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Two-dimensional Pd3(AsSe,), as a photocatalyst for
the solar-driven oxygen evolution reaction: a first-
principles study+t
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The relationship between the structure and properties of materials is the core of material research. Bulk
Pds(PS4), materials have been successfully synthesized in the field of three-dimensional materials. After
that, various studies on two-dimensional layered materials were conducted. Inspired by these successes,
this work used density functional theory based on first principles to explore similar two-dimensional
Pds(AsX4),, where X is S, Se, or Te belonging to the same group. Our findings demonstrate that the
Pds(AsS4), and Pds(AsSe4), monolayers, with HSE06 band gaps of 2.37 and 1.36 eV, respectively, are
indirect semiconductors. Additionally, their carrier mobilities [523.23 cm? s7* V™ and 440.6 cm? s~t v
are also proved to be superior to MoS, [~200 cm? s~ V71]. The optical calculations indicate that the

Pds(AsSe4), monolayer yields suitable valence band edge positions for the visible-light-driven water
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Accepted 17th March 2023 splitting reactions. More interestingly, at a low applied voltage of 0.14 V, Pds(AsSe,), exhibits outstanding
oxygen evolution reaction performance. In this study, the possible mechanism for the ability of

DOI: 10.1035/d3ra00592e Pds(AsSe4), monolayer to promote photocatalysis and oxygen evolution was explained, which may pave
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Introduction

To address the environmental issues brought by the combus-
tion of fossil fuels that significantly alleviated the energy crisis,
research on renewable clean energy, such as solar energy, has
sparked a boom in the field of materials science and chem-
istry."> Therefore, the search for two-dimensional (2D) mate-
rials that can serve as highly effective photovoltaic (PV) solar
cells and water splitting catalysts present an attractive prospect
for providing clean and sustainable energy without burning
fossil fuels or releasing chemical pollutants.>®* Many materials
have been identified as having photocatalytic potential”* since
the first TiO, photocatalytic water splitting demonstration by
Fujishima and Honda in 1972." Two half-reactions, the oxygen
evolution reaction (OER) and hydrogen evolution reaction
(HER), where OER is a four-electron process and HER is a two-
electron process, make up the entire process of photocatalytic
water splitting. As a result, OER is more complicated than HER
and is typically regarded as the step reaction process that
determines the rate throughout the entire water splitting
process.'>* Research on 2D materials has entered a period of
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the way for the practical design of further solar-driven high-quality water splitting photocatalysis.

rapid development ever since Novoselov and Geim successfully
synthesized monolayer graphene in 2004, which showed
exceptional physical properties, such as enormous specific
surface area and high carrier mobility."> These characteristics
also make 2D materials suitable for a variety of electronic,'*"
optoelectronic,**** and plasma devices.>*>*

For photocatalytic water decomposition and oxygen evolu-
tion, 2D materials, such as g-C3N, (0.43 V),>” B-GeSe (0.497 V),°
and TIPt,S; (2.46 V),"* have been reported to be excellent cata-
lysts. However, the disadvantage is that these materials require
a considerable amount of additional voltage. Therefore, in order
to solve the issue of increasing energy demand in the future, it is
crucial to investigate 2D semiconductor materials with proper
band gaps and low reaction voltages for oxygen evolution.

Palladium thiophosphate (Pd;(PS,),), the layered crystal, was
initially synthesized in 1971 by Bither et al.*® Later, through
theoretical investigations, Jing and Tang et al. discovered that
2D layered Pd;(PS,), has excellent photocatalytic water splitting
capabilities.”*** Given that both P and As atoms are in group-VA
of the periodic table, while S, Se, and Te atoms are in group-VIA,
substituting atoms of the same group in similar configurations
may result in similar or even better properties. Inspired by this,
in this study, we investigated the dynamical stability, mechan-
ical, electronic, and photocatalytic water splitting properties of
Pd;(AsX,), (X = S, Se, and Te) monolayers using the density
functional theory (DFT) calculations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Computational details

