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Dynamical, mechanical and thermodynamical stability 

 

 

Figure S1. The phonon dispersion of blue-AsP with a supercell of 6x6x1  

A small pocket of imaginary frequency (~ − 0.18 𝑇𝐻𝑧) is observed around the Γ point in the 

acoustic flexural (ZA) mode, which is a mere artifact commonly observed in 2D materials 

and is extremely sensitive to the details of the calculations and in some cases, it goes off 

altogether with a bigger supercell and/or a denser k-mesh. It simply shows the difficulty in 

reaching numerical convergence for the acoustic flexural phonon mode, which happens to be 

a common issue in ab initio calculations on 2D materials. The small pockets of negative 

frequency (<0.3 THz or 10 cm-1) around the Γ point arising from the flexural acoustic (ZA) 

modes have also been observed in graphene, silicone, molybdenum disulfide, indium and 

gallium chalcogenides1,2.  This region of instability is particularly dependent on simulation 

parameters, such as supercell size and k-point sampling, and can be reduced by using a bigger 

supercell, denser k-mesh or including non-analytical correction (NAC) term. 

Further, the Born-Huang stability criteria, which state that C11C22 - C12
2 > 0 and C66 > 0, are 

satisfied by the elastic constants of blue-AsP monolayer (C11=C22=67.74 N/m, C12= 

C21=11.39 N/m, C66=28.18 N/m) affirming the mechanical stability of these materials. 

The cohesive energies have been calculated using the following formula/equation:  

 
𝐸𝑐𝑜ℎ =

𝑛𝐴𝑠𝐸𝐴𝑠 + 𝑛𝑃𝐸𝑃 − 𝐸𝐴𝑠𝑃

𝑛𝐴𝑠 + 𝑛𝑃 
 

(1) 
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The thermodynamical stability of blue-AsP is justified by its positive cohesive energy, 4.87 

eV, which is in agreement with the previously reported values1. 

The mechanical properties were explored to determine the angle-dependent Young's modulus 

and Poisson Ratio utilizing the following relations: 

 
𝑌(𝜃) =

𝐶11𝐶22 − 𝐶12
2

𝐶11𝑠𝑖𝑛4𝜃 + 𝐶22𝑐𝑜𝑠4𝜃 + (
𝐶11𝐶22 − 𝐶12

2

𝐶66
− 2𝐶12) 𝑐𝑜𝑠2𝜃𝑠𝑖𝑛2𝜃

 
(2) 

   

 

𝜈(𝜃) =
𝐶12(𝑐𝑜𝑠4𝜃 + 𝑠𝑖𝑛4𝜃) − (𝐶11+𝐶22 −

𝐶11𝐶22 − 𝐶12
2

𝐶66
) 𝑐𝑜𝑠2𝜃𝑠𝑖𝑛2𝜃

𝐶11𝑠𝑖𝑛4𝜃 + 𝐶22𝑐𝑜𝑠4𝜃 + (
𝐶11𝐶22 − 𝐶12

2

𝐶66
− 2𝐶12) 𝑐𝑜𝑠2𝜃𝑠𝑖𝑛2𝜃

 

(3) 

 

Here, 𝐶11, 𝐶12, 𝐶22, and 𝐶66 are the elements of the elastic moduli matrix, and 𝜃 is the angle. 

Figure 3 visually exhibits traces of minute mechanical anisotropy, that may result in potential 

variations in material properties along different directions. 

 

Figure S2. Minute mechanical anisotropy in blue AsP given by (a) Young’s Modulus (b) 

Poisson’s ratio 
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Thermal Stability at different temperatures 

 

Figure S3. Ab initio molecular dynamics (AIMD) simulation at T=300 K, 500 K and 800 

K for the time step of 5 ps for 𝜷 −AsP. The before simulation and after simulation 

snapshots of the system has been shown. 

 

Details of exciton lifetime calculations 

Bethe Salpeter approach with Fermi’s golden rule 

Fermi's golden rule, based on first-order perturbation theory, describes the transition rate in a 

quantum system as a function of the transition matrix element and the density of states, which 

is given as follows: 

 
𝛾𝑖

𝑓
=

2𝜋

ℏ
|⟨𝑖|𝐻′|𝑓⟩|2𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) 

(4) 

This transition is driven by a perturbation 
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 𝐻′ = −
𝑒

𝑚𝑐
𝐀 ⋅ 𝐩 ; 𝐀 = 𝐀0𝐞̂(exp [𝑖(𝐤 ⋅ 𝐫 − 𝜔𝑡)] + exp [−𝑖(𝐤 ⋅ 𝐫 − 𝜔𝑡)]) (5) 

where 𝐩 is momentum and 𝐀 the vector potential in second quantized form, |𝑖⟩ represents the 

initial state, and |𝑓⟩ represents the final state. Fermi’s golden rule is also known as the decay 

probability, which is related to the inverse of the lifetime. 

