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1. Structural stability

1.1 Thermal stability

Fig. S1 shows the total energy fluctuation per atom during the molecular dynamics
simulations of the Janus PtXY materials at 300 K, accompanied by the snapshots of
structures after heating for 10 ps. It is seen that the fluctuation of total energy per atom
stays within a cramped scale during the simulations. There are no distinguishable
structure deformations or broken bonds when heating finished. Furthermore, Tao et al.
[1] have examined the thermal stabilities of Janus PtXY at higher temperatures of 600

K and 900 K. These indicate that the Janus PtXY materials are thermally favorable.
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Fig. S1 The results of molecular dynamics simulations of the MLs Janus PtSSe (a), PtSTe (b) and
(c) PtSeTe, with the free energy fluctuations as a function of the time step at 300 K. The grey, green,

cyan and purple balls are represented for the Pt, S, Se and Te atoms, respectively.



1.2 Mechanical stability

We consider the mechanical stabilities of the ML Janus PtXY by employing the linear-

elastic constants Cj;. It is known that for a mechanically stable 2D material, the elastic

2
constants should obey the Born criteria [2]: C;1Cy; — Ciz > 0, and Cgs > 0. As listed in
Table S1, we find that the criteria has been satisfied well for the ML Janus PtXY,

indicative of its good mechanical stability.

Table S1 The linear-elastic coefficients Cj; of the ML Janus PtXY.

Cy (N/m) Cs> (N/m) Ci> (N/m) Ces (N/m)
PtSSe 77.72 77.72 20.61 28.73
PtSTe 65.41 65.41 17.28 24.11
PiSeTe  65.90 65.90 17.85 23.90




Table S2 Calculated lattice constants (a = b), thickness (%), bond length (Dp.x and Dp.y), the
electrostatic energy difference between two surfaces (4®), dipole moment (1) of the ML Janus

PtXY (Y heavier than X), and those of the parent PtS,, PtSe, and PtTe, based on GGA-PBE

functional.
a=bA) h(A) Dwx(A) Dpy(A) AP (V) u(Debye)
PtS, 3.57 2.46 2.40 2.40 - -
PtSe, 3.75 2.62 2.53 2.53 - -
PtTe, 4.02 2.78 2.71 2.71 - -
PtSSe 3.66 2.54 243 2.50 0.72 0.22
PtSTe 3.81 2.62 2.50 2.63 1.52 0.48
PtSeTe 3.89 2.70 2.59 2.65 0.74 0.24




2. Band gaps of Janus PtXY

When the SOC effect is considered, the position of CBM (VBM) will be shifted
downwards (upwards) by around 0.1~0.15 eV from PBE functional (see Table S3) and
HSEO06 functional [3], which provides little influence on the band edges of Janus PtXY.
It is noted that the G,W¥, calculations require expensive computational resources, thus

the SOC effect is not considered in our GyW, calculations.

Table S3 Corresponding electronic properties of the ML Janus PtXY, including the band gaps based

_ . Ew/soc ) Ewo/SOC
on PBE functional with SOC effect (7 PBE ) and without SOC effect (© PBE ), indirect band gaps

i d i
(E HSE06) and direct band gaps (E HSE06) at HSEO6 level, indirect quasiparticle band gaps (E oP) and

d
direct quasiparticle band gaps (E QP), optical band gaps (E opt) using GyW,+ BSE method, energy

i
positions of BGC (EBGC), positions of CBM and VBM (ECBM and EVBM) based on EQP, as well as

the preliminary verification whether the materials can photocatalytically conduct overall water

splitting reactions (OP), and Y and N respectively represent for can and cannot. All the results are

ineVv.

