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Computational Methods 

  Evolutionary search by the crystal structure analysis by particle swarm optimization (CALYPSO) 

code1,2 is employed to find the lowest energy structures of the SixPy (x = 1-4 and y = 1-4) monolayers. 

Unit cells containing 1, 2, and 4 formula units are considered. In a first step, random structures are 

constructed with atomic coordinates generated by the crystallographic symmetry operations. Local 

optimizations are performed by the Vienna ab-initio simulation package (VASP)3 using the conjugate 

gradient method until the changes in the Gibbs free energy do not excess 1 × 10-5 eV per cell. Then 

the 60% of the first generation structures with lowest Gibbs free energy are selected to construct the 

next generation structures by particle swarm optimization. 40% of the next generation structures are 

generated randomly. A fingerprinting technique based on bond characterization is applied to strictly 

avoid identical structures. This procedure significantly enhances the diversity of the structures, which 

is crucial for the efficiency of the global structure search. In most cases, 1000-1200 structures (20-30 

generations) are generated. 

  Local optimizations and electronic property calculations are performed in the framework of 

the generalized gradient approximation4 of density functional theory5 as implemented in VASP. The 

Si 3s2p2 and P 3s2p3 atomic orbitals are treated as valence states. To obtain a better energy 

convergence, we have chosen a plane-wave cutoff energy of 400 eV and Monkhorst-Pack k meshes 

of 2π × 0.03 Å-1. The Heyd-Scuseria-Ernzerhof hybrid functional is used to calculate absorption 

coefficients.  

  Based on the supercell approach of the Phonopy code,6 phonon dispersions are calculated for a 6 × 

3 × 1 supercell of the SiP2 monolayer and a 2 × 1 × 1 supercell of the SiP3 monolayer. Ab-initio 

molecular dynamics7 simulations are performed for a 6 × 3 × 1 supercell of the SiP2 monolayer and a 
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4 × 2 × 1 supercell of the SiP3 monolayer at 300 and 1000 K, controlled by the Nosé-Hoover method, 

using an NVT ensemble for 10 ps with a time step of 1 fs. The cohesive energies of the SiP2 and SiP3 

monolayers are calculated as  

𝐸௖௢௛ = (𝐸ୗ୧ + 𝑥𝐸୔ − 𝐸ୗ୧୔ೣ
)/(1 + 𝑥) , 

where ESi, EP, and 𝐸ୗ୧୔ೣ
 denote the total energies of a single Si atom, a single P atom, and the SiPx 

monolayer (x = 2, 3), respectively. 

The carrier mobility is estimated by deformation potential theory using as 

𝜇 =
ୣℏయ஼

௞ా்௠∗௠ౚ(ாీౌ)మ , 

where C, EDP, and m* are the elastic modulus for uniaxial strain, the deformation potential constant 

(VBM for holes and CBM for electrons), and the carrier effective mass in the transport direction, 

respectively. C is obtained from (E–E0)/S0 = C(Δl0/l0)2/2, where E, E0, S0, l0, and Δl0 represent the 

total energy of the strained structure (Figures S5 and S6), the total energy of the equilibrium structure, 

the equilibrium lattice area, the equilibrium lattice constant in the transport direction, and the change 

of l0, respectively. We have T = 300 K, 𝑚ୢ = ඥ𝑚௫
∗ 𝑚௬

∗ , and EDP = ΔVi/(Δl0/l0), where ΔVi is the 

energy change of the i-th state under compression/tension. The carrier relaxation time is estimated as 

𝜏 = 𝜇𝑚∗/e. 

We obtain for the SiP2 monolayer (in kbar) 

C = 

⎣
⎢
⎢
⎢
⎢
⎡
427.22 68.95 −0.32 0.05 0.60 −0.03
68.95 314.43 0.14 0.00 −0.88 0.01
−0.32 0.14 4.00 −0.02 0.76 0.00
0.05 0.00 −0.02 132.73 −0.05 −0.42
0.60 −0.88 0.76 −0.05 0.21 0.04

−0.03 0.01 0.00 −0.42 0.04 0.43 ⎦
⎥
⎥
⎥
⎥
⎤

 , 

which fulfills the necessary and sufficient elastic stability conditions.8 Diagonalization yields 
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C = 

⎣
⎢
⎢
⎢
⎢
⎡
0.05 0 0 0 0 0

0 0.43 0 0 0 0
0 0 4.14 0 0 0
0 0 0 132.73 0 0
0 0 0 0 281.75 0
0 0 0 0 0 459.90⎦

⎥
⎥
⎥
⎥
⎤

. 

