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1 The geometrical configurations and electronic prop-

erties of the monolayers and heterostructures

Material Property This work Literature value
Reference
: Lattice constant (A) 3.45 3.47 [1,2]
MOS]2P4
HSEO06 bandgap (eV) 0.99 1.18 [1], 0.99 [2]
WTe Lattice constant (A) 3.52 3.55 [3], 3.56 [4]
2 HSE06 bandgap (eV) 1.60 1.58 [3], 1.63 [4]

Table S1. Comparison of calculated lattice constants and bandgap values with previous liter-
ature

*Corresponding author
fCorresponding author
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Fig. S1. Top and side views of (a,d), band structures of (b,e), and projected density of states
of (c,f) for MoSisP4 and WTey monolayers. The dashed purple lines indicate water splitting
redox potentials at pH = 14.
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Fig. S2. Phonon spectra and AIMD simulation results for (a,c) MoSisP4 and (b,d) WTe,
monolayers. Panels (a,b) display the phonon dispersion relations, while (c,d) show the AIMD
trajectories at 300 K. The illustration in (b) and (d) shows the post-AIMD structure.
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Fig. S3. Top and side views of the MoSisP,/WTey heterostructure for (a) W_P_ i configu-
ration, (b) W_Si i configuration, (¢) W_Mo_ i configuration, (d) W_P_ii configuration, (e)
W__Si_ii configuration, and (f) W_Mo_ ii configuration.



Structure a (A) d (A) Er (eV) Ep (meV/A?)
W_P_i MoSi;P,/WTe, 3.47 3.26 -278.30 -23.11
W__P__ii MoSiy,P,/WTe, 3.47 3.26 -275.95 -22.92
W_Si_i MoSiyP,/WTey 3.47 3.41 -243.33 -20.21
W__Si_ii MoSi,P,/WTe, 3.47 3.92 -178.85 -14.85
W__Mo__i MoSi,P,/WTe, 3.47 3.90 -181.77 -15.10
W__Mo__ii MoSiyP,/WTey 3.47 3.35 -257.61 -21.39

Table S2. Lattice parameters (a), interlayer distance (d), formation energy (EF), and binding
energy (Ep) for the considered MoSiaP4/WTesy configurations.
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Fig. S4. Projected band structures of the MoSiaP4/WTes heterostructure for the three stacking
configurations: (a) W_P i, (b) W_P_ii, and (¢c) W_Mo_ii.
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Fig. S5. Plane-integrated charge density difference (Ap) along the z-direction (a-c) and band
edge alignment (d-f) for the three considered configurations (W_P_i, W_P_ii, and W_Mo__ii)
of the MoSiaP4/WTey heterostructure. The orange and purple regions in (a-c) represent electron
accumulation and depletion, respectively.
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Fig. S6. Calculated electrostatic potential of the MoSiaP4/WTey heterostructure for the three
interfacial configurations: (a) W_P_i, (b) W_P_ii, and (¢) W_Mo_ii.
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Fig. S7. (a) AIMD simulation and (b) phonon dispersion of the W_P_i-configured
MoSisP4/WTes heterostructure. The illustration in (a) shows the structure after AIMD.

Fig. S8. Projected density of states of the W_P__i-configured MoSisP,/WTey heterostructure.
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2 Calculational details for the solar-to-hydrogen con-

version efficiency and the optical properties

The solar-to-hydrogen conversion efficiency (nsty), defined as the product of the light
absorption efficiency (7.ps) and carrier utilization efficiency (7.,), quantifies the overall
photocatalytic hydrogen production performance. Here 7, measures the fraction of inci-
dent solar radiation absorbed above the photocatalyst’s bandgap, while 7., evaluates the
effectiveness of photogenerated charge carriers in driving redox reactions. This combined
metric comprehensively assesses the system’s ability to harness solar energy through three
critical processes: (1) photon absorption, (2) charge separation/transport, and (3) sur-
face catalytic reactions for water splitting. We calculated ngtu, Maps, and 7., based on the

following formula [5] [6]:

7STH = Tabs X Mcu (1)
g, P(hw) d(hw) )
s TP () d ()
AG [72 P q(hw)

o = 07 Pl ) @

(Eg x(Hz) > 0.2 and x(O2) > 0.6
o E,+0.2 — x(Hs) X(Hs) < 0.2 and x(O3) > 0.6 0

| B, 4 0.6 x(0,) Y(Hz) > 0.2 and x(0,) < 0.6

| Eg+0.8 - X(H2) — x(O3) x(Hsz) < 0.2 and x(0O2) < 0.6

where P(hw) represents the AM1.5G solar spectral irradiance at photon energy hw,
E, denotes the larger bandgap among the constituent monolayer materials, x(Hz) and
X(0Oz2) are the hydrogen and oxygen evolution reaction overpotentials respectively, AG is
the thermodynamic potential (1.23 eV) required for water splitting, and E corresponds
to the actual utilizable photon energy for the water splitting process. The factor of 0.5
accounts for the 50% theoretical apparent quantum yield in Z-scheme photocatalytic water
splitting, considering electron-hole recombination.

