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We calculated the bond orders of Si;HX monolayers using the Density Derived
Electrostatic and Chemical 6th-generation (DDEC6) atomic population analysis method.!
Bond order is defined as half the difference between the number of bonding electrons and
antibonding electrons between two atoms. A larger bond order indicates a stronger bond
strength between the same atomic components. As observed in Table S1, the bond order
value between the Si4 and X atoms in the SiyHX monolayers is the largest, suggesting that
the strongest bond strength between them. In addition, the bond orders of the corresponding
atomic bonds in the initial and final states of the SisHX monolayers remain nearly
unchanged, indicating that this kind of structural transformation does not affect the atomic
bond strengths within these structures, which also facilitates the transition between the
initial and final states of the Si;HX monolayers.

Table S1 The DDEC6 bond orders between each pair of atoms in Si;HX monolayers.

Material H-Sil Sil-Si2 Si2-Si3 Si3-Si4 Si4-X
Si,HF g 0.9138 0.8776 0.8896 0.8584 1.1956
Si4HFg 0.9150 0.8792 0.8651 0.8610 1.2014
Si,HClyg 0.9139 0.8793 0.8807 0.8546 1.1852
S1,HClgs 0.9140 0.8809 0.8572 0.8574 1.1900
Si;HBrg 0.9150 0.8760 0.8778 0.8560 1.1036

Si;HBrgg 0.9152 0.8781 0.8539 0.8585 1.1088
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(¢) Si,HCl, (¢) Si,HBr

Fig. S1 Three-dimensional charge density difference of the Si;HX monolayers. The
yellow and blue areas represent the accumulation and depletion of electrons with 0.001
eV/ A3 iso-surfaces, respectively.

Table S2 The conduction band minimum (CBM) ,valence band maximum (VBM) and
bandgap Eg under different calculation methods of the Si;HX monolayers (in units of eV).

Monolayer method VBM CBM E,
PBE -3.34 -2.10 1.24

Si;HFis HSE -3.89 -1.97 1.92
GOWO -2.58 -0.58 2.00

PBE -3.12 -2.08 1.04

Si4HFgs HSE -3.66 -1.94 1.72
GOWO -3.10 -0.83 2.27

PBE -2.56 -1.29 1.27

Si,HClyg HSE -2.98 -1.05 1.93
GOWO -2.63 -0.24 2.39

PBE -2.44 -1.38 1.06

Si,HClgg HSE -2.91 -1.19 1.72
GOWO -2.48 -0.29 2.19

PBE -2.36 -1.17 1.19

Si4HBrg HSE -2.84 -0.97 1.87
GOWO -2.46 -0.16 2.30

PBE -2.19 -1.19 1.00

Si4HBrg HSE 2.70 -1.04 1.66

GOWO -2.28 -0.19 2.10



The solar-to-hydrogen (STH) efficiency 77y is calculated by: 2

USTH = nabs X ncu (Sl)

where 7, and 7., represent the light absorption efficiency and carrier utilization efficiency,
respectively, given by:

T P(hw)d (hw)
Musy == (S2)
j P(hw)d(ho)
AGT P(9) 4 o)
ho
Moy =—5" (83)
j P(hw)d(hw)

Here, P(hw) is the AM1.5G solar energy flux with the photon energy. £, and AG signify
the direct bandgaps of monolayers and the potential difference of water splitting (1.23 eV),
respectively. The £ denotes the photon energy utilized for water splitting determined by:

E,.(x(H,)>0.2,(x(0,)>0.6)
| E,+0.2- 2(H,),(2(H,) <02,(2(0;) > 0.6) <
= E, +0.6— 2(0,),(x(H,)20.2,(x(0,) < 0.6) 54

E,+0.8=x(H,) - x(0,),(x(H,)<0.2,(x(0,) <0.6)

Among them, y(H,) and y(O,) represent the overpotential of hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) respectively. The intrinsic electric field does
positive work for the electron—hole separation during the process of photocatalytic water
splitting. Therefore, this part of work should be added into the total energy, and then the
corrected STH efficiency of photocatalytic water splitting for 2D material with intrinsic
vertical electric field is calculated as:

TP(ha))d(ha))
Nsr” = Mo X : p (S5)
[ Ptho)dho)+aa [ £ ;h“’) d(hw)
0 E o

where A® is the vacuum level difference on the two respective surfaces of the Si;HX
monolayers, and the second term in the denominator represents the work done by the
intrinsic vertical electric field. In addition, the A@ difference between the initial and final
states of the Si;HX monolayers is very small, and its influence on the hydrogen production
efficiency can be ignored. Here, the band gaps, y(H,), and y(O,) predicted by HSE06
function are used to calculate these energy conversion efficiencies.