Elpe  E"¥eE°  Euscos  Ewstos  Egp Egp  Eope  Esec  Ecsm  Evem  OP

PtS, 1.72 1.71 2.58 2.70 2.96 311 245 —551 —403 —6.99 Y
PtSe, 1.18 1.31 1.94 2.14 2.11 236 192 —510 —4.05 —6.16 Y
PtTe, 0.34 0.68 1.13 1.49 1.32 1.69 139 —445 —3.79 —5.11 N
PtSSe 1.33 1.47 2.21 2.35 2.43 258 202 —562 —441 —6.84 Y
PtSTe 0.71 0.86 1.50 1.86 1.66 204 159 —586 —503 —6.69 Y
PtSeTe 0.74 1.00 1.49 1.78 1.63 1.94 157 —522 —441 —6.04 Y




3. Solar-to-hydrogen efficiency

Assuming 100% efficiency of light absorption and carrier utilization, the STH
efficiency (ysth) is dependent on the light absorption efficiency (7,ys) and the carrier

utilization efficiency (7.,) of the systems, as expressed in equation S1 [4,5]:

nSTH = 77abs x 77011 (Sl)

Employing the method by Yang’s group [4],7.s and 7, can be calculated on basis of

the expressions S2 and S3:

j :j P(hw)d(hw)
[ PUw)d(ho) (52)
AG, [ 2UD) 4y
By =—— L2 (S3)
| , P(ho)d (he)

where AG = 1.23 eV is the potential difference for water splitting, P(hw) is the AM1.5
solar energy flux at a photon energy of 4w and E represents the energy of photons that

can be actually used for water splitting. The way of selecting £ is described in

AE

expression S4, and =1 and AE, are equal to y, and y; in our descriptions, respectively.

E,,(AE, 2 0.6eV,AE, > 0.2¢V)

E, +0.6-AE,,(AE, <0.6eV,AE, > 0.2¢V)

E,+02-AE,,(AE, > 0.6¢V,AE, <0.2¢V) (54)
E,+0.8-AE, - AE,,(AE, < 0.6eV,AE, < 0.2¢V)

E=

Besides, in the above expressions, E, is the band gap at HSE06 level. Taking the
existence of A® into consideration, the expression S5 is used to acquire the corrected
STH efficiency (1'stq), where AV is equal to A® here. Based on the above details, the
light absorption efficiency #,,s, carrier utilization efficiency #.,, and STH efficiency
nsth, as well as the corrected STH efficiency #'sty of ML Janus PtXY are calculated

and listed in Table S4.



j :P(ha))d(ha))

Mstu = s ¥ >
[ “P(hoyd (heo)+ AV j P (h“’)

J(ha) (S5)

Table S4 Calculated energy conversion efficiency of light absorption (#,s), carrier utilization (#,),

STH (#stn), and corrected STH (#'sty) of the ML Janus PtXY, as well as those of Janus MXY [5]

and MoS,/WS,.
Nabs (7o) Heu (%0) nsth (%) 1'sth (%)

PtSSe 27.9 46.0 12.8 11.9
PtSTe 61.5 57.9 35.6 24.7
PtSeTe 62.0 39.5 24.5 20.1
MoSSe 35.7 48.7 17.4 15.7
MoSTe 61.5 46.8 28.8 20.1
WSSe 29.1 31.2 9.1 8.4
WSTe 50.7 349 17.7 13.5
MoS, 30.6 40.6 12.4 12.4

WS, 24.2 24.5 5.9 5.9

* The calculated energy conversion efficiencies will be reduced in the practical applications due to

the energy loss and partial recombination of electrons and holes.



For comparison, we calculate the energy conversion efficiencies of the ML Janus MXY
[6] and MoS,/WS,. The band gaps at HSE06 level (Eysggs), energy positions of BGC
(EBge), positions of CBM/VBM (Ecgm/Evem), overpotentials for HER/OER (y/y;) and
electrostatic potential difference (A®) of ML Janus MXY and MoS,/WS, are
summarized in Table S5. The band alignments are drawn to verify whether Janus MXY
and MoS,/WS,; are potential photocatalysts for overall water splitting, as depicted in
Fig. S2. It is found that Janus MoSSe, MoSTe, WSSe, WSTe and MoS,/WS, can
proceed both HER and OER. Therefore, the energy conversion efficiencies of above

six materials are calculated and shown in Table S4.

