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1. The geometrical configurations and electronic properties of the

monolayers and their heterostructures.
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Fig. S1. The convergence test results of the cutoff energy for the CTF-0 monolayer.

*Corresponding author. E-mail address: ycl@ldu.edu.cn. (C.L. Yang).

1



Table S1. The lattice constants (a), bond length of C-N (R), band gaps (E;), energies of the
CBM and VBM and over potentials (y) of the monolayers.
Monolayers  a(A) R(A) Ez(eV) Ecem  Evem  y(H2)/x(02) (eV)
Ti@CTF-0 7.37 2.05 0.75 -1.96 -2.70 1.74/-
Zr@CTF-0 7.38 2.18 0.17 -1.91 -2.08 3.08/-
Hf@CTF-0 7.36 2.23 0.58 -2.29 -2.87 1.88/-
Cr@CTF-0 7.36 200 236 -1.37 -3.73 2.84/-
Mo@CTF-0  7.36 2.14 1.60 -1.53 -3.13 2.64/-
W@CTF-0 7.36 2.14  0.78 -2.11 -2.89 2.02/-
Ru@CTF-0 7.32 222 099 -1.83 -2.82 1.77/-
Os@CTF-0 7.33 222 0.64 -2.10 -2.74 1.49/-
Pd@CTF-0 7.30 2.57 232 -1.77 -4.09 1.57/-
Pt@CTF-0 7.25 2.00 220 -2.11 -4.31 1.45/-
HfS 3.61 - 1.98 -1.79 -3.77 -/1.30
HfSSe 3.68 - 1.40 -1.75 -3.15 -/0.65

Fig. S2. The optimized structures for the considered monolayers. (a) Ti@CTF-0, (b)
Zr@CTF-0, (¢) Hf@CTF-0, (d) Cr@CTF-0, (¢) W@CTF-0, (f) Ru@CTF-0, (g) Os@CTF-
0, (h) Pd@CTF-0 and Pt@CTF-0 monolayers.
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Fig. S3. Partial charge populations of CBMs and VBMs for the (a) Mo@CTF-0, (b) HfS»
and (c¢) HfSSe monolayers.
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Fig. S4. The static potential curves. (a), (b) and (c¢) for the Mo@CTF-0, HfS, and HfSSe

monolayers.

Table S2. The lattice constants (a), interlayer distance (d), and formation energy (Er) of the
Mo@CTF-0/HfS,-based configurations.

Configurations a(A) d(A) Er(meV/A?)
MD 7.30 3.33 -11.50

MDx 7.30 3.33 -11.27

MD, 7.30 3.38 1137

MxD 7.26 2.24 -93.32
MixDx 7.29 2.53 -93.75
MxDy 7.25 2.46 -102.82
M,D 7.30 3.36 -11.49
MyDyx 7.30 3.32 -11.66
M,D, 7.30 3.34 111.20




Table S3. The lattice constants (a), interlayer distance (d), and formation energy (Er) of the
Mo@CTF-0/a-HfSSe-based configurations.

Configurations a(A) d(A) Er (meV/A?)
ME 7.34 3.34 -12.39

MEx 7.35 3.40 -13.01

MEy 7.35 3.40 -12.26

MxE 7.30 2.47 -95.26
MxEx 7.31 2.57 -89.76
MxEy 7.29 2.46 -104.40
M,E 7.35 3.36 -12.09
MyEx 7.35 3.38 -13.50
MyEy 7.34 3.34 -12.07

Table S4. The lattice constants (a), interlayer distance (d), and formation energy (Er) of the
Mo@CTF-0/p-HfSSe-based configurations.

Configurations a(A) d(A) Er (meV/A?)
ME’ 7.34 3.40 -13.32
ME'x 7.34 3.35 -12.14
ME'y 7.35 343 -13.08
ME’ 7.32 2.58 -82.91
MxE'x 7.34 2.34 -52.39
ME'y 7.31 2.57 -91.05
MyE’ 7.35 3.42 -12.99
MyE'% 7.34 3.33 -12.57

M,E/, 7.35 3.40 -12.95
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Fig. S6. Differential charge density distributions of the six configurations.
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Fig. S7. The AIMD simulation results in a temperature of 300 K for the considered structures.
(a) Mo@CTF-0/HfS;, (b) Mo@CTF-0/a-HfSSe and (C) Mo@CTF-0/4-HfSSe
heterostructures.