Piezoelectricity refers to the polarization generated in an asymmetric structure when
external stress or electric field is applied to the structure,® as well as the linear part of the
coupling effect between the dielectric and elastic properties of the crystal. The piezoelectric



stress tensor ejjx and the piezoelectric strain tensor d follow the relationship:*

oP Oo.
€ = e (S6)
© Og, OFE
oP  Oc.
= i Jk (S7)
oo, OF,
where Pi, 8J'k, Tjk and E; represent the polarization, stress tensor, strain tensor and electric

field, respectively. The subscript i, j and k each can present the x, y or z-direction. For
simplicity, the three-order tensor djj, and e;j are usually replaced by dj (36 matrix) and e;
(3%6 matrix). The new defined subscript i can be set as 1, 2 and 3, which corresponds to the
x, y and z-direction, respectively. / represents the second-order tensor xx, yy, zz, yz, zx and
xy, which are represented by numbers 1, 2, 3, 4, 5 and 6, respectively. di and e;; have the
following relationship:?

e, =d,C, (S8)
the four-order tensor Cyy (6%6 matrix) is the elastic stiffness coefficient. For these Si;HX

monolayers with Cs, symmetry, the e;; and Cyy can be expressed as:> ©

0 0 0 0 e5 e
€= 7€n €y 0 €;s 0 0 (S9)

e, €, €, 0 0 0

Cll C12 Cl3 C14 0 0
C12 Cll C13 _C14 0 0
Ckl — C13 C13 C33 O 0 0 (SIO)
C14 _C14 0 44 0 0
o 0 0 o0 C, Cy
o 0 0 0 ¢, 05C,-C,)
Therefore, the d; matrix can be derived as:
0 0 0 0 d, d
d,=|-d, d, 0 ds, 0 0 (S11)
d, d, d, 0 0 0

In this paper, we focus on the e;; and d5;, the relationship between them is described
by the following formula:’

€3

Cll +C12

d, = (S12)
The out-of-plane piezoelectricity of 2D materials refers to the phenomenon that the
polarized charges generated on the surface of 2D materials perpendicular to the plane of 2D
materials after applying stress or strain to the material. The out-of-plane stress and strain



piezoelectric coefficients (e3; and ds;) are corresponding to the polarization along the z-
direction. This is because 2D materials possess a large surface area, and those with excellent
out-of-plane piezoelectric properties can generate a substantial amount of polarization
charges on the material surface under external stress, making them more favorable for
practical applications.
The expressed as:?
_Sop

7 =——"L
Y |e| 8uf (S13)

where S is the surface area of the unit cell of 2D material, e is the elementary charge, P; is

the dipole moment per unit area, and ufl is the displacement of ion / in the j direction under
the action of stress along the 7 direction (i =j = x, y, z). The piezoelectricity of a material,
1.e., the rate of change of polarization of the material under external stress, corresponds
exactly to the overall effect of the Born effective charges (BECs) of each atom. Therefore,
the BECs of each atom in the material can effectively reflect the piezoelectricity of the
material.> 8-10

The applicability of materials to electronic devices depends greatly on their transport
properties, especially carrier mobility. Here, we investigate the transport characteristics of
Si;HX monolayers based on their orthorhombic cells. The deformation potential
approximation is one of the most common methods to calculate the mobility of carriers.!!
The mobility of carriers for the 2D structures can be calculated as follows:!?

_ehC,,
A T mE?

where e is the elementary charge, C,, stands for the in-plane stiffness, Eq refers to the
deformation potential constant, ks and # are, respectively, the Boltzmann constant and the

(S14)

reduced Planck constant, m “and m = ™™ stand for the effective mass and the average
effective mass of carriers, and 7= 300 K is the temperature used in these calculations.
The effective mass of the carriers represents their ability to respond to the external

field and directly affects their mobility. The effective masses of electron (me*) and hole (

mh*) can be obtained by fitting the parabolic function to the band edges (conduction band
minimum (CBM) and valence band maximum (VBM)) via the expression:

8’ E(k)
ok’

11

m h

(S15)

where E(k) is the wave-vector k-dependence of energy at the CBM/VBM (in the k«kyplane).
The characteristics of the carrier transport are investigated along two different directions in
the reciprocal-lattice space. From Eq. S15, we can see that the flatter the energy structure
around the band edges is, the larger are the carrier effective masses. This is because the

2 2
larger the radius of curvature, the smaller the second derivative 0°E(k)/0k®, The Cap for

