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calculation formula
Calculate the open circuit voltage (OCV), and the change of Gibbs free energy of the half-cell
reaction can be obtained from the formula S(1).

AG = AE + PAV — TAS S(1)
Where AG is the change of Gibbs free energy.
AE is the change of energy in the system.
PAV is the energy change caused by the change of volume and pressure of the system.
TAS is the energy change caused by the change of temperature and entropy of the system.
At room temperature, PAV and TAS are 10° eV and 26 meV, respectively, which are much smaller
than the internal energy change AE of the system. Therefore, the contribution of both can be ignored
in the calculation, so the change of Gibbs free energy of the system is equal to the differential
adsorption energy in the adsorption process.

Table S1: Adsorption energies and Bader charge analysis of a single surface group absorbed at
different adsorption sites for Mo34B>T1/12 Boridenes.

Hollow Bridge Top

Moi¢B24T1 DAE Bader charge (¢) DAE Bader charge (¢) DAE Bader charge (e")

(eV) Mo B T (eV) Mo B T (eV) Mo B T

O Relaxed to Bridge -6.10 -0.51 030 097 -535 -050 030 0.85
OH Relaxed to Bridge -595 -049 030 059 -550 -048 030 0.53
F -3.25 -049 029 080 -552 -048 029 069 -527 -049 029 0.65

Table S2: Thermodynamic reaction equations and formation enthalpies of alkaline (earth) metal
adsorbate on Mo034B,0; Boridenes.

metal reaction equation formation enthalpy (eV)

Li 1M04/3B202 +Li = 1M04/3B2 + 1LiZO -1.30
4 4 2

Na 1M04/3B202 + Na = lM04/3BZ + 1NaZO -0.47
4 4 2

K 1M04/3B202 +K = 1Mo4/3BZ + 1KZO -0.03
4 4 2

Mg %M04/3B202 + Mg = %Mo4/3B2 + MgO -2.68

Ca %M04/3BZOZ +Ca = %Mo4/3B2 + Ca0 -3.13

Table S3: Thermodynamic reaction equations and formation enthalpies of alkaline (earth) metal
adsorbate on Mo34B2(OH), Boridenes.

metal reaction equation formation enthalpy (eV)
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1 1 1
_M04/3Bz(OH)2 + Li = _M04/3B202Li2 + _HZ '204

2 2 2
1 : .1 :
EM04/3B202L12 + Ll = EM04/3B2 + leO '0.30
Li
1 1 11
ZM04/3B2(OH)2+L1 = ZM04/3B2 +§L120+ZH2 '1.17
1 .1 :
1 1 1
E M04/3 B2 (OH)Z + Na = E M04/3B202Na2 + E Hz '1.48
1 1
EM04/3B202Na2 + Na = EM04/3B2 + Nazo 0.79
Na
1 1 1 1
ZM04/3B2(OH)2 + Na = ZM04/3B2 +§Na20 +ZH2 '0.34
1 1
1 1 1
E M04/3 BZ(OH)Z + K = §M04/3B202K2 + E Hz '0.93
1 1
EM04/3B202K2 +K = §M04/3B2 +K20 1.11
K
1 1 1 1
ZM04/382(0H)2 +K = ZM04/3B2 +§K20+ZH2 009
1 1
§M04/3B2(0H)2 + K = §M04/3B2 + KOH '065
M04/382(OH)2 + Mg = M04/3B202Mg + HZ -2.52
M04/3B202Mg + Mg = M04/3B2 + ZMgO -2.33
Mg 1 1 1
EM04/3B2 (OH)Z + Mg = §M04/3B2 + MgO + EHZ '243
M04/3B2(OH)2 + Mg = M04/3B2 + Mg(OH)z -2.17
M04/3B2(OH)2 + Ca = M04/3B202C3 + Hz -3.70
M04/3B202(:a + Ca = M04/3B2 + 2Ca0 -2.06
Ca 1 1 1
EM04/382(0H)2 + Ca = §M04/3B2 + CaO + EHZ '288
M04/3Bz(OH)2 + Ca = M04/3B2 + Ca(OH)Z -2.88

Table S4: Thermodynamic reaction equations and formation enthalpies of alkaline (earth) metal

adsorbate on Mo34B:F, Boridenes.