2. Calculational details for the solar-to hydrogen conversion efficiency
(m'stu) and the optical properties.

The equation of optical absorption coefficient a(w) is

a(w) =2 ’872'(0)) +&f (0) — & (w) (D

Where €i(w) is the imaginary part of the complex dielectric function &(w) =er(w) + ici(w),

can be calculated by the following equation:'

4772 2

&(@) = 77 Zev oz s Mev (1?8 (earc — ey = ho )k 2
Where |Mc, v(k)? represent the momentum matrix element, and ¢ and v represent the
conduction and valence band states, respectively. €i(w) can be calculated by VASP. The real
part e-(w) can be calculated from the imaginary part €i(w) of the complex dielectric function

by using the Kramer-Kroning relationship.>
The solar-to-hydrogen conversion efficiency (nstn) is the result of the efficiency of light

absorption 71abs and the efficiency of carrier utilization nc,, which can be considered a crucial

factor in determining the catalytic ability of photocatalysts. We calculated 7stH, abs, and ncu
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based on the following formula’

NsTH = Nabs X Ncu (3)

f;’:’ P(hw)d(hw)

Mabs = = oyt “

A6 [ P ()

- fbi’; P(hw)d(hw) ©)

7”Cl.l

( Eq, (x(Hy) = 0.2, x(0;) < 0.6)

_J Ey +0.2 — x(Hy), (¢ (Hy) < 0.2, 4(0,) = 0.6)
E= l E, + 0.6 — (05), (x(Hz) = 0.2, x(0,) < 0.6) ©)

Eg+ 0.8 — x(Hz) — x(0,), (x(Hz) < 0.2, x(03) < 0.6)

Where P (hw) is the AM1.5G solar energy flux at the photo energy; E; (HSE) is the
bandgap of the layer materials; y(H2) and x(O:) are the overpotentials for hydrogen and
oxygen evolution reactions, respectively. AG represents the potential difference of 1.23 eV
for water splitting, and E is the energy of photons that can actually be utilized for water
splitting. Because the intrinsic electric field would promote the electron-hole separation, so
the corrected STH efficiency (n'stH) for polarized materials in photocatalytic water splitting

reaction can be calculated as:

. Iy, P(hw)d(hw)
M stn = TstH X Jy° P(hw)d(hw)+A® [,° P(hw)d(hw) ™

Where A® is the work function difference between the two surfaces of the polarized
material. It is worth noting that in a heterostructure, the photoexcitation process occurs within
the monolayers composing the heterostructure. Therefore, the n'sth is limited by the bandgap
value of the monolayer with the larger bandgap in the heterostructure. Consequently, when

calculating the n'stn of a heterostructure, the Eg value in the formula (4), (5), and (6) should



be the bandgap value of the monolayer with the larger bandgap after forming the

heterostructure.

Table SS. The overpotentials, bandgaps, work function differences (A®), and the corrected

STH efficiency of the six configurations.

Configurations  y(H2), x(O2) (eV) Esm, EspE (V) AD (eV) n'sti (%)
MD 2.65,1.39 1.57,2.13 2.28 11.76
MyDx 2.65, 1.40 1.58,2.14 2.27 10.73
ME 2.64,0.69 1.59, 1.44 2.34 20.18
MEx 2.64, 0.58 1.60, 1.42 2.12 19.42
MyEx 2.65,0.59 1.60, 1.44 2.19 19.47
ME' 2.65, 0.60 1.60, 1.44 2.20 20.36
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Fig. S8. The optical absorption coefficients. (a), (b) and (c) for the Mo@CTF-0/HfS,,
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Mo@CTF-0/a-HfSSe and Mo@CTF-0/-HfSSe heterostructures, respectively.