Table S5 Calculated HSE06 band gaps (Eusges), energy position of BGC (Epgc), positions of
CBM/VBM (Ecgm/Evem), overpotentials for HER/OER (y1/y,) and electrostatic potential difference

(AD) of ML Janus MXY and MoS,/WS,. All values are in eV.

Enskos Epge Ecpm Evpm X X2 AP
MoSSe 2.02 =5.30 —4.29 —6.30 0.92 0.63 0.77
MoSTe 1.50 -5.35 —4.60 —6.10 1.33 0.43 1.49
MoSeTe 1.70 —4.88 —4.03 -5.63 1.13 - 0.72
WSSe 2.18 —4.95 —3.86 —6.04 1.29 0.37 0.71
WSTe 1.71 =5.11 —4.26 =5.97 1.60 0.30 1.42
WSeTe 1.80 —4.62 —3.72 —5.52 1.43 - 0.71
MoS, 2.14 =5.11 —4.04 —6.18 0.40 0.51 -
WS, 2.31 —4.80 —3.65 —5.96 0.79 0.29 -
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Fig. S2 Band alignments with regarding to the vacuum level of MLs Janus MoSSe (a), MoSTe (b),
MoSeTe (c), WSSe (d), WSTe (e), WSeTe (f) and MoS,/WS, (g).

Devoted to the suitable overpotential for HER y; and overpotential for OER y,, the
energy conversion efficiencies of carrier utilization are close to 40~60% for Janus
PtXY. Correspondingly, the high efficiencies of both light absorption and carrier
utilization together ascribe to the high STH energy conversion efficiency nsty of 35.6%
and 24.5% for Janus PtSTe and PtSeTe, respectively. Besides, this #sry is higher than
those of the bilayer C5Ns of 4.54% [7], bilayer LiAlS, of 9.97% [8], and Janus MoSSe,
WSSe, MoSTe and WSTe of 8.4~15.7% (see Table S4), but a bit lower than or
comparable to those of bilayers LiAlTe, and LiGaSe, of respectively 25.34 and 28.68 %
[8] and ML B,Pg of 28.2% [9]. Strikingly, the corrected STH conversion efficiency
n'sth of the Janus PtSTe and PtSeTe using the full solar spectrum reaches up to 24.7%
and 20.1%, respectively, higher compared with the conventional theoretical limit of
18% [10], which is attributed the success to the relatively small band gaps and good

abilities to absorb more visible light for water splitting.



4. Details of band alignments

The band alignments of the Janus PtXY are simulated to study their potential for

photocatalytically splitting water. The positions of CBM and VBM are defined as
follows [11]:

' S6
ECBM:EBGC_EEQLP (56)

_ i S7
EVBM_EBGC-I_EEQIP (57)

where Eggc is the band gap center energy with respect to the vacuum level. One
advantage of this definition is that Epgc is negligibly affected by the different

functionals used [11]. In this work, GGA-PBE functional is used to obtain Epgc.
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Fig. S3 Band alignments of bare ML PtX,, where y; and y, represent the overpotentials for HER and

OER, respectively.
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5. Electrostatic potential of Janus PtXY

It is observed that in ML Janus PtSSe, the S and Se atoms both act electron acceptors
of 0.22 and 0.06 e per unit cell, respectively, however, Pt atoms donate the electron of

0.28 e. Similar results can also be found for PtSTe and PtSeTe.
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Fig. S4 Electrostatic potential illustrations along z-direction and the three-dimensional charge

difference densities with the insets representing the Bader charge analysis per unit cell of Janus

PtSSe (a), PtSTe (b) and PtSeTe (c), where the blue and red regions represent the electron

accumulation and depletion, respectively. The isosurface value is 0.007 e/A3.

