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Note S1 The details of OER/ORR process

For the OER process, in the first step, transition metal@Vs;-GaPS, (denoted as *) takes one H,O
molecule from the solvent and releases one (H" + e7) pair, leading to the formation of *OH. In the
second step, *OH continues to dissociate to *O and one (H* + €7) pair. Then the third step, another
H,0 molecule reacts with the *O to form *OOH with the release of one (H" + ) pair. The last step
is the final product of O, and the O, molecule will release from the surface of the catalyst with one

(H* + e7) pair released. The four elementary steps of OER can be described as:

H,0+* —» *OH +(H  +e") (S1)

*OH— *O+MH" +e7) (S2)

H,0+ *O— *OOH +(H  +e ) (S3)
*OOH— * +0,+(H" +e ) (S4)

where *, H * , € denotes transition metal@V;-GaPS, substrate, proton, and electron, respectively,
p P y

*OH =0 *x0O0H

and represent three different catalytic intermediates.

The ORR process can be treated as the inverse process of the OER:

0,+ * +(H™ + e )— *OOH (S5)
*OOH +(H' +e )— H,0+ *O (S6)
*O+H +e”) > *OH (S7)
*OH +(H" + e )>H,0+ * (S8)

To avoid calculating the free energy of O, gas, the experimental reaction energy of 2H,O — O,
+ 2H, (4.92 eV) was considered. Moreover, By reference of the standard hydrogen electrode
potential, we can relate the chemical potential (H* + e”) pair to that of 1/2H, under standard

condition!. Accordingly, the free energy change of each step can be expressed as:
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AG, =AG ., oy - eU + AG, , (pH) (S9)

AG,=AG , o~ AG . o - eU + AGy , (pH) (S10)
AGy=AG , ooy = AG + o — eU + AGy, , (pH) (S11)
AG, =4.92 = AG . 5oy - €U + AGy, , (pH) (S12)

Where AGson, AGxo, and AGxooy represent the free energy change of *OH, *O, and *OOH

intermediate, respectively. AG is the Gibbs free energy difference of each elemental step, defined as:

AG =AE, pp + AE, . + TAS (S13)

E E

*DFT, “zPE, T, and AS represent the energy calculated from DFT calculation, zero-point energy
correction, temperature, and entropy correction. The ZPE and TAS of adsorbed species are listed in
Table S1. U is the potential measured against normal hydrogen electrode (NHE) at standard
conditions (T = 298.15 K, P =1 bar, pH = 0). The free energy change of the protons relative to the
NHE at non-zero pH is described by the Nernst equation as AGy(pH) =kgTIn (10) x pH.

The energy differences of the corresponding intermediates are expressed as:
AEpp( * OH) = Eppr( * OH) - Eppr( *) - [Eppp(H,0) - %EDFT(HZ)] (S14)
AEpp(* 0) = Eppr( * 0) = Eppp( * 0) = [Eppp(H,0) - Eppr(H,)] (S15)
AEpp( * OOH) = Eppp( * OOH) = Eppr( *) = [ZEDFT(HZO) - % Eppr(Hy)]  (S16)

Where the Epgr (*OH), Eppr (¥O), E (*), Eppr (H20), and Epgr (H,) indicate the total energy of *OH,

*Q, substrate, H,O molecular, H, molecular, separately.
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Pd@Vs,-GaSP, Pt@Vs,-GaSP,

Figure S1: Top and side view of charge density difference between Pd in Pd@Vs;-GaPS, (a) as well as Pt in
Pt@Vs-GaPS4(b) and Vs;-GaPS, substrate. Mauve and yellow regions are the charge accumulation region and

depletion region. The isosurface value is set to 0.0025 e/A,
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Figure S2. Evolution of the total energy and temperature for transition metal@Vs;-GaPS, (transition metal=Au,

Co, Cu, Fe, Ir, Mn, Mo, Nb, Ni, Os, Pt, Re, Rh, Ru, Ta, V, W), the time lasts for 8 ps at 500 K.
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Figure S3. Evolution of the total energy and temperature for transition metal@Vs,-GaPS; (transition metal=Ag,

