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Ab initio High-throughput screening of transition metal double chalcogenide
monolayers as highly efficient bifunctional catalysts for photochemical and

photoelectrochemical water splitting
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1 Structural information, the energy above convex hull and the heat of formation of 2D MXY
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Fig. S1 The energy above convex hull (Ej,;).

Considering recent rapid developments in growing few-layer 2D crystals, the heat of formation of the 384 monolayer
TMXY in the relaxed structure was calculated from Efyrm ((MXY) = 1/3Eo (MXY) - EMM)- E(X) - E(Y), where E.,(MXY) is
the PBE total energy of the monolayer and E(TM), E(X) and E(Y) are the energies of the metal and chalcogen (X and Y),
respectively. The energy convex hull describes the competition between all different phases with the same compositions.

Table S1 Optimized lattice constants(a and b), bond length(dyi_x/v), vertical height(h).The lattice parameters are given in Angstrom. Calculated
heat of formation Efyy, for all monolayers. The unit is eV.

Materials a b dv—x /Y h Eform
B_NiSO 4.91 4.85 1.96/2.09 1.33 -0.62
B_NiSeO 5.08 5.03 2.23/1.92 1.53 -0.53
B_NiSeS 5.52 5.37 2.30/2.17 1.38 -0.32
B_NiTeO 5.32 5.22 2.40/1.94 1.75 -0.68
B_NiTeS 5.79 5.59 2.46/2.19 1.34 -0.27
B_PdSO 5.14 5.15 2.24/2.16 0.95 -0.45
B_PdSeO 5.38 5.3 2.36/2.15 1.4 -0.49
B_PdTeO 5.62 5.49 2.52/2.18 1.61 -0.53
B_PdTeS 6.01 5.82 2.60/2.37 1.65 -0.37
B_PdTeSe 6.17 5.94 2.59/2.48 1.6 -0.40
B_PtSO 5.17 5.13 2.23/2.15 1.22 -0.54
B_PtSeO 5.34 5.29 2.35/2.14 1.43 -0.47
B_PtTeO 5.58 5.47 2.51/2.17 1.65 -0.51
1T PtTeS 3.81 3.81 2.63/2.50 2.62 -0.24
1T PtTeSe 3.89 3.89 2.65/2.59 2.7 -0.35
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2  The phonon spectrum of 2D MXY phase
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Fig. S2 The calculated phonon dispersions for 2D MXY.
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3 The mechanical stability of the stable 2D MXY phases

We calculated the orientation dependent Poisson’s ratio v(6) and Young’s modulus Y(0) for the lowest energy phase in
NiXY, PdXY and PtXY monolayers by using the following equations™.

v(6) = Cuun —Ci e
C115in*(0) + Asin?(6)cos?(0) + Caacos*(0)
C2sin*(0) — Bsin®(0)cos®(0) + Cjpcos* (6

v(e) = S () (8)cos*(8) 4+ Ciacos™(0) o)

~ Cpysin*(8) + Asin?(8)cos2(0) + Crcos*(0)
where A= (C11C22-C%2)/C66 -2C12 and B = C11 +C22-(C11C22-C%2)/C66.

Table S2 Calculated elastic constants (Ci1, Cp, Ci2, Ces, in N m’l), Young's modulus (Yy, Y,: the Y value along the x, y direction, in N m’l), and
Poisson’s ratio (vx, vy) of the stable 2D NiXY, PdXY and PtXY phases.

Materials Ci Cx Cin Ces Y. Y. Uy Dy

X y

B_NiSO 112.06 110.66 19.15 30.47 108.74 107.39 0.17 0.17
B_NiSeO 100.91 97.44 19.35 28.20 97.07 93.73 0.20 0.19

B_NiSeS 81.96 47.22 -0.89 29.28 81.94 47.21 -0.02 -0.01
B_NiTeO 86.25 78.32 18.21 24.77 82.02 74.48 0.23 0.21

B_NiTeS 72.35 35.45 -1.30 27.23 72.31 35.43 -0.04 -0.02
B_PdSO 75.23 80.59 6.05 20.01 74.77 80.11 0.08 0.08

B_PdSeO 74.68 65.61 5.62 18.64 74.19 65.18 0.09 0.08

B_PdSeS 69.39 46.14 2.04 21.50 69.30 46.08 0.04 0.03

B_PdTeO 65.42 49.08 5.32 15.60 64.84 48.65 0.11 0.08

B_PdTeS 60.97 34.56 0.92 19.52 60.94 34.55 0.03 0.02

B_PdTeSe 55.06 0.48 28.65 18.33 55.04 28.64 0.02 0.01

B_PtSO 107.29 104.03 12.25 24.41 105.85 102.63 0.12 0.11

B_PtSeO 93.90 79.99 10.34 22.18 92.57 78.85 0.13 0.11

1T_PtSeS 77.43 77.43 20.45 28.49 72.03 72.03 0.26 0.26

B_PtTeO 77.63 55.19 8.22 18.71 76.40 54.32 0.15 0.11

1T PtTeS 64.97 64.97 17.23 23.87 60.40 60.40 0.27 0.27

1T PtTeSe 64.99 64.99 17.73 23.63 60.15 60.15 0.27 0.27
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Fig. S3 Calculated orientation-dependent Young's modulus (Y(6)) (upper panels) and Poisson’s ratio (v(0)) (lower panels)
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4 The electronic localization function (ELF) for 2D TMXY