metal reaction equation formation enthalpy (eV)
. 1 i 1 )
LI EM04/3B2F2 + Ll = EMO4/3B2 + LIF '187
1 1
Na EM04/3B2F2 + Na = §M04/3B2 + NaF '160
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1 1
K §M04/3B2F2 + K = EM04/3B2 + KF ‘132

Mg MO4/3B2F2 + Mg = M04/3B2 + Mng -2.55
Ca MO4/3B2F2 + Ca = M04/3B2 + CaF2 -3.87
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Fig S1 Optimization results of O-termination adsorption sites: (a): hollow site; (b): bridge site and
(c): top site.
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Fig S2 Optimization results of OH-termination adsorption sites: (a): hollow site; (b): bridge site and
(c): top site.
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Fig S3 Optimization results of F-termination adsorption sites: (a): hollow site; (b): bridge site and
(c): top site.
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Fig S4 Optimization results of Li ion adsorption sites: bare Mo43B»: (a): hollow site; (b): bridge
site and (c): top site; Mos;3BaF2: (d): hollow site and (e): top site; Mo43B20a: (f): hollow site; (g):
top-a site and (h): top-b site and Mo43B2(OH)2: (i): hollow site and (j): top site.
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Fig S5 Optimization results of Na ion adsorption sites: bare Mo4;3B2: (a): hollow site; (b): bridge

site and (c): top site; MossB2F2: (d): hollow site and (e): top site; Mo43B20:: (f): hollow site; (g):
top-a site and (h): top-b site and Mos3B2(OH)a: (i): hollow site and (j): top site.
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Fig S6 Optimization results of K ion adsorption sites: bare Mos3B2: (a): hollow site; (b): bridge
site and (c): top site; Mos;sBaF2: (d): hollow site and (e): top site; Mo43B20a: (f): hollow site; (g):
top-a site and (h): top-b site and Mos3B2(OH)2: (i): hollow site and (j): top site.
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Fig S7 Optimization results of Mg ion adsorption sites: bare Mos3B2: (a): hollow site; (b): bridge
site and (c): top site; Mos3B2F2: (d): hollow site and (e): top site; Mo43B20;: (f): hollow site; (g):
top-a site and (h): top-b site and Mos3B2(OH)a: (i): hollow site and (j): top site.
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Fig S8 Optimization results of Ca ion adsorption sites: bare Mo4;3B2: (a): hollow site; (b): bridge

site and (c): top site; Mos;sBaF2: (d): hollow site and (e): top site; Mo43B20a: (f): hollow site; (g):
top-a site and (h): top-b site and Mos3B2(OH)2: (i): hollow site and (j): top site.
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Fig S9 Structural evolutions of Li-Mo4/3B,T>-Li sandwich-like heterostructures simulated by FPMD
at 300K within the NVT ensemble: (a) Mo43B202; (b) Mos3B2(OH),; and (c) Mos3B,Fo.
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Fig S10 Structural evolutions of Na-Mo4;3B>-Na sandwich-like heterostructures simulated by
FPMD at 300K within the NVT ensemble: (a) M04/3B202; (b) M0o43B2(OH)z2; and (c) MossB2Fa.
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Fig S11 Structural evolutions of K-Mo4;3B2-K sandwich-like heterostructures simulated by FPMD
at 300K within the NVT ensemble: (a) Mo43B202; (b) Mo43B2(OH)2; and (c) Mo4;3BaFa.
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Fig S12 Structural evolutions of Mg-Mos;3B2-Mg sandwich-like heterostructures simulated by
FPMD at 300K within the NVT ensemble: (a) Mo4/3B202; (b) Mo43B2(OH)»; and (c) Mos;sBa2Fo.
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Fig S13 Structural evolutions of Ca-Mo4;3B»-Ca sandwich-like heterostructures simulated by FPMD
at 300K within the NVT ensemble: (a) M043B202; (b) Mo43B2(OH)»; and (c) Mos/;3B2Fo.
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Fig S14 Optimization results of single ion adsorption sites in the second layer on Mo43B2: Li: (a):
bridge site; (b): hollow site and (c): top site; Na: (d): top site and (e): bridge site; Mg: (f): bridge
site; (g): hollow site and (h): top site and Ca: (i): top site and (j): bridge site.
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Fig S15 (a) Top and side views of the structures of Moy;sB,Lig47, (b) MoysBsLisz g7, (€)