2D materials is evaluated by the following formula:



1 &°E
G, =S (S16)

where E is the total energy, €uni refers to the uniaxial strain along the two transport

directions x and y, and So is the area of the optimized unit cell. The deformation potential
constant £ can be expressed as:

AE
E, = e (S17)
&

uni

where Fedge stands for the energy shifting of the band edges with respect to the vacuum
level. The positions of band edges (CBM and VBM) and energy shifting are investigated
within the uniaxial strain range from -0.5% to 0.5% along the two transport directions x and
y. By fitting the strain-dependent energy and band energies of the VBM and CBM with
respect to the vacuum energy, we can obtain the elastic modulus and deformation potential
constant.'> 3 The calculated results for the above physical quantities of the SisHX
monolayers are listed in Table S3.

Table S3 The carrier effective mass |m.,| (mg), deformation potential constant |E;,4| (eV),
and elastic stiffness coefficients |Csp 4| (N/m) of the Si;HX monolayers.

Monolayer Carrier type  [Copy| |Copy|l  |md  |[my| |Eqs |Eayl
Light hole 0.41 0.40

Si;HF;s  Heavy hole ”?'3 “61'1 144 230 262 389
Electron 0.25 2.64 241 2.13
Light hole 0.39 0.36

SiHFrs  Heavyhole g7 44 121 161 1Y 29
Electron 024 284 223 1.67
Light hole 042 0.37

Si;HClis  Heavy hole ”53'6 “2'2 150 2.67 >33 4
Electron 025 2.64 4.89 2.78
Light hole 041 037

SUHCls  Heavyhole |00 110 196 175 201 39
Electron 024 292 271 1.32
Light hole 0.44 0.39

Si;HBrs  Heavy hole ”55'9 Ho3 68 295 307 440
Electron 0.25 2.65 3.01 2.31
Light hole 0.42 0.39

Si;HBrgs  Heavy hole ”69'2 “3'4 139 235 29 343

Electron 024 285 2.73 1.99



Table S4 The vacuum level on the lower/upper side E, .1/ E, ., the band edges with respect
to the vacuum level Ecgyvem ", the Over-Potential for Hydrogen Evolution Reaction
x(Hy), and the Over-Potential for Oxygen Evolution Reaction x(O,) of the Si;HX
monolayers (in units of eV) under the HSEO06 level at pH = 0. The adsorption energies of

the water molecule in top side/bottom side E ¢/ Eyaco of the SiygHX monolayers (in units of
eV).

Material Si4HF15 Si4HFFS Si4HCIIS Sl4HClFS Si4HBI‘15 Si4HBI‘FS

Eruet 355 3.62 3.43 3.35 3.23 3.23
Evuer 129 135 2.22 2.15 2.33 2.34
Ecgw’™ -326  -329 327 334 330  -3.38
Even® 744 728  -6.41 626  -6.07  -593
¥Hy) 118 115 1.17 1.10 1.14 1.06
20, 177 16l 0.74 0.59 0.40 0.26
Ews  -028  -0.17  -025  -0.17  -026  -0.25

Eais -0.29 -0.26 -0.27 -0.27 -0.29 -0.29

The change of Gibbs free energy (AG) in water splitting reaction is calculated using
the method proposed by Nerskovet et al.'* The formula can be expressed as:

AG=AE+AE,,. —TAS (S18)
where AE represents the energy changes of reaction intermediates in the free state and the

adsorbed state, AEzpp and AS are the differences in the zero-point energy and entropy

difference between the adsorbed state and corresponding free-standing state, respectively.

Ezpe could be derived after the frequency calculation by

E,pp =1/23 hv (S19)

where V represents the vibrational frequency.
Meanwhile, 7§ is given by

1

TS=kT| X, In( ,,v/k,T) +2k kT(W—l

+1) (S20)
where e represents the electron charge, & represents Planck’s constant and k, is

Boltzmann’s constant. Here, T is set to be 298.15K.
The effect of external potential and pH have been taken into account to evaluate the



HER and OER activities. The AG for HER process include two steps, which was expressed
as:

*1H +¢ > H (S21)

AG, =G, —%GHz ~G.+AG, —AG,, (S22)
H +H +e —>*+H,(g) (S23)

AG, =G, + % Gy, =Gy +AG, —AG,, (S24)

Meanwhile, the OER can be decomposed into four elementary steps. The AG for each step
was calculated as follows:

H,0()+*—>OH +H" +e" (S25)

AG, =G, + % Gy, —G. =G, , +AG, —AG,, (S26)
OH > O +H" +e (S27)

