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Computational Methods and Details

Density Functional Theory Calculations

All the density functional theory (DFT) calculations are performed by using the Vienna ab
initio simulation package (VASP).1? The interaction between the core and valence electrons
is described using the frozen-core projector augmented wave approach.®* The generalized
gradient approximation of Perdew-Burke-Ernzerhof (PBE)® functional is employed. To ob-
tain accurate electronic structures, the Heyd-Scuseria-Ernzerhof (HSE06)% hybrid functional
is used. The energy cutoff is set to be 500 eV. A I'-centered mesh of 5 x 5 x 1 and 3 x
3 x 1 k-points is used to sample the two-dimensional Brillouin zone for PBE and HSE06
calculations, respectively. The DFT-D2 method proposed by Grimme is adopted to describe
long-range vdW interactions.” A vacuum space greater than 20 A vertical to the sheet is ap-
plied to separate the interactions between neighboring slabs. Dipole correction is employed
due to the asymmetric layer arrangement. All geometry structures are fully relaxed until the

convergence criteria of energy and force are less than 107 eV and 0.02 eV A1, respectively.

Free Energy Changes for OER

The free energy differences (AG) for the OER are calculated according to the approach

originally proposed by Ngrskov and coworkers:®?

AG =AFE+ AE,,. —TAS — AG,z + AGy

where AL is the computed reaction energy, AE,,. and AS are the zero-point energy differ-
ence and the entropy difference between the absorbed state and gas phase,? respectively, and
T (set to 298.15 K) is the system temperature. The pH dependence of the redox potential
is considered by AG,y = 0.059 x pH, which originates from the HT concentration depen-

dence of the entropy.? The external potential supplied by photo-generated holes is added by



AGy = —elUy,, where Uy, is the electrode potential relative to the standard hydrogen elec-
trode (seen in Figure 2 (a)). The details for evaluating the AG for the OER are described
in the following content.

The OER is a reaction process involved in four electrons, which can be written as:®*

A: x4+ HyO - «xOH+H" +e (1)
B: *OH — O +H' +e” (2)
C: 0+ HyO — *OOH +H" e~ (3)
D: *OOH — *+ Oy + H" + e~ (4)

where * denotes the adsorption site, *OH, *O and *OOH denote the adsorbed intermediate
states. Then, considering the contribution from the zero-point energy, the entropy, the pH
dependence of the redox potential, and the external potential supplied by the photogenerated

holes, the free energy changes along the OER pathway can be expressed as:®?

AGs = Gron + %GHQ — G, — Guyo — AGyy — €Uy (5)
AGp = G.o + %GH2 — G.on — AGyg — eU,, (6)
AGc = Gioon + %GHg — Givo — Gu,0 — AGpy — ey, (7)
AGp = G + %GHQ + Go, — Guoort — MG — U, (8)

Herein, various intermediate states along the reaction paths are calculated based on the
consideration of the absorption of free radicals or atoms on the material surface, and %GH2
represent the Gibbs free energy of HT 4+ e~ at the standard conditions of pressure and
temperature. The pH dependence of the redox potential is considered by AG,y = 0.059xpH .

The entropy of the free molecules (O,, Hy, and H,0O) are taken from the NIST database.



The free energy of Oy(g) is derived as:

G02 = 2GH20 — 2GH2 —4.92 eV (9)

The zero point energy term is given as:’

1
Eope= )Y Shvi (10)

%

and the entropy is obtained as:®

S nT .
Sviv = R E hwi/ ks —1In [1 — exp (—ﬂ)} (11)
- hv; kT
i exp <kBT> —1 B

where h is Planck’s constant, v is the vibrational frequency, R is the gas constant, T is the
absolute temperature and kg is Boltzmann’s constant.
For the OER involving the surface lattice O (Oy,) of Ti,CO,, the four-electron reactions

are:

E: Op+H,O — xOOH + H" e~ (12)
F: *xOOH — Vo + Oy +H" e~ (13)
G: Vo+H,O — «OH+H* e~ (14)
H: *OH — Op +H" +e” (15)

where Or, and Vg denote the surface lattice O and O vacancy, respectively, *OOH and *OH

denote the adsorbed intermediate states. Similar to the normal OER process, the free energy



changes along the reaction pathway can be expressed as:

AGE = Guoon + 3G, ~ Go, — G0 ~ AGym — el (16)
AGr = Gy + 3G, + Go, ~ Guoon — Ay — Uy (17)
AGG = Guon + 3G, — G — G0 — MGy — U (18)
AGr = Go, + 3G, ~ Guon — AGyn — el (19)

Non-adiabatic molecular dynamics simulations

The ab initio non-adiabatic molecular dynamics (NAMD) calculations are implemented
within the framework of time dependent Kohn-Sham (TDKS) equation combined with sur-
face hopping scheme. The simulations are carried out using Hefei-NAMD code,'%1* which
augments the VASP with the NAMD capabilities. The wave functions are calculated by the
PBE functional with the addition of on-site Hubbard U (= 4.2 eV)!® repulsion on the Ti 3d
orbitals. After geometry optimization, the system is heated and equalized at 300 K by using
the velocity rescaling method for 13 ps. Then, a 2 ps ab initio molecular dynamics (MD)
trajectory is generated at the I" point in the microcanonical ensemble with a time step of 1
fs. The NAMD results are based on average over 200 different initial configurations obtained
from the MD trajectory. For each chosen structure, we sample 2 x 10* trajectories for the

next 0.5 ps.