Au, Co, Cr, Cu, Fe, Ir, Mn, Mo, Nb, Ni, Os, Pd, Pt, Re, Rh, Ru, Ta, Tc, V, W), the time lasts for 8 ps at 500 K.
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Figure S4. Geometry of the intermediate of OER (from left to right) and ORR (from right to left) of Pt@Vs;-
GaPS, system.
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Figure S5: OER and ORR free energy steps of the transition metal@Vs,-GaPS, (transition metal=Ag, Au, Co, Cr,

Cu, Fe, Ir, Mn, Mo, Nb, Ni) system under the potential U = 1.23 V (a), U= 0 V(b), respectively. The OER reaction

process is from the left to the right while the ORR is contrary to the OER progress.
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Figure S6. Histogram of OER/ORR overpotential (in V) of transition metal(@Vs;-GaPS, systems (transition metal

= Au, Co, Cu, Fe, Ir, Mn, Ni, Pt, Re, Rh, Ru) (a), transition metal@Vs,-GaPS, system (from Ag to W) (b).
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Figure S7. Free energy change of OER and ORR of the pure two-dimensional GaPS, under PH = 0, U=1.23
V (a), PH=0,U = 0 V(¢). Free energy change of OER and ORR process for transition metal@Vs;-GaPS, under

PH =0, U=1.23 (b), PH=0,U = 0 V (d).
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Figure S8. Free Energy changes of for Pt@Vs,-GaPS, under GGA calculation and GGA+U calculation
(a). The overpotentials of OER/ORR for Pt-based systems are corrected to be 0.45/0.51 V. The
corresponding overpotentials under the pure GGA method are 0.41/0.59 V. The negligible change of
OER and ORR overpotential values indicates that our results for other substrates without GGA+U
are reliable. The free energy change for pure and vacant GaPS, system without transition metal (b).

The Heyd—Scuseria—Ernzerhof hybrid functional band structure of GaPS, (c) and Pt doped GaPS,

(d).

Note S2 The clustering possibility

Strong interactions between transition metal atoms and the substrate are required to prevent
single atoms from aggregating into nanoparticles®. Therefore, to study the clustering possibility of

Eping - Ecoh) is taken into

transition metal atom on GaPS,, we consider the cluster energy (Eclu'Ster -
consideration, where E.q, represents the cohesive energy of transition metal atoms. The cohesive

energy of bulk transition metal is defined as?:
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E . =E /n-E (S17)

transition metal - bulk

coh transition metal - single

Eiransition metal - bulk represent the total energy of isolated transition metal atom in a vacuum and

transition metal bulk, the number of transition metal atoms in bulk is represented by n. Furthermore,
the dissolution possibility of the transition metal@Vs;(Vs;)-GaPS, system can be studied by
calculating the dissolution potential* °. Here, the dissolution potential is defined as®:
Udiss = Udiss - bulk = EctusterMe (S18)

The Ugss and Ugisspux are the dissolution potential of transition metal@Vs,-GaPS, system and
transition metal bulk phase, respectively. The n. represents the number of electrons transferred during
dissolution. Theoretically, the negative cluster energy and positive dissolution potential of the
transition metal@Vgs-GaPS, system indicates that the system has good thermodynamic and
electrochemical stability. As depicted in Figure S9 and Table S4, the Pt@Vs;(Vs,)-GaPS, systems
can exist thermodynamically and electrochemically, while other transition metal-doped systems may

form transition metal clusters.
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Figure S9.Transition metals' cluster energy and dissolution potential in transition metal@Vs;-GaPS, (a). The
criteria of cluster < 0 and dissolution potential > 0 indicate the thermodynamical and electrochemical stability of

the transition metal@GaPS, system. the scaling relation between AG, 00H(AG +0) and AG.. o1 of the different
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transition metal based systems (b).