6. Exciton Binding Energy

The exciton binding energy (Egg) is defined as the energy difference between the direct

d
quasi-particle band gap from G, calculations (E QP) and the first absorption peak of

dielectric imaginary part (E,,) by GyW,+ BSE approach, as described in the following

Fig. S5 The imaginary parts of dielectric functions of Janus PtSSe (a), PtSTe (b) and PtSeTe (c),

indicative of the obvious isotropy for the optical response of Janus PtXY.
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Fig. S6 The imaginary parts of dielectric functions of MoS, (a) and WS, (b). It shows that PtSTe

and PtSeTe own smaller exciton binding energies compared to MoS, and WS,.
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with Fig. S6.
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7. Carrier mobility

We calculate the carrier mobility of Janus PtXY via the following equation based on
the deformation potential theory (DPT) [12]:

2eh’C,,
2
i (39)

/J =
3K, T|m’

where the carrier mobility u,p depends on the elastic modulus C,p, effective mass m*,
and deformation potential constant E4. In addition, e, 7, kg, and T are the electron
charge, reduced Planck constant, Boltzmann constant, and the temperature is set at

298.15 K. Herein, the elastic modulus Cyp is defined as ¢, | = (é’zE / &e? )/ S, » Where
E is the total energy and S is the equilibrium area of the optimized 2D structure. The
carrier effective mass m* is obtained usingm™ = +h’ (dzEk / dk? )_1 . The deformation

potential constant £ is derived from Eg = OFqqe/0¢, Where E¢4q 1s the band edge energy

of the CBM for electrons and VBM for holes induced by the strain .

_4_3-(3).# ——t— o . -4,3-(b)= —e—o 8 oo o —a
-5.2 4 524
< # Positon of CBM along x direction — " TR
> e g : & Position of CBM along ydirection
@ . PPS't'°”_°fVBM along x dirsction E # Position of VBM alcmg;l J};direclion
3 5.6 Linear Fitting of CBM 3 -5.61 linear Fitting of CBM
5] Linear Fitting of VBM S Linear Fitting of VBM
1 &
6.0 -6.0
- - Py e - & >—= P P Py - - - o o
-6.4 4 bl l 844 — *r——a—e —e
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 20.015 -0.010 -0.005 0.000 0.005 0010 0.015
Strain ¢ Strain €
-29.600 -29.604
Cc @ Total Energy along x direction (d) @ Total Energ.y‘alnng ydirection
-29.602 1 Parabola Fitting of Toal Energy 29506 4 —— Parabola Fitting of Toal Energy
-29.604 4 .
>
© -29.608 -
-29.606 | =
=
-29.608 A © -29.610
i}
-29.610 1 o
‘g -29.612 1
29612+ -
29.614- 1249'614'
-29.616 : T T T T -29.616 T T T T T
-0.018 -0.012 -0.006 0.00n 0.006 0.012 0.018 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015

Strain € Strain £



Fig. S8 Evolution of energy positions of CBM and VBM with respect to the vacuum level when
uniaxial strains are employed along the x direction (a) and y direction (b) of Janus PtSSe. Total
energy of Janus PtSSe in rectangular unit cell as a function of the applied uniaxial strains along x

direction (c) and y direction (d).
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Fig. S9 Evolution of energy positions of CBM and VBM with respect to the vacuum level when
uniaxial strains are employed along the x direction (a) and y direction (b) of Janus PtSTe. Total
energy of Janus PtSTe in rectangular unit cell as a function of the applied uniaxial strains along x

direction (c) and y direction (d).
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Fig. S10 Evolution of energy positions of CBM and VBM with respect to the vacuum level when
uniaxial strains are employed along the x direction (a) and y direction (b) of Janus PtSeTe. Total
energy of Janus PtSeTe in rectangular unit cell as a function of the applied uniaxial strains along x

direction (c) and y direction (d).

Table S6 Elastic modulus (C,p), effective mass (m*), deformation potential (£4) and carrier

mobility (u,p) of Janus PtXY along x and y directions.