To evaluate the in-plane stiffness, we derive the direction-dependent (θ = angle to the armchair 

direction) Young’s modulus 

𝐸(θ) =
𝐶ଵଵ𝐶ଵଶ − 𝐶ଵଶ

ଶ

𝐶ଵଵ𝑠𝑖𝑛ସθ + 𝐶ଶଶ𝑐𝑜𝑠ସθ + (
𝐶ଵଵ𝐶ଵଶ − 𝐶ଵଶ

ଶ

𝐶ସସ
− 2𝐶ଵଶ)cosଶθsinଶθ

 

and Poisson’s ratio 

𝑣(θ) = −

ቆ𝐶11 + 𝐶22 −
𝐶11𝐶12 − 𝐶12

2

𝐶44
ቇ cos2θsin2θ − 𝐶12(sin4θ + cos4θ)

𝐶11sin4θ + 𝐶22cos4θ + (
𝐶11𝐶12 − 𝐶12

2

𝐶44
− 2𝐶12)cos2θsin2θ

 

from the elastic constants. 

In aqueous solution, the oxygen evolution reaction generally involves the oxidation steps 

H2O + * → OH* + H+ + e‒ ,                    (1) 

OH* → O* + H+ + e‒ ,                       (2) 

O*+ H2O → OOH* + H+ + e‒ ,                    (3) 

OOH* → * + O2 + e‒ ,                       (4) 

where * denotes the adsorption site and OH*, O*, and OOH* denote the adsorbed intermediates. On 

the other hand, the hydrogen evolution reaction involves the proton/electron transfer and H2 release 

steps 

* + H+ + e- → H* ,                        (5) 

H* + H+ + e- → * + H2 .                      (6) 

Considering the electrode potential (U) and pH, the free energy changes of the oxygen and hydrogen 

evolution reactions can be expressed as 
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∆G1 = GOH* + ½GH2 – GH2O – G* – ∆GU – ∆GpH ,          (7) 

∆G2 = GO* + ½GH2 – GOH* – ∆GU – ∆GpH ,              (8) 

∆G3 = GOOH* + ½GH2 – GH2O – GO* – ∆GU – ∆GpH ,         (9) 

∆G4 = G* + ½GH2 + GO2 – GOOH* – ∆GU – ∆GpH ,          (10) 

∆G5 = GH* ‒ ½GH2 – G* – ∆GU + ∆GpH ,               (11) 

∆G6 = G* + ½GH2 – GH* – ∆GU + ∆GpH .                 (12) 

The potential Ue of the photo-generated electrons for the hydrogen reduction, defined as energy 

difference between the hydrogen reduction potential and the CBM, is found to be 0.46 V for the SiP2 

monolayer at pH = 0. The potential Uh of the photo-generated holes for the water oxidation, defined 

as energy difference between the VBM and the hydrogen reduction potential, is found to be 1.93 V 

for the SiP2 monolayer at pH = 0. Since Ue and Uh refer to the standard hydrogen electrode, they 

change with the pH as Ue = 0.46 + 0.059 × pH and Uh = 1.93 − 0.059 × pH. 
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Supporting Figures 
 

 
Figure S1. Phonon spectra and partial densities of states of the (a) SiP2 and (b) SiP3 monolayers. 
 
 

 
Figure S2. Snapshots of the SiP2 monolayer after 10 ps MD simulations at (a) 300 K and (b) 1000 K. 
Snapshots of the SiP3 monolayer after 10 ps MD simulations at (c) 300 K and (d) 1000 K. 
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Figure S3. Snapshots of the SiP2 monolayer with 10 (a) CO2, (b) H2, (c) N2, and (d) H2O molecules 
before and after a 5 ps MD simulation at 300 K. 
 
 

 

Figure S4. Structural motifs of (a,b) 2D SiP, (c) 2D SiP2, and (d) 2D Si3P. 
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Figure S5. a) Total energy difference between the unstrained and strained (a and b directions) SiP2 
monolayer. Energy shifts of the VBM and CBM under strain along the (b) a and (c) b directions. 
 
 

 
Figure S6. (a) Total energy difference between the unstrained and strained (a and b directions) SiP3 
monolayer. Energy shifts of the VBM and CBM under strain along the (b) a and (c) b directions. 
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Supporting Tables 
 
Table S1. Structural information of the SiP2 monolayer. 
 

Phase 
Space 
Group 

Lattice 
Parameters 

Wyckoff Positions  
Fractional Coordinates 

 

  (Å, °)  x y z 

SiP2 P1 a = 3.454 Si(1a) 0.30878 0.38735 0.51381 
  b = 6.045 Si(1a) 0.80912 0.84207 0.51822 
  c = 25.412 P(1a) 0.80245 0.72275 0.42973 
  α = 92.1 P(1a) 0.30226 0.47913 0.42725 
  β = 90.6 P(1a) 0.31259 0.70507 0.56427 
  γ = 90.0 P(1a) 0.81126 0.20124 0.54670 

 
 
Table S2. Structural information of the SiP3 monolayer. 
 

Phase 
Space 
Group 

Lattice 
Parameters 

Wyckoff Positions  
Fractional Coordinates 

 

  (Å, °)  x y z 

SiP3 C2/m a = 5.714 Si(4h) 0.50000 0.35500 0.43725 
  b = 11.967 P(8j) 0.21019 0.25626 0.50000 
  c = 20.766 P(4i) 0.30171 0.00000 0.49496 
  α = γ = 90.0     
  β = 97.6      
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