Note S3 The projected crystal orbital Hamilton population

The interactions of the transition metal-d orbital and the electronic states of adsorbates will be
accompanied by the formation of the bonding and antibonding states (Figure S10 a). This means that
the d-orbital of the transition metal atom interacts with the S-2p orbital electrons and divides the
energy levels into two parts, both the bonding states below the Fermi level and the antibonding states
above the Fermi level are occupied. Thus, the projected crystal orbital Hamilton population (pCOHP)
calculation is introduced to analyze the bonding and antibonding states after the OH intermediate is
absorbed on transition metal@Vg;-GaPSy, as seen in Figure S11. The bonding and antibonding states
are distributed on the right and left sides. Taking the Pt@Vs;-GaPS,as an example, it is worth noting
that the adsorption strength will be weakened as many antibonding orbitals are below Eg. In addition,
a large splitting means a strong interaction between d-band electrons from Pt and S-p electrons.

Consequently, Pt@Vs;-GaPS, shows to be an ideal electrocatalyst for the OER/ORR process.

a b
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orbital A. 0.6 |- f/ -1%
OH ol
2p orbital ke
1 1 | 1

TM-OH
interaction

o3l e
20.97 -0.96 -0.95 -0.94 -0.93 -0.92

ICOHP

Figure S10. Schematic diagram of the interaction between d orbital electrons of transition metal and
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P orbital electrons of adsorption molecule OH on transition metal@Vs;s;-GaPS, (a). The linear
relationship between the value of the ICOHP under different strains of Pt@Vs;-GaPS, and the

adsorption energy of OH (b).
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Figure S11. Projected crystal orbital Hamilton population (pCOHP) between transiton metal center and OH

intermediate. £F denotes the Fermi level. The bonding and antibonding contributions are displayed on the right and

left, respectively.

Note S4 Machine learning

Machine learning (ML) is based on the gradient boosted regression (GBR) algorithm’- 8. The
training set D = {(x1, y1), (X2, ¥2), ... (Xn, Yn)} 1s divided into J disjoint parts, where J is the number

of leaf nodes in every regression tree. To minimize the loss function L, the decision tree parameter

Orm 1s defined as:

n
0,0 = argming Y Ly, £, (%) + t,05)
i=1 (S19)
where t,(X), fm-1(x) is the my, and the (m-1)y, regression tree function after iterations.
The GBR training process is summarized by four steps: (i) initializing a regression tree function
13/29



n
argmincz L(y;,¢)

i=1 Where ¢ is a constant number. (i) Calculate the negative gradient of the loss

Tmi = [aL(yi’f(Xi)/ af(xi)]f(x) =f_ ()

function as the estimated residual value . (ii1) Use the new data

set (xj, I'yi) to obtain the updated regression tree function f,,(x). (iv) Repeat steps (ii) and (iii) to reach

the final regression model, which is determined by:

M
fM(x) = Z t(x;0,,)
m=1 (S20)

The prediction accuracy of GBR is described by the coefficient of determination (R?) and root-mean-

square error( RMSE), defined as:

(S21)

(S22)
in which Yi and Yi are the sample label value and the predicted value based on GBR model,

2
respectively. Usually, a higher R™ and a lower RMSE means a more precise GBR model.
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Figure S12. Partial density of Pt@Vs,-GaPS, system, the Fermi level is set to zero, £d is the d-orbital center of Pt
by applied biaxial strain. The insert in 0% and 3% is the occupied or unoccupied d-orbital wavefunction of Pt most

near the Fermi level.
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Figure S13. Projected crystal orbital Hamilton population of *O adsorbed Pt@Vs;-GaPS, system under biaxial

strain.
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Figure S14. Projected crystal orbital Hamilton population of *OH adsorbed Pt@Vs;-GaPS, system under biaxial

strain.
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Table S1: The zero-point energy (ZPE) and entropy (S) of adsorption species and the gas molecular of water and

hydrogen from the DFT calculation at 298.15 K (T).

Adsorption species ZPE (eV) TAS (eV)
*OH 0.34 0.0
*O 0.07 0.0
*OOH 0.44 0.0
H,0 0.58 0.67
H, 0.27 0.41

Table S2: The vacancy formation energies of defective GaPS,.