Our DFT computations were performed using the Vienna ab
initio simulation package (VASP),*®* and the projector
augmented wave (PAW)** method was utilized to describe the
ion-electron interactions. The Perdew-Burke-Ernzerhof func-
tional (PBE)* within the generalized gradient approximation
(GGA) was used throughout our computations. A hybrid func-
tional based on the Heyd-Scuseria-Ernzerhof (HSEO06)
exchange-correlation functional*® was adopted for accurately
calculating the band structure and absorption properties. The
energy cut-off of the plane waves was set to 400 eV. The struc-
tures were fully relaxed until the maximum force on each atom
was less than 0.005 eV A™*, and the energy convergence crite-
rion in the self-consistent calculations was set to 10> eV. The 4
x 4 x 1 and 8 x 8 x 1 Monkhorst-Pack k-point grids were used
for geometry optimizations and self-consistent calculations,
respectively. A vacuum region of at least 20 A in the z direction
was adopted to avoid artificial interactions between the neigh-
boring layers. The phonon dispersion was calculated using the
Phonopy code® within the density functional perturbation
theory (DFPT).* In phonon calculations, a supercell is used with
2 x 2 x 1 and an atomic displacement distance of 0.01 A. A finer
k-point grid of 27t x 0.02 A~ was employed. To further confirm
the thermal stability of the 2D Pd;(AsX,), (X = S, Se, and Te)
monolayers, the ab initio molecular dynamics (AIMD) simula-
tion within the canonical ensemble (NVT) and Nosé-Hoover
thermostat at 300 K and 500 K were carried outona3 x 3 x 1
supercell. At each temperature, the AIMD simulation in the NVT
ensemble lasted for 5 ps with a time step of 1.0 fs.

For the investigation of optical properties, according to the
following expression, the light absorption coefficients of the
structures are calculated:*®

1

w 2

a(w) = V2 ?[ &% (w) + &%(w) — & (w)

Thus, in the dielectric equation, ¢, and ¢, stand for the real and
imaginary parts, respectively. In this, the contribution of inter-
band transition is used to calculate ¢,:*°

4 2,2 . 1

&(w) Uy >

ek
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where Q expresses the unit cell volume. q is the Bloch vector of
the incident wave. wy is the k-point weight. c and v represent the
conduction band state and the valence band state, respectively.
u. represents the cell periodic part of the orbitals at point k.
Kramers-Kronig transformation was used to determine the real
part &:*°

e1(w) :1+2 J:(wr)w&dw’

T T w+in
where P is the principle value. n denotes the complex shift in the
Kramers-Kronig transformation.
We simulated the OER reaction under the neutral condition
of pH = 7 and temperature for 300 K in order to quantify the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance of the OER and understand the underlying pho-
tocatalytic mechanism. The expressions below illustrate how
this procedure can be broken down into four phases:*

*+H,0 — *OH + H" + ¢~
*OH — *O+ H  + e~

*0Q + H,O — *OOH + H" + ¢~

*OOH — *+ O, + H  + e~

where * denotes a free position on the surface that can be
adsorbed, and *OH, *O, and *OOH denote the OH, O, and OOH
intermediates adsorbed on the surface, respectively.

We used a method established by Nerskov et al.** to calculate
the free energy change (AG) in the water oxidation reactions.
This method states that the AG of an electrochemical reaction is
computed as

AG = AE +AEzpg — TAS + AGy + AGyy

where AE is the adsorption energy, AEzpr, and AS are the
differences in zero point energy and entropy difference between
the adsorbed state and the gas phase, respectively. We used
a finite difference method to calculate the vibration frequencies
of all adsorbed species for entropy and zero-point energy.** T
stands for the ambient temperature (300 K). The free energy
contributed in different pH concentrations is represented by
AGpy (AGpy = kT x In10 x pH). AGy (AGy = —eU) signifies
extra potential bias produced by an electron in the electrode,
where U represents the electrode potential with respect to the
standard hydrogen electrode (SHE).

Results and discussion
Structures and stabilities

We first explored 2D Pdj3(AsX,), compounds with lattice struc-
tures similar to that of Pd;(PS,),. For X covering the group-VIA
elements (S, Se, and Te). Fig. 1 depicts the monolayer
Pd;(AsX,), (X =S, Se, and Te) crystal structure. The optimized
lattice parameters are a = b = 6.882 (7.180 and 7.569) A for the
Pd;(AsX,), (X = S, Se, and Te) monolayers, which crystallize in
the P3m1 space group. Due to the varying radii of various atoms,
the lattice constants of the Pd;(AsX,), (X =S, Se, Te) monolayers
are slightly larger than that of the Pd;(PS,), (@ = b = 6.64 A)
monolayer.*® The detailed structural information of the three
layers is listed in Table 1. We calculated the electron localiza-
tion function (ELF) to describe the bonding behavior in the
structure. As shown in Fig. 1b, electrons are primarily localized
between As-X (X =S, Se, and Te) atoms. In contrast, there are no
electron localizations between the X-Pd (X = S, Se, and Te)
atoms. The above results reflect the covalent bonding states
between the As and X (X = S, Se, and Te) atoms and the ionic
bonding between X (X = S, Se, and Te) and Pd atoms.

