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Calculation method of HER and OER activity

AG for Hydrogen Evolution Reaction: the A G for each step under U=0 (pH=0 and

T=298.15 K).
H*+e 4+ * & xH (S1)
AE.y == (E(+ +nH) —E, = 2Ey;2) (S2)

1
AGy =AGHT +e™+ * © *H) = P, — pp — P — 1, = fy— >y, T H,

= (E*H _%EHZ - E*) + (EZPE(*H) - %EZPE(HZ) - EZPE(*)) — Tx (S*H - %SHZ - 5*) (S3)

AG for Oxygen Evolution Reaction: the A G for each step under U=0 (pH=0 and

T=298.15 K).

AE.on = E.on = B = (Ei,o — 3 En, ) (s4)
AE.oon = Evoon — E. — (2 X Ep,0 — %EHZ) (S5)
AE,, = E.o —E. — (En,0 — En,) (86)?

AG,o = AG(HZO(g) +*x > x0+ Hz(g)) = Kot My, = a0 ~ M

= (E*o +Ey, —En,0 — E*) + (EZPE(*O) + EzpeH,) — EzPE(H,0) — EZPE(*)) -
Tx(S.0 + Su, — Su,0 — S.) (§7)3

1 1
AG,oy = AG <H20(g) + x> xOH + EHz(g)> = Mot M THuo TH
2
_ 1 1
= (E*OH +5En, —Eno — E*) + (EZPE(*OH) + > Ezpeu,) — Ezpr(n,0) — EZPE(*))
1
T (S.on + Sk, — S,0 = S- ) (S8)*
3 3
AG.pon = AG| 2H,0(g) + *—> * O0H + EHz(g) = MHoont M T 2XHy o ~ M,
2
=(E +3E, — 2xE —E)+(E +3E —2xE -
soon 1T 5 En, H,0 — Ex zrE-oom) 1 5 EzpE(H,) ZPE(H,0)

3
Ezpecs)) — TX(So0i + S, — 2XS,0 — S.) (895
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The AG for each step can be calculated by:

(1) HoO(g)+ * & *OH+Ht+e” (S10)
AG1 = W + Hy+ + Hem = M0 — W= Hiont %HHZ'HHZO — He = AG.oy (S11)
(2) xOHeo xO+H" +e” (S12)
AGZ = o + yr+ + e~ — ion = o + 5 M, ~ Heon = AGo — AG.on (s13)
(3) *O+H,0(g) & *O0OH+H" +e~ (S14)

1
AG3 = Woom + Myt + He= = Mo — M0 = Heoon + 5 i, = Meo =~ Mu0 = AGaoon — AG.o (S15)
(4) *OOH & %4+ 0,(8)+ H +e” (S16)

1
AG4 = W, + o, + Wyt + Hem = Hioon = Hi + Hao, + 5 M, — Weoon = 492 — AG,oon  (S17)

Calculation of OER Overpotential: The theoretical overpotential n, which is determined by
the potential limiting step:
n = max [ A Gl, A Gz, A G3, A G4] / e — 1.23[\/]

(S18)°

S3



i

A\
\/
........... d
K
]

w

A
o

(A9) ABisauz

DOoSs

o

=
v

AL

=K

DOS

L (A®) ABasug u

Supplementary Figures

ROA
KR W
Al

all

I\ YAV

\
)

(A9) ABaauz

(A9) ABiaug

WK

X

Figure S1. Band structures and density of states of the single-layer MoS,, WS>, WSe:,
MoSe>, MoTe; and WTe: (a, b, ¢, d, e, f), computed at the level of PBE+U respectively.
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Figure S2. The trend of binding energy and distance for various heterojunctions with
various angles.
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Figure S3. Free-energy diagram for OER of MoS>/WS; at zero electrode potential.
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Figure S4. Free-energy diagram for OER of MoS; supported on WSe:> at zero

electrode potential.
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Figure S5. Free-energy diagram for OER of MoSe2/WS: at zero electrode potential.
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Figure S6. Free-energy diagram for OER of MoSe2/WSe: at zero electrode potential.
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Figure S7. Free-energy diagram for OER of MoTe,/WTe; at zero electrode potential.
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Figure S8. Free-energy diagram for OER of MoS2/WTe: at zero electrode potential.
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Figure S9. Free-energy diagram for OER of MoTe2/WS; at zero electrode potential.
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Figure S10. Free-energy diagram for OER of MoTe>/WSe; at zero electrode potential.
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Figure S11. Free-energy diagram for HER of MoS2/WS; at zero electrode potential.
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Figure S12. Free-energy diagram for HER of MoSe>/WSe: at zero electrode potential.
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Figure S13. Free-energy diagram for HER of MoS>/WSe: at zero electrode potential.
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Figure S14. Free-energy diagram for HER of MoSe>/WS> at zero electrode potential.
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Figure S15. Free-energy diagram for HER of MoTe2/WTe; at zero electrode potential.
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Figure S16. Free-energy diagram for HER of MoS2/WTe; at zero electrode potential.
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Figure S17. Free-energy diagram for HER of MoTe>/WS: at zero electrode potential.
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Supplementary Tables
Table S1. The correction for free energy of the gas phase material and adsorbates,

including corrections for entropy and enthalpy.