Vacancy Type E (eV)
Va1 - GaPS4 4.13
VGan - GaPS4 4.13

Vp, - GaPS4 4.24
Vp, - GaPS4 2.52
Vg, - GaPS4 1.57
Vg, - GaPS4 1.62
Vg, - GaPS4 1.70

Vg, - GaPS4 1.70
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Table S3: the bond length between transition metal and P; atom (see Figure 1), as well as the charge transfer Qx

( x= transition metal,,transition metaly,, P;, OH, O, OOH) in the Vg;-GaPS, system  The negative (-) and positive(+)

transition metal transition metal
b and

sign indicate the obtaining and lossing elecrons, respectively. a represent

the transition metal atom after and before adsorbating the (O, OH, OOH), respectively.

Bond Charge transfer (e)
length
transition A) transition *OH-transition metal@ *O-transition metal@ *OOH-transition metal@
metal@Vgl- metal@ V51-GaPS4 V31-GaPS4 Vs]-GaPS4
GaPS4 V31_GaPS4
dtransition Qtransition metal Qtransition metal Q * OH Qtransition met Q *0 Qtransition metal Q * OOH
metal-P
Au 2.37 +0.09 -0.14 -0.43 +0.21 -0.54 +0.33 -0.59
Co 2.11 +0.10 +0.46 -0.54 +0.32 -0.71 +0.48 -0.57
Cu 2.24 -0.02 +0.13 -0.59 +0.17 -0.94 -0.14 -0.70
Fe 2.13 +0.24 +0.63 -0.49 +0.39 -0.69 +0.45 -0.56
Ir 2.18 -0.27 +0.88 -0.64 +0.88 -0.77 +0.58 -0.62
Mn 2.19 +0.54 +0.57 -0.49 +0.70 -0.66 +0.79 -0.95
Ni 2.08 +0.07 +0.24 -0.58 +0.33 -0.97 +0.32 -0.44
Pt 2.16 +0.24 +0.37 -0.52 +0.56 -0.79 +0.29 -0.46
Re 2.23 +0.93 +0.01 -0.66 +1.10 -0.84 +1.23 -0.70
Rh 2.18 +0.20 +0.42 -0.63 +0.68 -0.80 +0.48 -0.64
Ru 2.16 -0.27 +0.70 -0.63 +1.05 -0.69 +0.71 -0.62
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Table S4: In the transition metal@Vs-GaPS, system, binding energies (Ebind) of transition metal/AlP, cohesive

energies (Ecoh) of transition metal atoms in bulk, the computed cluster energies (E clus)), the standard dissolution
potentials (Udiss—bulk) of transition metal bulk, the number of transferred electrons (n) during the process of
dissolution, and the calculated dissolution potentials (UdiSS) of transition metal atoms on VN-CN, and the unit of

Epina s E coh | Ecius are eV, where the unit of Udiss - bulk and Udiss are V.

system | Epjng Econ Eetus Uldis - bulk n Uldiss

Au -2.96 -3.05 0.10 1.50 3 1.47
Co -4.29 -5.29 1.01 -0.28 2 -0.78
Cu -3.14 -4.07 0.93 0.34 2 -0.13
Fe -6.36 -7.63 1.27 -0.45 2 -1.09
Ir -6.36 -7.19 0.83 1.16 3 0.88
Mn -1.97 -4.01 2.05 -1.19 2 -2.21
Ni -4.73 -5.20 0.48 -0.26 2 -0.50
Pt -5.79 -5.45 -0.34 1.18 2 1.35
Re -5.37 -7.83 2.47 0.30 3 -0.52
Rh -5.98 -6.40 0.42 0.60 2 0.39
Ru -6.11 -7.28 1.16 0.46 2 -0.12
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Table S5: In the Vs;-GaPS, system, the free energy changes between two intermediate processes, slab to OH (

AGl), OH to O (AGZ), OOH to O (AG3) and %2 to OOH (AG4) of transition metal/AIP system, as well as the

corresponding OER overpotential (1OER) and ORR overpotential (1ORR),

wansition. | 8611 4G, @y | AGs vy | ASh(ey) | Morr(v) | More (v
metal-based (eV)
system