The transition rate 𝛾𝑖
𝑓
 is therefore proportional to the dipole matrix element: 

 
𝛾𝑖

𝑓
=

2𝜋

ℏ

𝑒2

𝑚2𝑐2
𝐴0

2∑|⟨𝑣𝐤|𝑒(𝑖𝐤⋅𝐫)𝐞̂ ⋅ 𝐩|𝑐𝐤⟩|
2

𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) 
(6) 

 𝛾𝑖
𝑓

∝ ∑  

𝐤

|⟨𝑣𝐤|𝐞̂ ⋅ 𝐫|𝑐𝐤⟩|2 ∝  𝑝𝑠
2 (7) 

Bethe Salpeter equation gives the oscillator strength (𝜇𝑠) directly related to dipole matrix 

element 𝑝𝑠
2 as: 

 
𝑝𝑠

2 =
𝑚2𝐸𝑠(0)2𝜇𝑠

2

ℏ2
 

(8) 

where m is the effective mass and 𝐸𝑠(0) is the excitation energy at zero momentum. 

 

Effective exciton lifetime 

The recombination rate of electron-hole pair at zero momentum, 𝛾𝑠(0) and therefore, the 

exciton lifetime (𝜏) at temperature T can be obtained by using the following relations2: 

 
𝛾𝑠(0) =

𝑒2𝑝𝑠
2

𝜀0𝑚2𝑐𝐴𝐸𝑠(0)
 

(9) 

 
𝜏 = {𝛾𝑠(0)}−1

3

4
(

2𝑀𝑠𝑐2𝑘𝐵𝑇

𝐸𝑠(0)2 ) 
(10) 

where 𝜀0 is the absolute permittivity of free space, e is the charge of an electron, A is the area 

of the unit cell and 𝑀𝑠 is the total effective mass. 
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Strain engineering of photogenerated charge carrier potential 

 

Figure S4. Band edges of blue-AsP varying with strain in absolute vacuum scale 

 

Details of Gibbs free energy calculations 

 

The primary determinant for a reaction to be thermodynamically favorable is a negative Gibbs 

free energy. The Gibbs free energy for each step in the two half-reactions (OER and HER) is 

determined using the following equation: 

 ∆𝐺 = ∆𝐸 + ∆𝑍𝑃𝐸 − 𝑇∆𝑆 + ∆𝐺𝑈 + ∆𝐺𝑝𝐻 (11) 

where ∆𝐸 and ∆𝑍𝑃𝐸 represent the adsorption and the zero-point energy for each step. 𝑇∆𝑆 

denotes the entropy contribution at room temperature, i.e., 𝑇 = 298𝐾, and ∆𝐺𝑈 = −𝑒𝑈 with 

𝑒 =elementary positive charge and 𝑈 representing the potential bias which is taken as the sum 

of PCC potential and the external biasing potential. The determination of zero-point energy 

and the correction for entropy in energy relies on the utilization of vibrational frequencies, as 

outlined below:  

 
𝑍𝑃𝐸 =

1

2
∑ ℎ𝜈𝑖   

(12) 

 
 𝑇𝑆𝜈 = 𝑘𝐵𝑇 [∑ 𝑙𝑛 (

1

1 − 𝑒−ℎ𝜈/𝑘𝐵𝑇
) + ∑

ℎ𝜈

𝑘𝐵𝑇
𝐾

(
1

𝑒−ℎ𝜈/𝑘𝐵𝑇 − 1
) + 1

𝐾

] 
(13) 
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Furthermore, ∆𝐺𝑝𝐻 accounts for the influence of pH on the energy of a step and is calculated 

as  ∆𝐺𝑝𝐻 = −𝑘𝐵𝑇𝑙𝑛10 × 𝑝𝐻 when a non-zero pH is present. 3,4 The overall water redox 

reaction [2H2O → O2 + 4H+] in absence of any catalyst has a Gibbs free energy of 4.92 eV, 

indicating its highly endothermic nature and unfavourable conditions. However, by utilizing a 

catalyst, this reaction can be broken down into four individual elementary steps. In an ideal 

scenario with an ideal catalyst, each step would possess a Gibbs free energy of (4.92/4)  =