To assess the thermodynamic stabilities of the Pd;(AsX,), (X
=S8, Se, Te) monolayers, we first calculated their cohesive energy
using the following equation:

RSC Adv, 2023, 13, 1742-11750 | 11743
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Fig. 1
localization function (ELF). The isosurface for ELF is 0.75e A~3.

Table1 Lattice parameter L (in A), space group, cohesive energy Econ
(in eV per atom), and formation energy AH; (in eV per atom) for
monolayers Pdz(AsX4), (X =S, Se, Te)

Phase L, Space group Econ AH;

Pd;(AsS,), a=>b=6.882 P3m1 —4.28 —4.18
Pd;(AsSe,), a=b=7.180 P3m1 —3.74 —3.18
Pd;(AsTey), a=b=7.569 P3m1 —3.56 —3.53

Econ = [E(PdAs,X.) — xE(Pd) — yE(As) — zEX)[/(x +y + 2)

where x, y, and z represent the number of atoms in the cell,
E(Pd,As/X,) is the total energy of the Pd;(AsX,), (X =S, Se, and
Te) layers, E(Pd), E(As), and E(X) are the energies of the isolated
Pd, As, and X atoms, respectively. A more negative E.p, value, by
this definition, denotes higher thermodynamic stability.
Pd;(AsS,),, Pd;(AsSes),, and Pd;(AsTe,), monolayers have
computed cohesive energies of —4.28, —3.89, and —3.56 eV per
atom, respectively, which are lower than those of Cu,Si
(—3.46 eV per atom),* silicene (—3.98 eV per atom),** and ger-
manene (—3.26 eV per atom)* monolayers at the same theo-
retical level, and the cohesive energy of Pd;(AsS,), is equivalent
to that of the Pd3(PS,), (—4.55 eV per atom) monolayer. The
relatively small cohesive energies of 2D Pd3(AsX,), compounds
suggest that the monolayers are stable phases of Pd-X-As
systems. We should note, especially for the compound, which
has not yet been synthesized, the negative values of the cohesive
and formation energies are necessary. Next, we calculated the
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(a) Atomic structure of the Pds(AsX4), (X = S, Se, and Te) monolayer. The dashed line represents the primitive cell. (b) The electron

formation energy of the Pd;(AsX,), monolayers. The formation
energy (AHy) is defined as the difference between the energy of
a crystal and corresponding constituent elements in their
standard states. The formation energy is given by the following
expression:

AH; = [E(Pd,As X:) — xu(Pd) — yu(As) — zu(X))(x + y + 2)

where x, y, and z represent the number of atoms in the cell,
E(Pd,As,X,) is the total energy of the Pd;(AsX,), (X =S, Se, and
Te) layers. u(Pd), u(As), and u(X) are the chemical potentials of
Pd, As, and X (X = S, Se, and Te), respectively. For most
elements, chemical potentials are equal to the DFT total ener-
gies of their ground states.*” Table 1 provides the obtained
values of AH;. The negative values of the formation energies of
Pd;(AsX,), (X = S, Se, and Te) monolayers indicate the stability
of these compounds. For a material to be thermodynamically
stable, it is necessary but not sufficient that AH; < 0. Indeed,
thermodynamic stability requires that AH; be negative not only
relative to its pure elemental phases but relative to all other
competing phases, ie., its energy must be below the convex
hull.*® Thus, we calculated the energy above the convex hull
(AHpyn) by using the following formula,

AHhull = AHf — AH

where AH; is the formation energy of the Pd;(AsX,), (X =S, Se,
and Te) monolayers, AH is the convex hull energy at the
Pd;(AsX,), (X =S, Se, and Te) composition. When AHy,,; < 0, it

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indicates that the structure is thermodynamically stable. By
calculation, we found that the AH},,; of the Pd;(AsS,), structure
is 0.02 eV per atom. Due to the DFT-related uncertainty/
calculation error problem, AHy,; can be considered thermo-
dynamically stable at less than 0.025 eV per atom.** Therefore, it
is thermodynamically stable for the Pd;(AsS,), monolayer.
Similarly, we calculated the two structures Pd;(AsSe,), and
Pd;(AsTe,), and found that the AHy,; for the Pd;(AsSe,),
structure is 0.03 eV per atom, which is very close to 0.025 eV per
atom. Therefore, the Pd;(AsSe,), structure is also considered to
be thermodynamically stable. However, the Pd;(AsTe,), struc-
ture has energy above the convex hull of as high as 0.3 eV per
atom, indicating that it is thermodynamically unstable. So, the
Pd;(AsTe,), structure is not sufficient to establish its experi-
mental growth. Therefore, we further explored the other
stability of the Pd;(AsX,), (X =S, Se, and Te) structure.