Species E TS Ezpg
(eV) (eV) (298 K) (eV)
H, -6.86 / /
H,0 -13.71 / /
H*
/ / 0.205
0*
/ / 0.08
OH* / / 0.338

OOH" / / 0.398
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Table S2. The binding energy (eV) of different structures with different rotating angles.

Structure  Mo0S2 MoSe2 MoSz: MoSe: MoTez MoS: MoTez MoTez
/WS2  /WSe2 /WSe2 /WS2 /WT2 /WTe2 [/WS2 /WSe2

Angle (°) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
0 -1.77 -229 232 -2.07 -441  -2.85 -2.79 -3.01

60 -200 -249 225 -229 -341 -2.73 -2.68 -2.90
120 -212 -259 234 -239 352 -2.86 -2.79 -3.02
180 -225 274 249 254 -378 -3.10 -3.03 -3.26
240 -217  -266 -242 -243 -3.60 -2.98 -2.83 -3.09

300 -225 -266 -240 -218 -446 -3.02 -3.01 -3.22
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Table S3. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoS>/ WS,

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 1.67 0.96 3.17 -0.20
60 1.94 1.22 3.80 -0.29
120 2.09 1.32 3.08 -0.22
180 2.08 1.32 3.20 -0.22
240 1.94 1.25 3.23 -0.25

300 2.08 131 3.22 -0.30
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Table S4. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoSe»/WSe,.

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 2.07 1.31 3.09 -0.22
60 1.98 1.31 3.33 -0.23
120 2.00 1.31 4.06 -0.22
180 1.99 1.31 3.75 -0.25
240 1.94 1.30 3.32 -0.26

300 1.94 1.24 3.30 -0.25
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Table SS. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoS,/WSe:.

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 1.47 1.91 3.83 -0.15
60 2.04 2.23 4.03 0.09
120 1.93 2.24 3.98 0.10
180 1.91 2.24 4.07 0.09
240 1.87 2.23 4.01 0.07

300 1.63 1.86 3.61 -0.19
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Table S6. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoSe>/WSo.

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 1.62 1.93 3.68 -0.17
60 1.90 2.23 4.55 0.10
120 2.03 2.23 481 0.10
180 1.95 2.21 3.95 -0.11
240 2.43 2.22 3.98 -0.01

300 1.80 2.12 3.91 -0.03
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Table S7. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoTe>/WTex.

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 1.12 2.18 3.53 -1.54
60 0.15 0.95 2.45 0.58
120 0.29 0.68 2.65 -1.97
180 0.92 1.48 2.81 -1.89
240 0.34 1.22 2.70 -0.48

300 1.08 2.15 3.51 -0.03
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Table S8. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoS>/WTe..

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 1.77 1.22 2.19 -1.52
60 1.92 1.26 2.45 -1.52
120 1.54 1.26 2.02 -1.51
180 1.82 1.26 2.24 -1.51
240 1.80 1.25 3.98 -1.52

300 1.80 1.26 2.24 -1.51
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Table S9. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoTe,/WSo.

Angle/° AG+oH (eV) AG+o (eV) AG~ooH (eV) AG+ (eV)
0 0.76 1.25 3.27 -1.71
60 0.96 151 3.36 -1.71
120 0.82 1.27 3.30 -1.70
180 0.96 1.53 3.45 -1.66
240 0.88 1.26 3.36 -1.70

300 0.94 151 3.43 -1.67
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Table S10. Adsorption free energies of *OH, *O, *OOH and *H (eV) of MoTe>/W Se:.

Angle/° AGon= (eV) AGo~ (eV) AGoon+ (eV) AGH~ (eV)
0 0.92 1.48 3.25 -0.34
60 0.95 1.20 3.28 -1.72
120 0.87 1.26 3.33 -1.71
180 0.96 1.52 3.39 -1.68
240 0.85 1.25 3.33 -1.71

300 0.92 1.50 3.43 -1.54
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