Fig. S4 The electronic localization function (ELF) for 2D MXY monolayers. In the ELF maps, the red and blue colors refer to the highest value (1.00)

and the lowest value (0.00) of ELF, respectively. Corresponding to the accumulation and depletion of electrons in the two colored regions.
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5 The HSE band strucutres of 2D MXY
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Fig. S5 The HSE band structures of MXY monolayer. The energy level positions have been corrected by vacuum level. The water redox potentials
at pH = 0/7 are marked by the green/red dotted lines.

6 Convergence test for Optical properity and band gap of 2D MXY

We choose the PdTeSe monolayer to examine the convergence of the GW calculations using the VASP code”, especially
for the energy cutoff of the response functions E,, the number of empty states N and k-gride. It is obvious that N = 600,
E. = 200 eV and k-gride is 11 x 11 x 1 are enough to converge the band gap within 0.02 eV. We Use the VASP code to
calculate the optical properties of all MXY materials.
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Fig. S6 Convergence of the band energy and band gap of the 2D PdTeSe monolayer with respect to the number of empty states N, the energy cutoff
of the response function E; and k-point grid.Absorption spectra A(®) calculated by GW-BSE using the VASP software.

Table S3 Band Gaps at PBE level (Epgg), Band Gaps Based on HSE06 (Epsg), Direct Band Gaps Based on GoWy (Egowo) and Indirect Band Gaps
Based on GOWO(E&WO) and Optical Band Gaps Ey, Exciton Binding Energies (Ep). The band gaps are given in eV.

Materials Epgg Ensg ESOWO ElGdUWO Eopt Ey

B_NiSO 0.89 2.07 1.78 1.62 1.01 0.77
B_NiSeO 0.95 2.03 1.61 1.55 0.99 0.62
B_NiSeS 0.94 2.06 1.76 1.61 1.40 0.36
B_NiTeS 1.02 1.99 1.53 1.37 1.36 0.17
B_PdSeO 1.02 2.04 2.71 2.29 2.12 0.59
B_PdTeO 1.22 2.13 2.30 2.22 1.67 0.64
B_PdTeS 1.23 2.13 2.34 2.29 1.84 0.51
B_PdTeSe 1.37 2.07 2.15 2.10 1.72 0.43
B_PtSO 1.51 2.71 3.50 2.97 2.84 0.66
B_PtSeO 1.57 2.62 3.01 2.74 2.45 0.56
B_PtTeO 1.49 2.4 2.51 2.40 1.95 0.56
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7 Mobility of photoexcited Carriers and fitting the deformation potential constant E; for 2D MXY
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Fig. S7 Fitting the deformation potential constant E; for monolayer MXY: x axis uniaxial strained CBM, y axis uniaxial strained CBM, x axis uniaxial
strained VBM and y axis uniaxial strained VBM.
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Table 4 The Effective Mass (m«) of electrons and holes, Elastic Modulus (Cyp), Deformation Potential Constant E;, and Carrier Mobility (1) along
x and y Directions for these 2D MXY monolayers.

Materials Carrier type ms/my Cop(Jm™7?) E; u (em”V=1s™h
B_NiSO e(x) 0.96 107.61 2.99 251.02
hx) 0.88 107.61 1.60 811.04
e(y) 1.17 106.46 1.00 1826.27
h(y) 1.84 106.46 5.32 34.41
B_NiSeO e(x) 1.43 96.42 3.87 84.33
h(x) 2.16 96.42 2.72 85.20
e(y) 0.91 92.98 5.84 56.35
h(y) 1.04 92.98 1.63 479.81
B_NiSeS e(x) 0.55 81.53 6.07 86.33
hx) 1.03 81.53 1.05 1481.86
e(y) 1.78 47.09 5.44 19.38
h(y) 0.94 47.09 1.11 895.23
B_NiTeS e(x) 0.37 71.93 4.66 231.81
h(x) 1.25 71.93 1.65 459.00
e(y) 1.82 35.07 3.42 42.76
h(y) 0.79 35.07 0.93 1109.13
B_PdSeO e(x) 0.56 72.70 3.76 264.21
hx) 2.20 72.70 0.53 1472.75
e(y) 1.00 64.37 5.54 59.87
h(y) 1.29 64.37 0.54 2179.51
B_PdTeO e(x) 1.01 63.91 2.68 106.10
hx) 2.78 63.91 4.76 11.89
e(y) 3.11 48.09 4.93 237.87
h(y) 1.19 48.09 1.01 435.58
B_PdTeS e(x) 0.58 60.52 5.94 71.31
h(x) 1.17 60.52 2.27 238.55
e(y) 1.32 34.32 4.93 25.85
h(y) 0.69 34.32 1.01 1149.09
B_PdTeSe e(x) 0.65 54.83 4.96 84.20
hx) 1.39 54.83 2.86 111.42
e(y) 1.19 28.41 3.32 53.04
h(y) 0.63 28.41 1.96 271.16
B_PtSO e(x) 0.55 104.21 4.98 146.46
h(x) 1.09 104.21 1.82 610.79
e(y) 2.29 101.76 9.18 10.09
h(y) 0.95 101.76 1.59 893.44
B_PtSeO e(x) 0.43 93.29 3.27 529.53
hx) 1.05 93.29 3.79 124.36
e(y) 1.61 79.24 1.83 379.25
h(y) 1.07 79.24 1.54 626.70
B_PtTeO e(x) 0.38 75.78 2.67 1073.75
h(x) 1.57 75.78 3.50 62.80
e(y) 0.82 54.07 1.39 1303.36
h(y) 1.15 54.07 1.30 443.69
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8 Solar driven water splitting processes on 2D MXY