AG, =G, + % Gy, —Gope =G o+ AG, = AG,,, (S28)
H,0(1)+O* — OOH" +H" +¢ (S29)

AG; =G,y + % Gy, =G =Gy o +AG, —AG,, (S30)
OOH" —*+0,(g)+H" +e (S31)

AG, =G, + % Gy, +G, =G, . +AG, —AG,, (S32)

AG, (AGy =

where -el) denotes extra potential bias provided by an electron in the

electrode, where U represents the potential difference from the standard hydrogen electrode
potential. AGpy represents the effect of pH on AG which is calculated by

MGy = kT X In10 X 1y



Table S5 Carrier mobilities u (cm? V-! s1) for electron (e) and hole (%) along x- and y-directions, energy conversion efficiencies of light absorption
Naps (%), carrier utilizations 7., (%), solar-to-hydrogen (STH) efficiencies #sry (%), corrected STH ns7© (%), the total piezoelectric stress
coefficients e3; (in units of 10-1° C / m), and the built-in electric field E;,; (in units of 10° V/m) of some 2D semiconductors in previous works at
300 K and pH = 0.

Monolayer e 0 e’ 1 Nabs New Nstw NsTH es1 Ein Ref
Si4HF s 2.00x103 2.07x103 0.24x103 0.67x103  61.14 4883 29.86 24.68 0323  -3.23
SisHFps 2.45x103 4.17x103 0.37x103 2.93x103>  70.48 5222 36.81 2886  0.329  -3.23
Si,HClg 0.50x103 1.41x103 0.15x103 0.80x103  60.57 48.64 2946 2653  0.094  -1.62  This
Si4HClps 1.63x103 1.69x103 0.65x103 1.06x103 7048 51.70 3644 3181  0.093  -162  work
Si4HBrg 1.34x103 0.86x103 0.22x103 1.06x10°  63.44 3757 2383 2188  0.013  -1.18
Si4HBryg 1.72x103 1.39x103 0.27x103 1.38x10%  73.15 3392 2481 2223  0.016 -1.16
MoSSe 52.72 0.21x103 65.82 0.25x103 - — —— —— —— —— 1.90
MoSeTe 37.25 0.10x103 36.43 0.11x103 —— —— —— —— —— —— 15,16
MoSTe 77.83 24.00 78.53 23.33 —— - —— — —— ——
WSSe 0.13x103 0.72x103 0.12x103 0.43x10%> 3072 4126 1267 11.68 —— —— 17
PtSSe 2.58x103 31.00 0.14x103 20.00 313 595 18.6 17.7 —— —— 18
ALS; 0.61x103 0.40x103 1.93x103 0.34x103 7.2 37.8 2.7 2.6 —— ——
Al,Se; 1.58x103 0.56x103 1.20x103 0.51x10% 209  43.6 9.1 8.0 —— —— 2
Al Te; 5.10x103 0.31x103 0.71x103 0.42x10>  61.1 466 284 214 —— ——
Zn,SSe 2.17x103 0.24x103 2.16x103 0.39x10> 794 3819  3.03  3.01 —— ——

Zn,STe 0.99x10° 86.00 2.99x103 0.19x10° 71.82 23775  17.05 16.28 —— ——



Zn,SeTe 1.82x103 0.10x103 2.05x103 0.13x103 57.69 2848 16.43 16.43 —— ——
ALCCIBr 0.84x103 62.86 0.52x103 52.32 —— —— —— 5.26 —— ——
AlScCCl, 1.32x103 97.36 8.27x103 0.32x103 —— —— - 13.04 —— - -
AlScCBr, 4.64x103 0.14x10° 11.82x103 0.13x10° - —-— —-— 15.58 - —-—
AlIScCBrCl 24.60x103 57.57 8.88x103 34.45 —— —— —— 12.94 —— ——
NbOCl,? 62.01 28.97 0.25x103 0.23 37.73 37.39 14.11 —— —— —— .
NbOBr, 0.11x103 46.06 0.52x103 10.79 40.85 39.99 16.34 - - -
AgBiP,Se, —— —— —— —— 23.12 4440 10.27 10.04 —— —-—
AgBiP,Sq —— —— —— —— 2.78 34.56 0.96 0.96 —— —— ’
CuBiP,Seq —— —— —— —— 27.58  30.15 8.32 8.06 —— ——
CuBiP,S, - - - - 10.78  39.62 4.27 4.21 - -
ZrSSe —— —— —— —— —— —— —— —— 0.005 ——
ZrSeTe —— —— —— —— —— —— —— —— -0.115 ——
ZrSTe —— —— —— —— —— — —— —— 0.003 —— ’
HfSSe - - - - - —-— - - 0.048 -
HfSTe —— —— —— —— —— —— —— —— 0.129 ——
MoSiGeNs —— —— —— —— —— —— —— —— —— 2.74 2
Band structure of NbOCl, monolayer was applied with 1% tensile strain.