Work function differences (A¢) also play a critical role in modulating the photo-

catalytic water splitting activity. We therefore evaluate the corrected solar-to-hydrogen

efficiency (ngy): [7]

Jo P(hw)d(hw)

0

Jo? P(hw)d(hw) + A¢ [ 20 d(hw)

/
NsTH = ISTH X




Strain x(H2) x(02) E4(MoSi;Hi)(WTez) Ag Nabs  Tlcu NSTH  NSTH

(%) (eV) (eV) (eV) (eV) ev) (o) () () (%)

-6 031 039 135 1.47 0.17 6327 2254 14.16 13.55
-5 026 051  1.27 1.59 0.16  56.53 25.07 14.17  13.59
-4 053 032 118 1.67 0.16 5259 1831 9.63  9.29

-3 041 051 111 1.66 0.15  53.08 24.35 12,92 12.48
-2 045 054  1.05 1.66 0.15  53.33 2535 1352 13.06
-1 0.50  0.56  0.99 1.65 0.14 5370 25.98 13.95 13.50
0 031 081  0.94 1.64 0.14 5420 27.59 14.95 14.47
1 045 072 0.89 1.63 0.13  54.82 27.70 1518 14.70
2 0.34 084 085 1.57 0.13 5746 28.19 1620 15.66
3 020 091  0.81 1.47 0.13 6287 29.23 18.38 17.69
4 0.05 091  0.78 1.37 0.13  68.47 2529 17.32 16.58

Table S3. Overpotentials, ngry and 7§y of the MoSipPy/WTey heterostructure based on
different biaxial strains at PH=14

The optical absorption coefficient a(w) is derived from the complex dielectric function

e(w) = e1(w) + iea(w) as follows [9, 10]:

— \/§W\/ Va2 (w) + e2(w) — e1(w) (5)

The imaginary component e5(w) of the dielectric function, is given by [11]:

ea(w msz/

where |M,,(k)|* denotes the momentum matrix element between conduction (c) and

cv )‘26(Eck — Evk — hUJ) dgk (6)

valence (v) band states at wavevector k, and the integration spans the entire Brillouin zone
(BZ). The real component ¢,(w) is obtained through the Kramers-Kronig transformation

of €;(w) [12,13], ensuring the causality-constrained relationship between both components.



3 Calculation Procedures of Gibbs Free Energy for
HER and OER Pathways

The Gibbs free energy change AG for each elementary step is computed using the estab-
lished computational hydrogen electrode (CHE) model [14], as described by the equation:

AG =AFE+ AEzpg —TAS - U

Here, AF is the change in reaction energy. AFE,pg denotes the difference in the zero-
point energy. The AS' is the entropy difference. The system temperature 7T is set to be
298.15 K. The U is the external potential for photogenerated electrons. This approach
allows for a systematic evaluation of the thermodynamic feasibility of both the hydrogen
evolution reaction and oxygen evolution reaction on the catalytic surface.

For the HER, the Gibbs free energy barrier for hydrogen adsorption, denoted as AGy+,

is calculated using the following approach:
AGy- = G(H") — G(x) — 0.5G(H3y) — U,

For the OER with O as the final product, there are three possible reaction pathways,
and the corresponding calculation formulas are as follows: [15] [16]
OER-I:
AGopg+ = G(OH") — G(%) + 0.5G(Hy) — G(H0) — Uy,

AGo- = G(O*) — G(OH*) + 0.5G(H,) — U,
AGoom- = G(OOH*) — G(0*) + 0.5G(Hs) — G(H,0) — U,

OER-IL:
AGon- = GOH™) — G(¥) + 0.5G(H,) — G(H,0) — U,

AGo. = G(O*) — G(OH*) + 0.5G(Hy) — U,
AGo-on- = G(O*OH*) — G(O*) + 0.5G(Hs) — G(H0) — Uy,
AGo-0- = G(O*0") — G(O*OH") + 0.5G(Hs) — Uy
AGoo- = G(OO*) — G(0*0") — U,

OER-III:

AGgoon+ = G(HOOH*) — G(OH*) + 05G(H2) - G(HQO) — Uy

AGoon- = G(OOH*) — G(HOOH*) + 0.5G(Hs,) — Uy,



where * denotes an adsorption site on the catalyst surface.
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Fig. S9. Electronic band structures and projected density of states (PDOS) of the heterostruc-
tures. (a) The pristine 3x3x1 MoSiaNs/WTey heterostructure. (b) The 3x3x1 Si-doped
MoSiagNy/WTes heterostructure.

4 k-Space Folding: From Primitive Cell to Supercell

To understand the physical origin of the features near the I" point in the supercell band
structure, this supplementary information briefly reviews the principle of k-space folding
from the primitive cell to the supercell.

