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I. COMPUTATIONAL DETAILS

The calculations are performed via Density Functional Theory (DFT) within the frame-

work of the Projector-Augmented-Wave (PAW) potential [1]. The exchange-correlation in-

teractions were treated using the Generalized Gradient Approximation (GGA) in the style of

the Perdew-Burke-Ernzerhof (PBE) functional [2], as implemented in the Vienna Ab initio

Simulation Package (VASP) [3, 4]. To ensure accurate results, a plane-wave cutoff energy

of 550 eV was adopted for all calculations. The convergence threshold for the ionic force

was set to 10−3 eV/Å , and the self-consistent field (SCF) calculations were converged to

an accuracy of 10−6 eV per atom. The k-points in the first Brillouin zone were sampled

using a 6 × 6 × 1 Monkhorst-Pack grid for geometry optimization and a denser grid of 8

× 8 × 1 for SCF calculations. A vacuum region of 25Å thickness was introduced to elimi-

nate spurious interactions between periodic images along the z-direction. Additionally, the

DFT-D3 method was used to accurately capture long-range van der Waals interactions [5].

All atomic positions were fully relaxed until the residual force on each atom was less than

0.01 eV/Å.

The PBE functional within the GGA framework typically underestimates the band gaps

of semiconductors [6], therefore the screened hybrid Heyd-Scuseria-Ernzerhof (HSE06) func-

tional was employed to obtain more accurate electronic structures [7]. The effect of spin-orbit

coupling (SOC) is substantial in Janus materials; therefore, it is incorporated in all calcula-

tions using the second variational method [8]. In this approach, a scalar-relativistic basis set

is used to diagonalize the scalar-relativistic part of the Hamiltonian, and then the resulting

eigenfunctions are used to construct the full Hamiltonian, including the SOC term. The

complete form of the Hamiltonian is:Ĥψ = εψ + ĤSOCψ, where ĤSOCψ denotes the spin-

orbit Hamiltonian [9]. Furthermore, the mechanical stability of these systems was verified

through calculating the elastic constants using the energy-strain approach [10].

The thermal stability of B2SSe-MSSe (M = Mo, W) vdWHs are confirmed via ab initio

molecular dynamics (AIMD) simulations at 500K using the NVT ensemble (constant number

of particles, volume, and temperature) approach, along with the Nose Hoover thermostat

to maintain a constant temperature throughout the simulation. The equations of motion

were integrated using the velocity Verlet algorithm over a simulation period of 6ps with a

time step of 2fs [11, 12]. Meanwhile, the dynamical stability was evaluated via the phonon
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spectra using the frozen phonon approach in PHONOPY code based on harmonic interatomic

force constants obtained from Density Functional Perturbation Theory (DFPT). To ensure

convergence, a 2 × 2 × 1 supercell and a 500 eV cutoff were employed [13, 14].

Using the HSE06 single particle energies and wave functions, the GW0 approach is em-

ployed to calculate the quasiparticle energies. To study the optical spectrum, the HSE06

wave functions are also used to solve the Bethe-Salpeter equation (Tamm-Dancoff approxi-

mation). The 10 highest valence and 10 lowest conduction bands are taken into account for

calculating the excitonic eigenstates [15].

The photocatalytic response of these materials are investigated by using Mulliken elec-

tronegativity in EV BM = χ − Eelec + 0.5Eg and ECBM = EV BM − Eg. ECBM(EV BM) is

conduction(valence) band edge potential, χ is the geometric mean of Mulliken electronega-

tivities of the constituent atoms, Eelec = -4.5 eV is the standard electrode potential on the

hydrogen scale, and Eg is the bandgap values [16, 17].
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