 1.23 𝑒𝑉, requiring an external potential of 1.23 V. In practice, when a catalyst is present, 

certain reaction steps might demand a higher potential than the ideal per step reaction potential 

of 1.23 V. As a result, the Gibbs free energy per step becomes uneven. The deviation of the 

Gibbs free energy per step from the ideal step, or the minimum potential necessary in excess 

of the ideal potential per reaction step where all steps are thermodynamically favorable, is 

referred to as the theoretical overpotential for the oxygen evolution reaction (OER). This 

overpotential can be calculated using the following equation: 

 
𝜼𝑶𝑬𝑹 =

[𝒎𝒂𝒙(∆𝑮𝟏, ∆𝑮𝟐, ∆𝑮𝟑, ∆𝑮𝟒)  −  𝟏. 𝟐𝟑𝒆𝑽]

𝒆
 

(14) 

where ∆𝑮𝟏 = 𝑮𝑶𝑯, ∆𝑮𝟐 = 𝑮𝑶 − 𝑮𝑶𝑯, ∆𝑮𝟑 = 𝑮𝑶𝑶𝑯 − 𝑮𝑶, 𝒂𝒏𝒅  ∆𝑮𝟒 = 𝟒. 𝟗𝟐 −  𝑮𝑶𝑶𝑯 are 

the Gibbs potentials for the four steps of the OER process (Table S1) followed as: 

𝑹𝟏:   𝑯𝟐𝑶 + ∗→ 𝑶𝑯∗ +  𝒆− +  𝑯+ 

𝑹𝟐:   𝑶𝑯∗ → 𝑶∗ +  𝒆− +  𝑯+ 

𝑹𝟑:   𝑯𝟐𝑶 + 𝑶∗ → 𝑯𝑶𝑶∗ +  𝒆− +  𝑯+ 

𝑹𝟒:   𝑯𝑶𝑶∗ →∗ +𝑶𝟐 +  𝒆− +  𝑯+ 

By introducing this overpotential as an external bias to the system, all the reaction steps will 

undergo thermodynamically favourable changes, leading to a downhill progression. 
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Figure S5. Reaction intermediates of blue-AsP during (a) OER and (b) HER. No 

significant geometrical changes are observed in the system. 

Table S1. The Gibbs free energy ∆𝑮𝒊 for reaction steps and the overpotential 𝜼(V). The 

sum of Gibbs free energy for the overall mechanism is 4.92 eV, which is the Gibbs free 

energy for water redox reaction 

𝐩𝐇 ∆𝐆𝟏 (𝐞𝐕) 

[R1] 

∆𝐆𝟐(𝐞𝐕) 

[R2] 

∆𝐆𝟑 (𝐞𝐕) 

[R3] 

∆𝐆𝟒 (𝐞𝐕) 

[R4] 

𝛈 (V) 

pH=0 1.25 -3.54 1.36 -1.56 0.13 

pH=7 0.50 -4.29 0.61 -2.31 - 

 

Charge Carrier Mobility 

For calculation of charge carrier mobility, we have used the Lang et al.5 robust formalism: 

μx =
eℏ3 (

5C𝑥 + 3C𝑦

8
)

kBT(mx)
3
2(my)

1
2 (

9E1x
2 + 7E1xE1y + 4E1y

2

20 )

× 104 𝑐𝑚2𝑉−1𝑠−1 

Here, ℏ is the reduced Planck constant, e is the charge of electron, kB is the Boltzmann’s 

Constant, mx and my are the effective masses of electron/hole, C𝑥 and C𝑦 are the elastic modulus 

along x & y directions, respectively and 𝐸𝑥 = 𝐸𝑦 = 𝐸𝐷𝑃 is the deformation potential and 𝑇 is 

the absolute temperature in Kelvin (Here 𝑇 = 298 K). Both the charge carriers have sufficiently 
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high mobility to support the photocatalytic activity of the blue-AsP monolayer. Anisotropic 

carrier mobilities favor charge separation and reduce their recombination. 

Table S2. The elastic constant (Cx and Cy), deformation potential (Ex and Ey), electron 

and hole effective masses (mx and my) in terms of m0 (rest mass of an electron), and 

carrier mobilities (µx and µy) in x and y directions 

Charge 

Carrier 
Cx Cy Ex Ey mx my µx µy 

e 67.741 67.741 -6.39 4.65 0.612 0.63 309.99 494.04 

h 67.741 67.741 -3.7 -3.73 0.161 0.499 2305.14 740.75 
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