32
	-1.21
	-2.40
	-0.57
	-0.75
	0.66
	1.17

	Ni6@Pd32
	-1.38
	-2.04
	-1.31
	-0.19
	1.04
	0.81

	Ni6@Cu32
	-2.15
	-1.76
	-1.70
	0.69
	1.92
	0.92

	Ni6@Ag32
	-2.03
	-1.30
	-2.16
	0.57
	1.80
	0.93

	Ni6@Au32
	-1.11
	-1.71
	-2.31
	0.21
	1.44
	1.08

	Ni6@Pt1Pd31
	-0.46
	-2.59
	-0.94
	-0.93
	0.77
	1.36

	Ni6@Pt1Cu31
	-0.69
	-2.84
	-0.99
	-0.40
	0.83
	1.61

	Ni6@Pt1Ag31
	-1.56
	-1.13
	-1.11
	-1.12
	0.12
	0.33

	Ni6@Pt1Au31
	-0.17
	-1.84
	-1.22
	-1.69
	1.06
	0.61

	RuO2
	
	
	
	
	
	0.37[6]

	IrO2
	
	
	
	
	
	0.56[6]










Table S6 The average binding energy of Ni6@M32 (M= Ni, Pt, Pd, Cu, Ag, Au)
	System
	Eb(eV)
	System
	Eb(eV)

	Ni6@Pt32
	4.53
	Ni6@Au32
	2.96

	Ni6@Pd32
	4.36
	Ni6@Ag32
	2.52

	Ni6@Ni32
	4.10
	Ni6@Cu32
	0.25




Table S7 The formation energy of Ni6@Pt1M31 (M= Ni, Pd, Cu, Ag, Au)
	System
	Ef(eV)
	System
	Ef(eV)

	Ni6@Pt1Pt31
	0
	Ni6@Pt1Au31
	0.33

	Ni6@Pt1Pd31
	-0.56
	Ni6@Pt1Ag31
	-0.51

	Ni6@Pt1Ni31
	-0.30
	Ni6@Pt1Cu31
	-0.08




Table S8 Alteration in energy accompanying the migration of two hydrogen atoms from distinct adsorption sites (either on the same or different facets) on Ni6@Cu32 to a unified adsorption configuration
	H adsorption site
	EIS(eV)
	EFS(eV)
	E(eV)

	Same facet
	-130. 72
	-130.62
	0.10

	Different facets
	-130. 84
	-130.62
	0.22
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Figure S1 The relationship between the calculated average binding energy of catalysts and the amount of charge transfer between the core and shell (red represents the amount of Bader charge transfer, blue represents the average binding energy)
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Figure S2 Density of states projected onto the d states of Ni6@M32 clusters (left) and Ni6@Pt1M31 (M=Pd, Cu, Ag, Au) clusters (right).
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Figure S3 The differential Gibbs free energy profiles (d−ΔGH*) over the Ni6@M32 (M = Pt, Pd, Cu, Ag, Au) clusters (a, d, g, j, m), the average Gibbs free energy profiles (a−ΔGH*) (b, e, h, k, n), and the volcano plot of  i0 as a function of d-ΔGH* at the best H coverage (c, f, i, l, o) and the highlight in blue denotes the free energy window of ±0.25 eV.
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Figure S4 Density of states projected onto the d states of adsorption sites of Ni6@Pd32 clusters (left) and Ni6@Pt1Pd31 clusters (right) under different hydrogen coverages.

[image: ]
Figure S5 Insight into the electron density disparity at the solid-liquid interface in the initial state (Heyrovsky) is presented for the catalysts (a) 6H-Ni6@Pt1Pd31, (b) 4H-Ni6@Pt1Cu31, (c) 2H-Ni6@Pt1Ag31 and (d) 2H-Ni6@Pt1Au31. Regions of electron depletion and electron accumulation are depicted in cyan and light yellow, respectively.
[image: ]
Figure S6 The potential energy profiles of the HER by Volmer–Tafel process and Volmer–Heyrovsky process at the optimal coverage of H. (a-b) Ni6@Pt32, (c-d) Ni6@Pd32, (e-f) Ni6@Cu32, (g-h) Ni6@Ag32, respectively
[image: ]
[bookmark: _GoBack]Figure S7 The linear relationship between ORR overpotential and *OOH adsorption free energy of catalysts according to four-electron step mechanism (ORR volcano plot)
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