The thermodynamics of water splitting on 2D MXY monolayers are estimated by examining the HER and OER processes,
respectively. We marked *, H*, OH*, O*, OOH* as the bare surface and HER, OER intermediates adsorbed on the 2D MXY
monolayers.

The overall hydrogen evolution reaction under standard conditions can be described as follows:

x+H"+e¢~ — Hx 3)

Hx+H"+e — Hy+x 4

While for OER, the four-electron process is interpreted as following four elementary steps:

*+H,0 — OHx+H" +e” (5)
OHx — O* +H' +e~ (6)
Ox+H,O — OOH ++H*t + e~ 7
OOHx — %+ 0y +H' " 4+¢~ (8

For each reaction of both oxidation and hydrogen production, the free energy different under the effect of pH and an
extra potential bias can be written as:

AG = AE +AZPE —TAS+AG,y +AGy C)

The AE, AZPE, and AS are the different energy, zero-point energy, and entropy of the reaction, respectively. The AE
is obtained from DFT calculation, while the AZPE, and AS are calculated form the values of Table S3. The entropies of
free molecules can be found from the NIST database. As the DFT method cannot accurately describe the high-spin ground
state of the O, molecule, the Gibbs free energy of O, [Go,] is obtained by Go, = 2Gu,0 - 2Gu, + 4.92. T represents
indoor temperature in this work. AGyy (AGpn = kgT x In10 x pH) represents the free energy contributed in different pH
concentration. AGy (AGy = -eU) denotes extra potential bias provided by an electron in the electrode, where U is the
electrode potential relative to the standard hydrogen electrode (SHE). AGy refers to the Gibbs free energy change imposed
by light-induced driven potential (U) and equals to -eU. The light-induced driven potential for HER can be obtained by
Ue = [Ecm - (-4.44 + 0.059 x pH)]/e, and the driven potential for OER is determined by U, = [-Eygm + (-4.44 + 0.059
x pH)]/e. Eygm and Ecpym represents the energy level of valance band maximum (VBM) and conduction band minimum
(CBM) of the photocatalysts, respectively. Both of the VBM and CBM were regulated by the vacuum level.

AGs = Gy, — %GHQ — G +AGy +AG,y (10)

AGy :G*+%GH2 —GH« +AGy +AGpy an

AGs = Gog« + %GH2 — Gy —Gu,0+AGy —AG,u (12)
AGe = Go, + %GH2 — Goms +AGy — AG (13)
AG7 = Goon+ + %GHZ —Go« — Gr,0 +AGy —AGpy 14)
AGs = G, + %GHZ +Go, — Goors + AGy — AGpy (15)
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Table S5 Values used for the entropy and zero-point energy corrections in determining the free energy of reactants, products, and intermediate species
adsorbed on catalystsl3.

Species T x S (eV) ZPE (eV)
H* 0 0.17
o* 0.06 0.07
OH* 0.08 0.33
OOH* 0.21 0.43
H,(g) 0.41 0.27
H,0(g) 0.58 0.57
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0.00 - I I e
-0.05 ‘ -

-0.10 - -tEr--FRR--

-0.15

-0.20 ¢

(DE¢,)(eV)

-0.25

-0.30 -

-0.35

Fig. S8 Adsorption solvation energies for several adsorbates on the MXY monolayers calculated by using VASPsol. The unit of the adsorption solvation
energies is €V. The dashed line at -0.05, -0.1 and -0.2 eV indicate the weak, moderate and strong solvation effect suggested by Deskins et al®.
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Fig. S9 Gibbs free energy (AG) vs. reaction coordinate for water oxidation and hydrogen reduction half reactions in MXY applied at pH = 7 under
different potentials including solvation effects in an aqueous solution. The value of AG in each elementary step is also shown. Uy, and U, are potentials
provided by photogenerated holes for water oxidation reduction and photogenerated electrons for hydrogen reduction, respectively.
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