Au -139 1.10 -0.93 6.14 1.22 139
Co 174 | 014 0.84 5.95 1.03 1.74
Cu -2.04 0.1 0.85 6.00 1.08 2.04
Fe 136 | -0.40 0.87 5.80 0.88 1.36
Ir 196 | -0.03 0.77 6.15 123 1.96
Mn 233 | -1.02 1.04 7.22 2.30 2.33
Ni 125 | -0.60 170 5.07 170 1.25
Pt 0.59 0.41 0.24 4.86 0.41 0.59
Re 235 | -0.88 1.60 6.54 1.62 2.35
Rh -1.52 0.28 0.80 5.36 0.80 1.52
Ru 138 | -0.64 1.22 5.72 1.22 138
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Table S6. The free energy (G) of gas 02(g)’ Hz(g) and liquid water H,0 (1) at 1/0.035 bar and 298.15

K, E presents the free energy calculated from DFT, and AG is the Frequency correction energy.

Molecular | Pressure/bar | Temperature/ | E(DFT)/eV AG/ey G/eV
K
o) 1 298.15 - -- -9.91
2(g)
H, 1 298.15 -6.76 -0.045 -6.8
(2
HZO(I) 0.035 298.15 -14.22 -0.001 -14.22
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Table S7: the d-band center (in V) of transition metal in the Vg;-GaPS, system, where Spin up and Spin down
are the d-band center of spin-up and spin-down electrons, and Average stands for the mean of the two values. pp is

the magnetic moment.

transition metal Spin up Spin down Average UB

Au -3.74 -3.61 -3.67 1.00
Co -1.25 -0.31 -0.79 1.00
Cu -2.70 -2.59 -2.64 1.00
Fe -1.70 0.17 -0.78 2.00
Ir -1.92 -1.57 -1.75 1.00
Mn -1.08 0.29 -0.41 1.00
Ni -0.78 -0.77 -0.78 0.00
Pt -1.52 -1.52 -1.52 0.00
Re -0.93 -0.46 -0.70 1.00
Rh -1.74 -1.37 -1.56 1.00
w -0.50 -0.50 -0.50 0.00
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Table S8: In the transition metal@Vy;-GaPS, system, the inter-atomic charge transfer in transition metal, O, H

among each adsorption process, where Qtransition metal Q0 and QA are the value of charge transfer in transition metal,

Q Q. Q.
O and H atoms after absorbing the OH, and transitonmetal, O H are the quantities of charge transfer in transition

metal and O atom in *O process, and the transition metal", QO;, QO;, QH" represent the number of charge transfer in
transition metal, O, and H atoms in *OOH process.
Qtransition metal * OH Qtransition metal * O Qtransition metal * OOH
transition | Qtransition metal o Qu Qtransition metal Qo' transition metal QOI QO; QH"
metal-based
system

Au -0.14 -0.61 | +0.18 +0.21 -0.54 +0.33 -0.52 | -0.50 | +0.42
Co +0.46 -0.75 | +0.21 +0.32 -0.71 +0.48 -0.43 | -0.51 | +0.37
Cu +0.13 -0.84 | +0.25 +0.17 -0.94 -0.14 -0.54 | -0.48 | +0.33
Fe +0.63 -0.68 | +0.19 +0.39 -0.69 +0.45 -0.46 | -0.38 | +0.28
Ir +0.88 -0.90 | +0.26 +0.88 -0.77 +0.58 -0.56 | -0.53 | +0.47
Mn +0.57 -0.59 | +0.10 +0.70 -0.66 +0.79 -0.58 | -0.64 | +0.26
Ni +0.24 -0.93 | +0.34 +0.33 -0.97 +0.32 -0.45 | -0.44 | +0.45
Pt +0.37 -0.76 | +0.24 +0.56 -0.79 +0.29 -0.47 | -0.39 | +0.40
Re +0.01 -0.57 | -0.09 +1.10 -0.84 +1.23 -0.57 | -0.13 | 0.00
Rh +0.42 -0.79 | +0.17 +0.68 -0.80 +0.48 -0.56 | 0.00 | +0.08
Ru +0.70 -0.79 | +0.16 +1.05 -0.69 +0.71 -0.53 | -0.54 | +0.45
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Table S9: In the transition metal@Vs,-GaPS, system, the adsorption energy of OH, O, OOH (

