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Calculation Details

1.1.Photocatalysis

Step Reaction Mechanism of OER

R1 H,0 + *>0H" + e + HT

R2 OH*->0*+e + HT
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R3 H,0 +0">H00" + e~ + H*

R4 HOO >+ 0,+ e + HT

Step Reaction Mechanism of HER

S1 HT + e »H"

S2 H*+H?* + e —H,

* 1 *

* 1 *

* 1 *
AEyoy=Egoy + EEHZ - EHZO - (Eo - AEO)

Gibbs free energy for these intermediate states, as shown in Table 4, can be calculated by using

the following formula:
AG = AE + AZPE -TAS + AGy, + AG,,

where AE and AZPE are the adsorption and zero-point energy per step. TAS is the entropy
contribution at T=298K,

AG, =-eU (e = elementary positive charge, U = potential bias) The zero-point energy

and the entropic correction in the energy can be determined with the help of vibrational

frequencies, as follows:
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It has been observed that Selenium at the centre of the hexagonal ring happens to be favourable site for

the oxygen evolution and the hydrogen evolution reactions. This preference is due to its lowest

adsorption energy compared to other sites we have investigated.

Table S1: Characteristics of the reaction sites for OER and HER

OER HER
Adsorber- Adsorber-
System Favourable Favourable
Intermediate ) adsorbate Intermediate . adsorbate
Site . 2 Site . 2
distance (A) distance (A)
OH Se 1.6
CdP Se3
0 Se 1.72 H* Se 1.50
OOH Se 2.60
OH Se 1.61
ZnPSe; 0 Se 1.73 H* Se 1.51
OOH Se 2.62

Table S2. Calculated adsorption energy AE, 4 and zero-point energy (AZPE) of overall reaction

step, and Gibbs free energy for the reaction intermediates. All the energies are taken in the

units of eV.

System Reaction | AE,; | AZPE TAS Gibbs Free
Intermediate | (eV) (eV) (eV) Energy (V)
CdPSe, oH" 347 | 0335 | 0011 314
0’ 281 | 0456 | -0.058 2.41
OOH* 5.48 -0.310 -0.001 5.17
ZnPSe; OH" 3.34 -0.335 -0.011 3.01
0} 2.67 -0.456 -0.058 2.27
OOH* 5.38 -0.310 -0.001 5.07




Table S3. The Gibbs free energy AGi for reaction steps for OER. The sum of Gibbs free energy

for the overall mechanism is 4.92 eV, which is the Gibbs free energy for water redox reaction

for U=0 eV.
System AGy (ev) AG,(eV) AGs (ev) AG, (eV) i @
G;(eV
[R1] [R2] [R3] [R4] =
CdPSe; 3.14 -0.73 2.76 -0.25 4.92
ZnPSe; 3.01 -0.74 2.79 -0.15 4.92

Adsorbed geometrical structures and corresponding geometrical changes of CdPSe;

during adsorption of intermediates in water redox reactions:

Further, we have comprehended the major geometrical changes of CdPSe; and ZnPSe; with
the adsorption of the intermediates. Since the reaction mechanism and absorption kinetics in
CdPSe; and ZnPSe; are similar, we chose CdPSejs as the representative model to represent the
reaction sequence and the major geometrical changes as shown in Figure S1 and Figure S2
respectively. Interestingly, during the conversion of OH* to O*, the active site 'Se' is a bit
distorted from the surface, but it returns to its original state when O* is converted back to
OOH*. As a result, the monolayers show no residual geometrical changes, as demonstrated in
Figure S2. Upon the release of O, (in case of OER), the monolayers return to their exact initial
state, illustrating their durability under prolonged and repetitive sequences of reactions. The

same has been observed in the case of HER, as can be seen in figure S2 (b).
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Figure S1: Reaction pathways of (a) oxygen evolution reaction (OER) and (b) hydrogen

evolution reaction (HER) half reaction with the most energetically favourable adsorbed



intermediates (OH*, O*, OOH*, and H*) on CdPSe;. The red and rose balls represent oxygen

and hydrogen respectively
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Figure S2. Geometrical changes of CdPSe; during adsorption of intermediates in (a) OER and

(b) HER.

1.2.Exciton Properties

Hamiltonian for an exciton, i.e., interacting electron and hole with anisotropic effective mass,

constrained to move in a plane (say x and y plane), is given by

-h*10* 10> 10> 1 0°
Hy= ( + +

2 | x 2t 2 XA 2 7| TV -7
\meaxe mYdy, mpox; myoy;
I .
where the mi,] = X,¥,1= e, h corresponds to effective mass of the electron or hole in the x

or y direction, respectively; "¢ ~ ey Yoo 2)) describes the positions of electron and hole and V

(r. - ) describes the electrostatic interaction between electron and hole.
The Schrédinger equation for the relative motion of electron-hole system is given by

n 0>  n? 9?
2u 0x? 22 0y*

+V@) [b(r) = EP(r)
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Where My + My and My + My are reduced mass of the exciton in the x and y

direction and E and ¥ (1) are the eigenenergies and eigenfunctions of the excitons, respectively.

In 2D dielectric medium, electrostatic interaction between electron and hole is given by

nke? r r
VRK(T) = VRK(T) =— E HO p— - YO p—
0 0 0

Where Hj and Y are Struve and Bessel functions, respectively.

The 2D polarizability can be calculated using the ab-initio calculated value of the dielectric

constant as follows:

a1
e(L)=1 +—X

ro= 2Ty

"0 describes the screening length, below which a log(r) interaction dominates while beyond

"0 Coulombic interaction 1/r dominates. It is related to the polarizability as given above.

Employing the variational approach,' one finds 4 dependent (variational parameter) exciton

E.(D)

binding energy and Ey(/l) along x and y direction, respectively. 4 is the variational

anisotropy scaling factor relating the spatial extent of exciton along X direction, %, and one

along ay along the Y direction, Ay = Aax.
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Phonon Band Structure
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Figure S3. Phonon Dispersion of CdPSe; and ZnPSe; monolayers

The phonon spectrum was calculated using the PHONOPY code.? The absence of imaginary
frequency except a small amount of negative frequency near the I" point which is less than 10
cm! or 0.3 THz which is acceptable shows the dynamical stability.>* This negative frequency
is often a result of numerical artifacts and can be eliminated by increasing the density of the
K-mesh and using a larger supercell.>% Moreover, as mentioned in the manuscript, these

monolayers are already synthesized.”®



Elastic Stiffness
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Figure S4. (a, ¢) Young’s modulus Y(9), (b, d) Poisson’s ratio v(Y) of monolayers CdPSe; and

ZnPSe; as a function of 6. Here, ¢ = 0° and ¢ = 90° indicate x- and y-directions, respectively.

Table S4. Elastic Stiffness coefficients, Young’s modulus and Poisson’s ratio for CdPSe; and

ZnPSe3

Cii=Cypn, | C12=Cy Css | Young’s Modulus | Poisson’s

Systems
(N/m) (N/m) (N/m) (N/m) Ratio

CdPSe; 46.55 17.49 14.53 39.98 0.37

ZnPSe; 58.39 23.28 17.55 49.11 0.40




a) b)
Monolayer Structural Band Gap
Parameters (A) (eV)
CdPSe; a=6.61,b=11.45 127
ZnPSe; a=6.35,b=11.02 1.31
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Figure S5. (a) Orthogonal unit cell (b) lattice parameters and band gap (c) band structure of
cdPSe; and (d) band structure of ZnPSe;

Exciton Binding Energy vs Bohr Radius Plot
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Figure S6. Exciton binding energy as a function of exciton Bohr radius along x and y directions
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