Table S6. The overpotentials (y), bandgaps of HfS; (E¢1) and Mo@CTF-0 (Ey) and work
function differences (A®), energy conversion efficiency of the light absorption of light (#abs),
carrier utilization (#cu), and #'sta of the HfS2/Mo@CTF-0 heterostructure.

x(H2), x(O2)  Ejg1, Eg AD o o o/ N'STH
(eV) (GV) (CV) Nabs ( A)) Necu ( A)) 1STH ( A)) (%)

-4% 2.66, 1.06 1.76,1.34  2.35 49.69 52.54 26.11 17.42
-3% 2.66,1.16 1.87,1.40  2.34 44.12 50.61 22.33 15.67
-2% 2.66, 1.24 1.96,1.46  2.32 39.69 49.09 19.48 14.25
-1% 2.65,132  2.06,1.52 229 35.14 47.52 16.70 12.74

Strain

0 265,139 213,157 228 32.32 46.54 15.04 11.76
1% 264,146 221,162 226 29.16 45.44 13.25 10.65
2% 2.64,1.53 2.28,1.68  2.25 26.40 44.46 11.74 9.66
3% 2.63,1.58  2.34,1.73 2.22 24.26 43.69 10.60 8.90
4% 2.62,1.63 238,177  2.20 22.90 43.19 9.89 8.40

Table S7. The overpotentials (y), bandgaps of HfSSe (E,1) and Mo@CTF-0 (Es2) and work
function differences (A®), energy conversion efficiency of the light absorption of light (7avs),
carrier utilization (7¢u), and #'stu of the SeHfS/Mo@CTF-0 heterostructure.

X(HZ), X(OZ) Eg] 5 EgZ AD o o o n ’STH
(GV) (CV) (GV) Habs ( A)) Hcu ( A)) HISTH ( A)) (%)

-4% 2.67,0.27 0.95,1.38 2.46 70.54 39.60 27.94 15.09
-3% 2.66, 0.37 1.08, 1.43 242 67.59 44.08 29.79 16.67
-2% 2.66, 0.48 1.20, 1.49 2.40 64.03 49.43 31.65 18.38
-1% 2.65,0.56 1.30, 1.54 2.37 61.37 53.70 32.95 19.72

Strain

0 2.64,0.69 1.44,1.59 2.34 58.37 55.65 32.49 20.18
1% 2.65,0.77 1.53,1.65 2.33 55.45 54.58 30.27 19.24
2% 2.63,0.85 1.61,1.69 231 53.18 53.77 28.59 18.60
3% 2.64,0.93 1.69,1.76 2.29 49.69 52.54 26.11 17.57

4% 2.62,0.99 1.76, 1.80 226  47.62 51.82 24.68 16.98




Table S8. The overpotentials (y), bandgaps of HfSSe (£,1) and Mo@CTF-0 (Ey) and work
function differences (A®), energy conversion efficiency of the light absorption of light (#avs),

carrier utilization (#cu), and #'stu of the SHfSe/Mo@CTF-0 heterostructure.

Strain ’(‘gi) 1(02) ig\l;)Egz (Aef,) Habs (%) new(%)  nsti (%) ?j;H
4% 267,014 095,137 225 71.06 3331 2367 1324
3% 266,025  1.07,1.44 223 6670 3734 2502 1458
2% 266,034 117,149 222 6403 4136 2648 1588
1% 266,041 135,155 211 6070 4425 2686 1691
0 265,060 144,160 220 5777 5553 3202 20.36
1% 268,069 154,170 218 5271  53.60 2825  18.83
2% 264,077 162,171 217 5227 5345 2794 1871
3% 263,086 170,176  2.16  49.69 5254  26.11  17.90
4% 262,093  1.78,1.80 2.14 47.62  51.82 2468 1727

3. Details and calculational results of the carrier mobility.

The carrier mobilities of the monolayers were calculated using the deformation potential
(DP) theory.* The equation is®~’

2eh3C
= 8
H 3kgT|m*|2E] ®)

where the carrier mobility ¢ depends on the elastic modulus C, effective mass m*, and

deformation potential constant Ejy. e, &, ks, and T are the electron charge, the reduced Planck