The MoSisN,/WTesy heterostructure investigated in this work possesses a hexagonal
lattice structure, with an interaxial angle of 60° in its primitive cell. Let the real-space
basis vectors of the primitive cell be a;, ay (lying in the 2D plane), and a3 (perpendicular
to the plane). The real-space basis vectors of its primitive cell can be chosen as (where a

and c is the lattice constant):

a; :a(l,0,0),

1 V3
a;=a <§,7,0> , (7)
azg =¢(0,0,1).

The corresponding reciprocal-space basis vectors b;, defined by the relation a;-b; = 2md;;,

27 1
b, = — 17__70 )
= (150)
2 2
b2:1(0,—,0), (8

are:

~—

a \""V3
2
bgzg(o,o,l).

The first Brillouin zone is defined as the Wigner-Seitz cell in the reciprocal space.
Formally, it is the primitive cell of the reciprocal lattice constructed by drawing the

perpendicular bisectors (Bragg planes) of the reciprocal lattice vectors connecting the



origin to its nearest neighbors.

For the hexagonal lattice defined by b; and by above, this construction results in a
first Brillouin zone with the shape of a regular hexagon. Its high-symmetry points are
shown in Fig. S10, primarily including the Brillouin zone center I' point, the hexagon
vertices K points, and the edge midpoints M points. The coordinates of these points in

the reciprocal space basis are:

I = (0,0,0),
11
K==,z
(3’3’())’ (9)
1
M=1(0,20].
(030)
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Fig. S10. (a) The first Brillouin zone of the primitive cell for the hexagonal lattice and its high-
symmetry points. (b) The folded zone (grey hexagon) corresponding to the 3 x 3 x 1 supercell.
The Brillouin zone of the primitive cell is partitioned into 9 smaller regions and translated into
the folded zone. The primitive cell’s K point (red) is mapped to the supercell’s I point by
subtracting a reciprocal lattice vector G.

We constructed a 3 x3 x 1 supercell. This transformation in real space can be described

by the matrix S:

S = (10)

SO O W
S w O
= o O

The relationship between the real-space basis vectors A; of the supercell and the primitive

cell basis vectors a; is:

Ai = ZSijaj (11)
J

According to the reciprocal relationship, the reciprocal-space basis vectors B; of the su-

10



percell and the primitive cell basis vectors b; satisfy:
B=(SYH" b (12)

where (S™H7T is the inverse transpose of the real-space transformation matrix S. For the

3 x 3 x 1 supercell:
0

0 (13)
01

(S_l)T —

o O wi
Wik O

This implies that the reciprocal lattice vectors of the supercell are "compressed” to one-
third of those of the primitive cell. Consequently, the area of the first Brillouin zone of
the supercell (known as the folded zone) is 1/9 that of the primitive cell’s first Brillouin
zone, as visually demonstrated by the relative sizes of the hexagonal zones in Fig. S10(b).

The folding in k-space can be understood by the following relation, a fundamental
concept in solid state physics [17]: any two wave vectors k and k' of the primitive cell are

equivalent in the supercell band calculation if they satisfy:
k' =k + Gguper (14)

where Ggyper is any reciprocal lattice vector of the supercell.

Specifically for this system, the coordinates of the primitive cell’s K point are kg =
(3,3,0) (in fractional coordinates). One can find a supercell reciprocal lattice vector
(1,0,0) such that:

11 21

This vector is equivalent to the I' point within the folded zone of the supercell. Therefore,
the electronic states of the primitive cell at the K point will appear at the I" point in the

supercell calculation.

5 Calculational detail of the NAMD simulation

During the nonadiabatic coupling (NAC) calculations and nonadiabatic molecular dynam-
ics (NAMD) simulations, only the I'-point Kohn-Sham orbitals of the supercell were com-
puted. The simulations investigated carrier transfer time, energy relaxation in electron
and hole transfer processes, as well as electron-hole recombination. The autocorrelation
functions (ACF) were evaluated, and the corresponding spectral densities were obtained
via Fourier transform. [18,19]

The fluctuations of the energy gap are characterized by the autocorrelation function,

defined as:

11



(6U)8U (to))r Cun(t)
C(t) = - , 16
R T E P N 1o
where Cyy,(t) is the unnormalized ACF, C(t) denotes the normalized ACF, ¢, represents

different initial time origins in the statistical averaging process, and dU (t) is the deviation

of the energy gap from its average value, given by:

0U(t) = AE; (R(t)) — (AE;(R(1)))r, (17)

with AE;; being the energy difference between states i and j, and R(t) determined through
quantum forces.

The spectral density I(w) was calculated through the Fourier transform of the nor-

malized ACF:
1 [t .
I(w) = |—— dt e ™' C(t
) ‘m/_m o

=

46.20 cm™? 176.91 cm™!

%

288.29 cm™!

2

(18)

426.90 cm™! 514.12 cm~! 536.92 cm~!

Fig. S11. Calculated vibrational modes of the MoSiaP4/WTes heterostructure.
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Fig. S12. Normalized energy-gap fluctuation autocorrelation function of the MoSiaP,/WTesy
heterostructure.
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