Moy3B,Lig 17, (d) Moy;sByNager, (€) MoysByNaggys, () MoysB,yKoer, (2) MoysBoMgg 67, (h)
Moy3B,Mg, ., (1) Moy;3B,Cager, and (j) Moy;zByCagg; with layers of Li/Na/K/Mg/Ca ions

adsorbed on the 2D Boridene monolayer.
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Fig S16 The 2-D contour plots of the electron localization function (ELF) of metal-ion saturated
Boridene on (1 0 0) crystal plane: (a) MoysB,Ligg7, (b) MossB,Lis g7, (€) MoysB,yLis 7, (d)

Moy3B;Nag 67, (€) MoysByNaggrs, (f) MoszByKoer, (8) MoysByMgoer, (h) MoyszBMg, o, (1)
Moy,sB,Cagg7, and (j) MoysB,Caqg; with layers of Li/Na/K/Mg/Ca ions adsorbed on the 2D

Boridene monolayer.
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(a) Mo,3B,0,Li; 33 (b) Mo,3B,0,Li, ¢; (¢) Mo,3B,0,Nay ¢; (d) Mo,;;B,0,Na, ¢; (e) Mo, ;B,0,Na,
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Fig S17 (a) Top and side views of the structures of Moy;3B,0,Li, 5., (b) Moy;3B,0,Li, ., (¢)
Moy3B,0,Nage7 , (d) Moy3By0;,Naze; , (6) MoysBy0,Nay , () MoysBy02Kos7 5 (9
Moy3B;0,K 33, (h) Moy3B,0,K,, (1) Moy;3B,0,Cag67,and(j) Moy;3B,0,Cay g3 with layers of
Li/Na/K/Ca ions adsorbed on the 2D Mo,;B,0, monolayer.
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Fig S18 The 2-D contour plots of the electron localization function (ELF) of metal-ion saturated
Boridene on (1 0 0) crystal plane: (a) Moy;3B,0,Li, ., , (b) MoysB,0,L0, ., (¢)
Moy3B,0,Nage7 , (d) Moy3By0;,Naze; , (6) MoysBy0,Nay , () MoysBy02Kos7 5 ()
Moy3B,0,K 33, (h) Moy3B,0,K,, (1) Moy;3B,0,Cae7,and(j) Moy;3B,0,Cay g3 withlayers of
Li/Na/K/Ca ions adsorbed on the 2D Mo,;B,0, monolayer.
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Fig S19 electronic density of states (DOS) for (a): MossB,Lis17; (b) MoysB,Naggrs; (C)
Mo,;3B,Mg, - (d) Moy;3BsCay67; (€) MoysB,05Liz67; () Moy By0,Nay; (g) MoysB,0,Ky;
(h) Moy;3B,0,Cayg3.
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Fig S20 The proposed migration pathway and diffusion energy profile of Liion in the second layer
on Moy;3B>
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Fig S21 The proposed migration pathway and diffusion energy profile of Naion in the second layer
on M04/3B2
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Fig S22 The proposed migration pathway and diffusion energy profile of Mgion in the second layer
on Moy3B2
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Fig S23 The proposed migration pathway and diffusion energy profile of Caion in the second layer

on Mou/3B»
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Fig S24 The proposed migration pathway and diffusion energy profile of Liion in the third layer on
Moy3B;

(a) (®) o5

== Path-Li

o
i
1

o
w
1t

Diffusion Energy (eV)

0 2 4 6 8 10 12 14 16
Reaction Coordinate

Fig S25 The proposed migration pathway and diffusion energy profile of Liion in the second layer
on Mo43B20»
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Fig S26 The proposed migration pathway and diffusion energy profile of Naion in the second layer
on Mos3B20>
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Fig S27 The proposed migration pathway and diffusion energy profile of K ion in the second layer
on M04/3B202
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Fig S28 The proposed migration pathway and diffusion energy profile of Ca ion in the second layer
on Mo43B20>
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Fig S29 The proposed migration pathway and diffusion energy profile of Naion in the third layer
on Mos;3B202
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Fig S30 The proposed migration pathway and diffusion energy profile of K ion in the third layer on
Mo4/3B20;
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