0%E

1 1
constant, the Boltzmann constant, and temperature. C, m*, Eq4, defined as C = T
0

1 0%E(k)
h 0k2

OE . : . .
and E4 = %, respectively. Here, ¢ is the ratio of lattice parameter under the
uniaxial strain along x or y direction on the rectangle cell, E is the total energy of the

monolayer under uniaxial strains, So is the area of the monolayer, and E(k) is the energy

10


file:///E:/桌面/论文/9.8/sqg-SM-9.8.docx%23bookmark1

corresponding to k, k is the wavevector. E.qq. is the energy of the band edge positions

calculated by HSE06. The detailed results are shown in Figs. S9-S12.
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Fig. S9. Fitting curve of elastic constant (C), deformation potential constant (Eq), and
effective mass (m*) of the Mo@CTF-0 monolayer. (a) and (b) are the m* fitting curves of
the electrons along the x and y directions, respectively. (c) and (d) are the m™ fitting curves
of the holes along the x and y directions, respectively. (e) and (f) are the fitting curves of C

along the x and y directions, respectively. (g) and (h) are the fitting curves of Eq along the x
and y directions, respectively.
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Fig. S10. Fitting curve of elastic constant (C), deformation potential constant (£q), and
effective mass (m*) of the HfS, monolayer. (a) and (b) are the m* fitting curves of the
electrons along the x and y directions, respectively. (c) and (d) are the m™* fitting curves of
the holes along the x and y directions, respectively. (e) and (f) are the fitting curves of C along

the x and y directions, respectively. (g) and (h) are the fitting curves of Eq along the x and y
directions, respectively.
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Fig. S11. Fitting curve of elastic constant (C), deformation potential constant (Eq), and
effective mass (m*) of HfSSe monolayer. (a) and (b) are the m* fitting curves of the electrons
along the x and y directions, respectively. (c¢) and (d) are the m* fitting curves of the holes
along the x and y directions, respectively. (e) and (f) are the fitting curves of C along the x
and y directions, respectively. (g) and (h) are the fitting curves of E4 along the x and y
directions, respectively.

13



(a) (b) (€) 021366
3 -0.077565 3 0.077565 7 -0.21367+
£ £ £ -0.21368
] 5 S
b= z T
>-0.077570 > -0.077570 > -0.21369+
2 & 2
2 & 2 .0.21370-
w o wi
-0.077575 0.077575 -0.213711
-0.004 -0.002 0.000 0002 0.004 0.004 -0.002 0.000 0.002 0.004 -0.010 -0.005 0.000 0.005 0.010
(d) K (Born™) (e) K (Born™) (f) K (Born™)
-0.21366
-117.8405 -117.8405 |
— -0.21367
@ _ -117.8410 _-117.8410
E . =) )
£ -0.21368 2 447.8415 2 .117.84154
z " B
= -0.21369 my*y=1.33 5 -117.8420 5 -117.8420
= [ [
2 021370 Y 117.8425 Y 117.8425 ]
-0.21371 117.8430 -117.8430
-0.010 -0.005 0.000 0.005 0.010 -0.002 -0.001 0.000 0.001 0.002 -0.002 -0.001 0.000 0.001 0.002
(g) K(Burn'1] (h) Strain along x direction Strain along x direction
2 -2
3 -3
[ S R— —a—a—8—1a
5 g
2. a cem 2 5] = cem
& ® VBM g 6 ¢ VBM
[ <
£ I I e ——
o £ S — g 8
8 -9
-9 -0

-0.002 -0.001 0.000 0.001 0.002
Strain along x direction

-0.002 -0.001 0.000 0.001 0.002
Strain along x direction

Fig. S12. Fitting curve of elastic constant (C), deformation potential constant (£q), and

effective mass (m*) of CTF-0 monolayer. (a) and (b) are the m* fitting curves of the electrons

along the x and y directions, respectively. (c¢) and (d) are the m* fitting curves of the holes

along the x and y directions, respectively. (e) and (f) are the fitting curves of C along the x

and y directions, respectively. (g) and (h) are the fitting curves of E4 along the x and y

directions, respectively.

