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Supplementary Information Text 
1. Calculation method for the hydrogen adsorption energy
Hydrogen adsorption energy is an important descriptor for HER. In accordance with the electrochemical framework proposed by Noskov [1, 2], the hydrogen adsorption energy  can be calculated using the following formula:

where  and  represent the potential-dependent Gibbs free energy of the adsorption site with and without an H atom, respectively, corresponding to the initial states of the Heyrovsky and Volmer steps.   is the chemical potential of H atom, defined as:

where  denotes the Gibbs free energy of the  molecular, e is the elementary charge, U indicates the applied potential.
	In previous corrosion studies and early electrocatalysis research, the constant charge method was commonly employed for calculations. Equation (13) can be rewritten as:
	
Here, and  represent the free energy of the adsorption site model with and without the H atom at neutral charge, respectively. 


2. Calculation method for the anodic polarization curve
In previous work[3], Meta dynamics simulations were used to compute the free energy surface for Mg atom dissolution from the Mg(0001) surface, allowing for the estimation of the activation energy in the anodic dissolution process. Based on these parameters, the anodic polarization curve were constructed, The corrosion rate was characterized using polarization curves and could be described using the following equations:
1. Anodic current density:

2. Exchange current density:

Here,  represents the exchange current density, n is the number of electrons involved in Mg atom dissolution,  is the transfer coefficient,  is the equilibrium potential, ​ is the absolute electrode potential, and  is the free energy barrier of the dissolution reaction. Constants F, R, T, K, h, and ​ are the Faraday constant, gas constant, temperature, Boltzmann constant, Planck constant, and concentration of the reductant, respectively.
The anodic polarization curve obtained by this method showed some discrepancies compared to experimental values, which were attributed to the neglect of chloride ion effects.
In this work, AIMD equilibrium calculations were re-performed using a solution model that includes chloride ions, although the effect of chloride ions on the activation energy was still not considered.
Considering the effect of Cl- ions, the equilibrium potential  decreased from -2.17V to -2.24V, and the potential Φ difference increased from 2.27V to 2.20V, resulting in an anodic exchange current density increasing from  to .
 


3. Derivation of the Expression for the Potential-Dependent Activation Energy
The activation Gibbs free energy, , as a function of the potential U, is defined as the difference between the Gibbs free energies of the transition state (TS) and the initial state (IS):

The expressions for  and  are given by following equations:


In above equations,  and  are the potentials of zero charge for the transition and initial states, respectively, and ​ and  represent the DFT energies at potentials of zero charge,  and  represent the Gibbs free energies at potentials of zero charge , C is the surface capacitance and is considered the same for IS and TS, ZPE represents the zero-point energy, T is the ambient temperature, and S is the entropy, which is calculated based on the vibrational frequencies of the adsorbate. The ZPE − T*S term is calculated based on the vibrational frequencies of the adsorbate. The difference in this term between the initial and transition states is typically assumed to be constant. Substituting these expressions into the definition of , we obtain:

Simplifying this, we have:

The quadratic terms  can be rewrite as:

Then, to express the energy difference ​, we apply the Brønsted–Evans–Polanyi (BEP) relation. Additionally, we define the potential difference  . Substituting these into the expression for , we obtain the following equation:

[bookmark: _Hlk182495806]In this equation,  and  can be obtained through calculations of hydrogen adsorption energy the constant charge method,  is the activation energy at neutral charge. As for the surface capacitance C and the potential difference , we use the average values for the all solid solutions.


Table S1
Relative energy of alloy at different dope site (Units: eV)
The stability of alloying elements at different sites (Shown in Fig S2) is listed in the table below, with the relative energy calculated using the following formula:

	Site
	1
	2
	3
	4
	5

	Sc
	0.00
	-0.06
	0.62
	0.53
	0.46

	Al
	0.00
	-0.18
	-0.44
	-0.40
	-0.34

	Y
	0.00
	-0.11
	0.00
	0.58
	0.44

	Mn
	0.00 
	0.03 
	-0.22 
	-0.24 
	-0.21 

	Zn
	0.00 
	-0.20 
	-0.44 
	-0.40 
	-0.36 

	Zr
	0.00 
	-0.07 
	0.54 
	0.42 
	0.38 





Table S2
Comparison of hydrogen adsorption energies at PZC in different alloy elements with previous works (Unit: eV)
	Alloy element 
	This work 
	Previous Works

	UHP-Mg
	0.172 
	0.17[4];0.18[5];0.28[6]

	Al
	0.334 
	0.32[5]

	Y
	0.213 
	0.277[6]

	Sc
	0.222 
	0.266[6]

	Mn
	-0.115 
	-0.14[7]

	Zn
	0.148 
	0.03[4]

	Zr
	0.224 
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[image: ]Figure S1 Schematic of initial and transition states for different elementary steps of the HER, where orange, red, and white spheres represent magnesium, oxygen, and hydrogen atoms, respectively.

[image: ] Figure S2 Schematic of different doping sites for alloying elements
[image: ] Figure S3 Potential-dependent activation energies of Volmer and Heyrovsky step for Mg(0001) solid solutions with alloying elements 
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Figure S4 Surface capacitance of magnesium-based alloys with different alloying elements (Al, Mn, Sc, Y, Zn, Zr).


[image: ]
Figure S5 Potential-dependent activation energies of Volmer and Heyrovsky step for Mg(0001) solid solutions with alloying elements from BEP relationship
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