AG. OOH),

transition metal-

based system

AG

* OH (eV)

A

Gro(ev)

AG

* O0H (eV)

Au -0.16 2.17 2.47
Co -0.51 0.58 2.66
Cu -0.81 0.53 2.61
Fe -0.13 0.71 2.81
Ir -0.73 0.47 2.46
Mn -1.10 -0.88 1.39
Ni -0.02 0.61 3.54
Pt 0.64 2.28 3.75
Re -1.12 -0.76 2.07
Rh -0.29 1.22 3.25
Ru -0.15 0.44 2.89
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Table S10. The descriptors related to structure and atomic properties, including the bond length of transition metal
and circumambient atoms (diansition metal-s2 (d1)> Qiransition metat-s1 (d2), diransition metat-Ga2 (d3), and dyransition metat-p (da), A), the
d-band center (g4, €V), the electronegativity (Ny,), the electron affinity (), €V), the first ionization energy (I, V),
the radius of transition metal atom (ry4, pm), the bond angle of transition metal and the Ga, and Ga; atoms (0, the 0 is

radians), and the number of transition metal-d electrons (N.).

transition metal | d; (A) | d2(A) | d3(A) | ds(A) | ea€V) | Niw | xm€V) | In€V) | ta(pm) | 6 | N
Au 3.58 3.7 2.5 2.37 | -3.67 | 24| 231 9.23 1.44 | 198 | 10
Co 2.22 4.79 234 | 2.11 -0.79 | 19| 0.66 7.88 1.26 | 208 | 7
Cu 2.27 4.93 2.42 224 | -2649 19| 1.23 6.84 1.28 |2.01] 10
Fe 2.25 489 | 241 2.13 [-0.789 | 1.8 | 0.16 7.9 1.27 (217 | 6
Ir 2.33 4.56 2.42 218 | -1.795 |22 | 1.57 9.12 1.36 | 2.04 | 7
Mn 214 | 472 | 248 | 2.19 | -0.41 | 1.5 | -0.50 7.43 1.32 [ 208 5
Ni 2.2 5.16 2.35 208 | -0.78 | 1.8 | 1.16 7.64 1.24 223 | 8
Pt 3.65 3.74 | 2.42 216 | -1.52 | 22| 2.13 8.96 1.39 | 2.09]| 9
Re 2.21 4.45 2.53 223 | -0.70 | 1.9 | 0.15 7.88 1.37 | 226 5
Rh 2.35 4.59 2.42 218 | -1.56 | 22| 1.14 7.46 1.34 [ 2.03| 8
Ru 220 | 450 | 244 | 2.16 | -0.57 |22 | 1.05 7.36 1.32 [ 207 7
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Table S11: The charge transfer in strained Pt@Vs;-GaPS, system. The positive (negative) indicates losing

(obtaining) electrons. where QPt, Qo and Qu are the value of charge transfer in transition metal, O and H atoms after

absorbing the OH, and Pt', O, H are the quantities of charge transfer in transition metal and O atom in *O process,

and the Pt", QOI, QO;, QH" represent the number of charge transfer in transition metal, O, and H atoms in *OOH
process.
adsorptions | Qps « o Qpt =0 Qpt * 0on
stress Qp; Qo Qy Q . Q. Q. Q. Q. Q.
Pt o) Pt O 0, H
-3% +0.31 | -098 | +0.43 | -0.02 | -0.74 | +0.22 | -046 | -0.62 | +0.62
-2% +0.38 | -0.86 | +0.29 | +0.38 | -0.77 | +0.01 | -0.54 | -0.24 | +0.37
-1% +0.46 | -0.84 | +0.31 | +0.48 | -0.78 | +0.51 | -0.45 -0.41 | +0.44
0% +0.37 | -0.76 | +0.24 | +0.56 | -0.79 | +0.29 | -0.47 | -0.39 | +0.40
1% +0.10 | -0.74 | +0.26 | +0.63 | -0.79 | +0.56 | -0.48 | -0.42 | +0.44
2% 0.00 -0.82 | +0.30 | +0.47 | -0.78 | -0.33 | -0.52 | -0.34 | +0.37
3% -0.05 | -0.85 | +0.34 | +0.55 | -0.78 | +0.48 | -0.48 | -0.51 | +0.51
4% -042 | -0.72 | +032 | +0.64 | -0.79 | +0.37 | -0.48 | -0.38 | +0.41
5% -0.65 | -0.55 | +0.09 | +0.42 | -0.75 | +0.54 | -049 | -042 | +0.44
6% +0.15 | -0.82 | +0.30 | +0.57 | -0.72 | -0.06 | -0.41 -0.28 | +0.33
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Table S12: When the biaxial strain is applied to the Pt@Vs;-GaPS, system, the correlation Angle a of transition