Calculation of the Solar-to-Hydrogen Efficiency

According to the previous work,'®!7 the efficiency upper limits of the solar-to-hydrogen

(STH) are predicted by:

AG [ 20 gep
Hony = 0.5 x 2Cp o de)
Iy~ P(hw)d(hw)

(20)

where P(hw) is the AM1.5G solar energy flux at the photon energy hw, AG is the potential

difference of 1.23 eV for water splitting, and F is the energy of photons that can actually be



utilized for water splitting. The integral from 0 to oo in the denominator represents the total
power density of incident simulative sunlight (AM1.5G), while the integral from E to co in
the numerator is the effective photocurrent density. Determining the extra energy needed
to overcome the barriers of the HER and OER is important for calculating STH efficiency.
Because the OER can process spontaneously under light irradiation and the U, is large
enough to drive the HER, we assume that all the photo-generated carriers will be converted
to hydrogen, namely, E is equal to E, (band gap) for the MoSe,/Ti;CO, heterojunction
and the catalytic reaction efficiency is 100%. The 0.5 denotes that only half of the photo-
generated carriers can be converted to hydrogen energy in Z-scheme photocatalytic water

splitting.

Calculation of the Optical Absorption Spectra

The optical absorption spectra are simulated by converting the complex dielectric function

to the absorption coefficient aus(w) according to the relation: 8

Qaps(W) = ﬁw\/\/sf(w) +e3(w) — e1(w) (21)

where e;(w) and e3(w) are the real and imaginary parts of frequency-dependent complex

dielectric function e(w), respectively. Due to the tensor nature of the dielectric function,

£1(w) and e9(w) are averaged over three polarization vectors (along z-, y- and z-directions).



Structural, Electronic and Free Energy Results
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We have examined the effect of different stacking patterns on the binding energy and

vertical distance between the two components of the two-dimensional (2D) van der Waals

(vdW) MoSe,/TiyCO4 heterojunction. Three different stacking structures are chosen (pre-

sented in Figure S1), and the binding energies and vertical distances between the MoSe,

and Ti,CO, monolayers are listed in Table S1. The differences of both the binding energies

Thus,

and vertical distances between the MoSe, and Ti,CO, monolayers are very small.



the effect of the different stacking patterns on the binding energies and vertical distances
between the two components of the 2D vdW MoSe,/Ti,CO, heterojunction is negligible.
Due to the largest binding energy among the different configurations, the Al configuration

is chosen for the calculations of the electronic properties and free energy variations.

Table S1. The binding energy and vertical separation between the two components of 2D

vdW MoSe,/TiyCO4 heterojunction with different stacking patterns.

Configuration Binding energy (meV/atom) Vertical separation (A)

Al —16.8 3.07
A2 —16.7 3.07
A3 —16.6 3.15
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Figure S2. (a) Evolution of the total energy of ab initio molecular dynamics for the
MoSe,/ TiyCO4 heterojunction in liquid water at 300 K. (b) Normalized distribution
function g(r) of O atom in water along z axis for the last 5.0 ps simulation. (c) Snapshot

structure of the the MoSe,/Ti,CO; heterojunction in liquid water.
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Figure S3. Band structures of the MoSe, and Ti,CO, monolayers calculated by HSE06

hybrid functional. The Fermi levels are set to zero.
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Figure S4. Total DOS and projected DOS for free-standing MoSe, and Ti,CO,

monolayers as well as the MoSe,/Ti,CO, heterojunction.
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Figure S5. Spatial distribution of the valence band (a) and conduction band (b) for the

MoSe,/TipCO, heterojunction. The red and blue regions indicate the distribution of the

valence band and conduction band, respectively.
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Figure S6. The plane-integrated electron density difference along the vertical direction of
the MoSe,/Ti,CO, heterojunction. The background represents the charge redistribution
with the red and blue regions presenting the electron accumulation and depletion,

respectively.
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Figure S7. Biaxial strain effect on the band structure (a) as well as band edge alignment

represent the dominated contributions varying from MoSe, to TipCO,. The values in (b)

(b) of the MoSe,/TiyCO4 heterojunction. The circles with color from red to blue in (a)

are all in eV.
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Figure S8. Time-dependent evolutions of the energy states for the nonadiabatic molecular
dynamics simulations. The color bar suggests the contribution of MoSe, and Ti,CO, to
each band. VB@MoSe,, VBQTi,CO,, CB@MoSe, and CBQTi,CO, represent the valence
band (VB) and conduction band (CB) of MoSe, and TiyCOs.
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Figure S9. The averaged values of nonadiabatic coupling between different states.
VB@MoSe,, VBQTi,CO,, CB@MoSe, and CBQTi,CO, represent the valence band (VB)
and conduction band (CB) of MoSe, and Ti,COs.
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Figure S10. Side and top views of the most stable absorption structures of H,O molecule

on the Ti,CO, surface.
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Figure S11. Side and top views of the most stable absorption structures of Oy molecule

on the Ti,CO, surface.
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Figure S12. Free energy diagrams for the oxygen evolution reaction on the Ti,CO,

surface at pH = 0 (a,c,e) and pH = 7 (b,d,f) under biaxial strain.
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Figure S13. Free energy diagrams for the oxygen evolution reaction with O vacancy on

the Ti,CO, surface at pH = 0 (a) and pH = 7 (b).
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