Carrier type Cop (Nm™) m* Eq(eV) top (cm? V-1s7h
Electrons X 77.27 0.28 3.30 1287.06
PtSSe y 77.24 0.60 1.30 1805.45
Holes X 77.27 1.36 1.90 164.57
v 77.24 3.47 1.33 51.57
Electrons x 64.9 1.05 0.80 1308.03
PtSTe y 64.9 0.81 0.97 1495.08
Holes X 64.9 0.84 1.86 378.09
y 64.9 0.99 1.17 687.91
Electrons x 64.9 0.16 2.29 6874.89
PtSeTe y 64.9 0.18 1.38 14957.94
Holes X 64.9 2.96 4.05 6.42
y 64.9 3.38 4.04 4.95
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8. Adsorption of water molecule

Table S7 The calculated adsorption energies (£,4s) of H;O molecule on the different surfaces of the

Janus PtXY and the vertical distances between surfaces of PtXY and the H,O molecule (D).

E.ad/(eV) D/A
PtSSe S-surface -0.232 2.19
Se-surface -0.208 2.63
PtSTe S-surface —0.256 2.16
Te-surface -0.223 2.65
PtSeTe Se-surface —0.246 2.23
Te-surface -0.233 2.58
(a)
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Al » <r Y
‘?’AYAE Q Q' p 'r Yg oi‘p*
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Fig. S11 The stable configurations with H,O adsorption on the Janus PtSSe (a), PtSTe (b) and

PtSeTe (c).

9. Gibbs free energy

At pH = 0, the Gibbs free energy difference (AG) from one step to next step involved
in the photocatalytic redox reactions without the light irradiation can be defined as
below [13]:

AG = AE +AEzpp — TAS (S10)

The complex four-step OER process is considered herein, which are presented step by

step as follows:

*+H,0 - OH* + H" + ¢~ (S11)
OH* - O*+H" + e (S12)

O* + H,O —» OOH* + H" + ¢~ (S13)
OOH* > *+ 0O, +H"+ e (S14)

As for the HER process, it can be described in the following steps:
*+H +e — H* (S15)
H*+H"+e — *+ H, (S16)
where * represents the substrate materials for the adsorptions (i.e., Janus PtXY), and
O*, OH*, OOH* and H* represent the adsorbed intermediates during the redox

reactions.

The Gibbs free energy difference of each step included in the OER and HER processes
is available based on the following expressions, in which the impact of external

potential and pH is taken into account:

1
= —G (S17)
AG, GOH*+2 Hz_GHZO—G*+AGU—AGpH
(S18)
G 1G G
A6z =707+ 272 Ton + AGu— AGp (S19)



1
G, +-G
AG3: ool * 2 HZ_Go* —GH20+AGU—AGPH
) c EGH c (S20)
AG,= G, 705 27 Toon* 4 AGy — AGpH
(S21)
AG.= G 6
57 Yyr _G, _2 H2+AGu+AGpH
1G G
AGe _G, 272 _ "> 4 AGy 4 AGpn (S22)

For the values of U, (U.) at pH = 0, taking PtSSe as an example, the energy position of

VBM (CBM) is—6.84 (—4.41) eV (see Table S3), and U, (U,) is defined as the energy
difference between the VBM (CBM) and the reduction potential (—4.44 eV), thus U, =

—4.44 — (~6.84) = 2.40 V, U.= (—4.41) — (—4.44 — 0.72) = 0.75 V for PtSSe, and the

values of U, (Ue) of PtSTe and PtSeTe can be obtained using the similar method.

The external potentials provided by the photogenerated electrons and holes between pH

=0 and pH # 0 can be written in the following equations [14,15]:

pH _ ;ipH=0
Ve = U e " pH % 0.059 (S23)

pH _ ;pH=0
Uy = U0 "4 pH x 0.059 (S24)

From Table S3 and Fig. 3, h h 7 of ML Janus PtSSe is 2.40 (2.82) V.