The optimized POSCAR data of Si;HX monolayers are as follows:

Si4HFg
1.000000
3.8755168617543081  -0.0000000000275802  -0.0000000000000001
-1.9377584309765645 3.3562960550477521 0.0000000000000002
-0.0000000000000005 0.0000000000000004  30.0000000000000000
F H Si
1 1 4
Cartesian
-0.0000019637155224 2.2375317702994084 5.1254471036206710
1.9377603358843625 1.1187641842699709 12.1278514545549427
-0.0000019637155225 2.2375317702994084 6.7521916192110183
-0.0000000000000001 0.0000000000000001 7.5036097139521285
1.9377603358843625 1.1187641842699707 10.6245197976347612
-0.0000000000000001 0.0000000000000001 9.8674936461896161
SisHFg
1.00000000000000
3.8688674059006392 0.0000000000000000 0.0000000000000000
-1.9344337029004062 3.3505374573490307 0.0000000000000000
0.0000000000000000 0.0000000000000000  30.0000000000000000
F H Si
1 1 4
Direct

0.6666669843821182 0.3333329855491556 0.1703528233311391
0.6666669843821182 0.3333329855491556 0.4047721109351768
0.6666669843821182 0.3333329855491556 0.2245603690418717
-0.0000000000000000 -0.0000000000000000 0.2498346865609253
0.6666669843821182 0.3333329855491556 0.3546723522332446
-0.0000000000000000 0.0000000000000000 0.3291780946309735

Si4HClig

1.00000000000000
3.8723626719761310  -0.0000000000004951 0.0000000000000000
-1.9361813359384836 3.3535644465428351 0.0000000000000000
-0.0000000000000005 0.0000000000000000  30.2207907466325452
H Si (I
1 4 1

Direct

0.6666669844098223 0.3333329855815705 0.3993947910490832

0.6666669846230633
0.0000000000000000
0.3333329855815705

0.2209141595755852
0.2463409754868522
0.3496448376156920

0.3333329857889495
0.0000000000000000
0.6666669844098223



0.0000000000000000  0.0000000000000000 0.3245338867342085
0.3333329857889495  0.6666669846230633 0.1523899422086075

Si4HClgg
1.00000000000000
3.8653048894343840 0.0000000000162931 0.0000000000000000
-1.9326524447530367 3.3474522275989420  -0.0000000000000000
0.0000000000000001 0.0000000000000000  30.0553252538409517
H Si (I
1 4 1
Direct
0.6666669845801962 0.3333329857373570 0.4084734635604725
0.6666669845801962 0.3333329857373570 0.2280120073223035
0.0000000000000000  0.0000000000000000 0.2538006616009320
0.6666669845801962 0.3333329857373570 0.3584646622406957
0.0000000000000000 0.0000000000000000 0.3329675355908013
0.6666669845801962 0.3333329857373570 0.1591533687847781
Si4HBrg
1.00000000000000
3.8817540409294318 0.0000000000001920 0.0000000000000000
-1.9408770204144288 3.3616976106581187 0.0000000000000000
0.0000000000000002 0.0000000000000000  30.4551676668358908
H Si Br
1 4 1
Direct
0.6666669845904352 0.3333329857330298 0.3989694871806577
0.3333329855330334 0.6666669844181285 0.2221173299695991
0.0000000000000000 0.0000000000000000 0.2471598901695415
0.6666669845904352 0.3333329857330298 0.3495948926087351
0.0000000000000000  0.0000000000000000 0.3247884990863810
0.3333329855330334 0.6666669844181285 0.1485885304278725
Si4HBrgg
1.00000000000000
3.8747239531371243 0.0000000000000551 0.0000000000000000
-1.9373619765183925 3.3556093760797752 0.0000000000000000
-0.0000000000000001 0.0000000000000000  29.9033260677420749
H Si Br
1 4 1
Direct

0.6666669845233741 0.3333329856659404 0.4087428003394464
0.6666669845233741 0.3333329856659404 0.2275956263309098
0.0000000000000000  0.0000000000000000 0.2533335799785448



0.6666669845233741 0.3333329856659404 0.3584741150314699
0.0000000000000000  0.0000000000000000 0.3329640675555936
0.6666669845233741 0.3333329856659404 0.1527611515202381
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