metal atoms, the sum of bond angles 6, and the deviation degree 6 for no strain action.

angle a(®) 6 5 (%)
stress o4 o, O 0Oy o, + o, + (VY + Oy Ooy
-3% 119.8 | 114.6 | 105.69 | 76.97 417.24 0.43
9 9
2% 119.2 | 115.1 | 105.97 | 76.78 417.18 0.37
7 6
-1% 119.1 | 115.2 | 105.95 | 76.91 417.26 0.45
8 2
0% 118.7 | 115.0 | 106.30 | 76.68 416.81 0.00
5 8
1% 118.6 | 114.7 | 106.55 | 76.57 416.50 -0.31
2 6
2% 118.6 | 115.1 | 106.75 | 76.30 416.78 -0.03
3
3% 117.9 | 1143 | 107.45 | 75.94 415.72 -1.09
6 7
4% 118.3 | 115.8 | 106.77 | 76.33 417.27 0.46
1 6
5% 1183 | 116.8 | 106.51 | 76.54 418.18 1.37
3 0
6% 1185 | 116.2 | 106.72 | 76.45 417.95 1.14
0 8

Table S13: Applying biaxial strain in Pt@Vs;-GaPS, system, the free energy changes between two intermediate
processes, slab to OH AG, (), OH to O (AG2), OOH to O (AG3) and 0, to OOH (AG4) of transition metal/GaPS,

system, as well as the corresponding OER overpotential (70ER) and ORR overpotential ("TORR).

stress AG) oyy | AGy(ey) | AGs( eV) AGy (ev) | MoEr (vy | Morr (V)
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-3% -0.74 0.52 0.17 0.06 0.52 0.74
-2% -0.71 0.47 0.18 0.06 0.47 0.71
-1% -0.66 0.44 0.20 0.02 0.44 0.66
0% -0.59 0.41 0.23 -0.06 0.41 0.59
1% -0.51 0.39 0.29 -0.18 0.39 0.51
2% -0.43 0.40 0.26 -0.23 0.40 0.43
3% -0.28 0.33 0.31 -0.37 0.33 0.37
4% -0.24 0.41 0.31 -0.48 0.41 0.48
5% -0.14 0.42 0.31 -0.59 0.42 0.59
6% -0.02 0.42 0.28 -0.69 0.42 0.69

Table S14: The Charge transfer of doped Pt atom (QPt) under different strains and the positive (negative) indicates

losing (obtaining) electrons. the d-band center (in €V) of Pt in the V;-GaPS system, where Spin up and Spin down
are the d-band center of spin-up and spin-down electrons, and Average stands for the mean of the two values. pg is

the magnetic moment.

stress Qpt Spin up Spin down Average Us
-3% -0.36 -1.61 -1.61 -1.61 0.00
-2% -0.37 -1.58 -1.58 -1.58 0.00
-1% -0.05 -1.55 -1.55 -1.55 0.00
0% +0.25 -1.52 -1.52 -1.52 0.00
1% -0.23 -1.51 -1.51 -1.51 0.00
2% -0.12 -1.49 -1.49 -1.49 0.00
3% +0.07 -1.49 -1.49 -1.49 0.00
4% -0.05 -1.48 -1.48 -1.48 0.00
5% -0.07 -1.50 -1.50 -1.50 0.00
6% -0.04 -1.49 -1.49 -1.49 0.00
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