Table S9. The elastic modulus (C), deformation potential constant (E£), and carrier mobility
(u) for the Mo@CTF-0, HfS>, HfSSe and CTF-0 monolayers at 300 K.

Monolayer  direction  me/mn EJ/En(eV) Cm?)  pe/un (cm?> VST
1.87/34.79 0.28/2.91 286.09 14433.56/0.38
Mo@CTF-0
y 1.87/32.81 0.26/2.89 285.37 16679.16/0.44
HfS, X 2.03/0.64 0.20/1.30 115.17 9670.98/2301.02
y 2.03/0.64 0.30/6.71 125.57 4686.16/94.45
HESSe X 2.07/0.58 0.20/1.30 111.38 8984.98/2719.67
h% 2.07/0.58 0.20/7.21 122.60 9890.13/97.59
CTF-0 X 0.60/1.33 3.48/0.71 279.35 883.39/4316.08
y 0.60/1.33 3.48/0.71 279.35 883.39/4319.08
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4. Calculational method of the Gibbs free energy.

The AG can be calculated by the following equation:®

AG = AE — TAS — AEzpg 9)
Where AE, AEzpe and AS represent the differences in total energy, zero-point energy, and
entropy of the slab with and without adsorbed intermediates. 7 is the temperature 298 K. The
Ezpe can be calculated by Ezpg =1/2 2 hv, where the v is the vibrational frequency over
normal modes, and the zero-point of the slab can be negligible. The entropies of the free
molecules were taken from the standard tables in Physical chemistry and those of
intermediates were obtained from vibrational frequency. For those reactions involving the
release of protons and electrons, the free energy of one pair of proton and electron (H'/e")
was taken as 1/2Gy, .
In the aqueous solution, the HER with two electrons pathway, which can be written as:
*+H +e — *H
*H+H +e — *+ Hs
The single site pathway of the OER process can be written as:
H,O +* > *OH+H" + ¢
*OH - *O+H' +¢
*O+H0 — *OOH+H" +¢
*OOH — *+ O +H" +¢
The free energy change for HER step can be expressed as:
AGu« = Gu—1/2Gn.—Gx
The free energy changes for OER steps can be expressed as:
AG1 = Gonx + 1/2Gn, — G0 — G
AG> = Gosx + 1/2Gu, — Gonx
AG3 = Goonxt 1/2Gn, — Gr.0 — Gox
AG4 = Go, + G«— Goonx
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Table S10. Gibbs free energy changes for OER in heterostructures.

Heterostructures AG1 (eV) AG? (eV) AGs (eV) AGy4 (eV)
Mo@CTF-0/HfS» 2.23 0.55 2.89 -0.75
Mo@CTF-0/a-HfSSe 2.34 1.02 2.03 -0.47
Mo@CTF-0/p-HfSSe 2.19 0.59 2.65 -0.51

5. Calculational details of the NAMD simulation.
The nonadiabatic molecular dynamics (NAMD) simulation for the carrier transfer and the
electron-hole recombination were carried out by Hefei-NAMD code.’

The fluctuations are characterized by the energy gap autocorrelation function (ACF)

which defined by!°

(BU®)SU(t))T _ Cun(D)
t (BUtoNHT  (AEZ(0)r (10)

6U is the deviation of the energy gap from the average value, Cun(t) is the unnormalized

ACEF, C(t is the normalized ACF.!!
6U(t) = AE;;(R(t)) — (AE;;(R(D))r (11)

The AEj; is the energy difference between the 1 and j states, and R(t) is determined through

the quantum force.

SU)?) ot
D(t) =exp [— « hg i Jy drz fOTZ d‘ElC(Tl)] (12)
The spectral density was calculated by applying the Fourier transform of an ACF

function.'?

I(w) = |J% [77 dtemitc(t) : (13)
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Fig. S13. The vibration modes of (a)-(d) Mo@CTF-0/HfS,, (e)-(i1) Mo@CTF-0/a-
HfSSe and (j)-(n) Mo@CTF-0/5-HfSSe.
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