Correspondingly, the of the ML Janus PtSSe is 0.75 (0.33) V. Using

pH=0,pH=7 pH=0,7pH=7
d, U W) ang Ve WU D provided by  the

the same metho
photogenerated holes and electrons of the MLs Janus PtSTe and PtSeTe are calculated

to be 2.25 (2.67) and 0.93 (0.51) V, and 1.60 (2.02) and 0.77 (0.35) V, respectively.
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Fig. S12 Comparison of free energy steps of OER and HER processes at pH = 0 and pH = 7 on the

MLs Janus PtSSe (a-b), PtSTe (c-d) and PtSeTe (e-f).
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10. Theoretical calculation models

A hybrid exchange—correlation functional is usually constructed as a linear
combination of the Hartree-Fock exact exchange functional and any number of

exchange and correlation explicit density functionals.
1 . . 1
E?F = _EZJ‘IV/[ (rl )l//j (rz )V_Wj (rl )l//i (r2 )drldr2 (1)
i.j 12

The HSE (Heyd-Scuseria—Ernzerhof) exchange—correlation functional uses an error-
function-screened Coulomb potential to calculate the exchange portion of the energy in

order to improve computational efficiency, especially for metallic systems:
E;;PBEh — aEi{F,SR (a)) + (1 _ a)E}I:BE,SR (a)) + E}I:BE,LR (a)) + ECPBE (2)

where a is the mixing parameter, and w is an adjustable parameter controlling the short-

rangeness of the interaction. Standard values of a = 1/4 and w = 0.2 (usually referred

HF, SR
as to HSE06) have been shown to give good results for most systems. x () is

the short-range Hartree—Fock exact exchange

EPBE, SR PBE, LR
functional, x (w)and x (w) are the short- and long-range components of

PBE
the PBE exchange functional, and B (w) is the PBE correlation functional.

As for the GW method [16], employing the energies e, and the orbitals ¢, which solve

the Kohn-Sham equations of DFT, an initial Green’s function G can be constructed
[17,18]:

s 4®4,()
Go(r’r’z)_;Z—Cn+i775gl’1(€n—,u) (3)

The self-energy in Gy, reads:
S, (12)=iG, (127 ), (127) (4)
A representation in energy space is employed by performing a Fourier transformation:

ﬁ:GoWo (l',r’,Z)=iIdE'GO (rar,,Z—E’)VVO (r,r(’E!)e(ﬂ'é‘E') (5)

From this self-energy, the external potential I/A'm from the ions, and the Hartree potential
22



I}H [GO] an energy-dependent non-interacting effective potential Vgw(z) is constructed
as follows:

Vow (2) =V,

o TV [Go ]+ 2(2) (6)
The potential I}H [GO] is calculated from the electron density of Gy, respectively the

underlying non-interacting system. With the potential Vsw(z) the GoW, approach can

be understood as a prescript which generates an energy dependent perturbative

correction AV (z) to the exchange-correlation potential I7XC from DFT given by:

AV(z)=2(z) -V, (7)
G
Employing this result, the one-body GyW, Green’s function %o is given as:
G&;WO (z2)=E- HGOWO (2) (8)
with:
VZ
Hgy (2) = 5 +Vew (2) 9)
VZ
=——tVy+V  +2(z
2m H ext ( ) (10)
P2 A
:__+VH+Vvext+ch+AV(Z) (11)
2m

The pole positions of %o respectively the QP-energies €, " are found as solutions of

the QP-equation:

(Hop, (6.)=5, Jw,) =0 (12)
with the QP-orbitals |y, .
In a simpler flavor of GyW,, one approximates the QP-orbitals with Kohn-Sham sates

Wn = ¢, In this spirit, all off-diagonal elements in the QP-equation Eq. (12) are

neglected and the QP-energies are calculated from:

N e AR R RIVACH Y 13
ARt RN ALICH S ATY (14)
=6,+(4,|2(5,)- V.| 4,) (15)
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with the Kohn-Sham energies e, and the perturbative Gy, correction from (7) which

4,)-

is given for each single energy by the matrix element <¢n |E (gn, )— I}XC
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