Based on the elastic stability criteria,*” stable 2D Pd;(AsX,),
(X =S, Se, and Te) lattices should satisfy Cy4, Cys, C¢s > 0 and
C11Csy > Cy0”, where C; are the elastic constants. The summa-
rized values shown in Table S1t indicate that the criteria are
fully satisfied. Then, as shown in Fig. 2a-c, we calculated the
phonon dispersion along the high-symmetry lines in the first
Brillouin zone to assess the dynamical stabilities of Pd;(AsX,),
(X =S, Se, and Te) monolayers. There is not any appreciable
imaginary frequency in the phonon spectrum of these
Pd;(AsX,), (X = S, Se, and Te) monolayers, suggesting the
dynamical stabilities of these different structures.

We further performed AIMD simulations to evaluate the
thermal stabilities of Pd;(AsX,), (X =S, Se, and Te) monolayers.
We used a relatively large 3 x 3 supercell and carried out AIMD
simulations at the temperatures of 300 K and 500 K for
Pd;(AsXy), (X = S, Se, and Te) monolayers. The energy of
monolayers Pd;(AsX,), (X = S and Se) changes only in a small
range (~0.1 eV per atom), as shown in Fig. S1 of the ESI,T and its
structure can be successfully preserved through the simulation
time. For the Pd;(AsTe,), monolayer, however, the structure
collapses after the simulation, making it unstable at ambient
temperature, which is consistent with the results of AHp.
Thus, in the following discussion, we will mainly focus on
Pd;(AsS,), and Pdj;(AsSe,), monolayers. After that, we per-
formed AIMD simulations of the Pdj(AsS,), and Pdj;(AsSe,),
monolayers at 500 K, as shown in Fig. S2 of the ESIL.{ At the end
of the simulations, we found that both the structures could still
be maintained and the energy fluctuated in a small range, as
shown in Fig. S2 of the ESL.{ Meanwhile, we investigated the
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chemical stability of Pd;(AsS,), and Pd;(AsSe,;), monolayers,
which is the capacity of 2D materials to preserve their original
physical and chemical properties in the environment. We used
the surface work function to evaluate the chemical stability of
the monolayers Pd;(AsS,), and Pds(AsSe,),.** Their physical
meaning is described as the essential energy to remove an
electron from the Fermi level. A low work function means that
the electrons are loosely bound, which is advantageous for
carrier transfer during the photocatalytic process but detri-
mental to the chemical stability of the material.” Here, we
merely take into account the work function of the vacuum
environment monolayers of Pd;(AsS,), and Pdj(AsSe,),. The
monolayers Pd;(AsS,), and Pds(AsSe,), (5.5 and 5.43 eV) have
greater work functions than black phosphorene (4.50 eV),* as
illustrated in Fig. S3,7 demonstrating their exceptional chem-
ical stability. The Pd;(AsS,), and Pd;(AsSe,), monolayers are
energetically, dynamically, thermally, and chemically stable,
according to these systematic studies.

Electronic and transport properties

We will now look into their electronic properties. Based on band
structure calculations using the PBE method, it was found that
the Pd;(AsS,), and Pd;(AsSe,), monolayers are direct and indi-
rect semiconductors with a band gap of 1.37 eV and 0.68 eV,
respectively. The valence band maximum (VBM) and conduc-
tion band minimum (CBM)of the Pd;(AsS,), monolayer are both
located at the I' point. However, for the Pd;(AsSe,), monolayer,
the VBM is at the M point, while CBM is at the I' point, as
illustrated in Fig. 3a and c. The projected density of states
(PDOS) on the atomic orbitals is also shown in Fig. 4a and b. It is
evident that the d orbital of Pd and p orbital of S (Se) both make
a major contribution to the Fermi energy and exhibit a certain
orbital hybridization effect. The electronic states of CBM and
VBM in Pd;(AsS,), and Pd;(AsSe,), monolayers are also studied
in order to better investigate the charge distribution of
Pd;(AsS,), and Pd;(AsSe,), monolayers. For the Pd;(AsS,),
monolayer, as shown in Fig. 4c and d, VBM demonstrates that
electrons are localized around all Pd atoms and some S atoms,
while CBM comes from all S atoms and some Pd atoms. In
contrast to the Pd;(AsS,), monolayer, the VBM of the Pd;(-
AsSe,), monolayer exhibits a concentration of all electrons
around Pd atoms, whereas the CBM contains both Pd atoms
and Se atoms. These findings are in line with the results of the
PDOS results on Pd;(AsS,), and Pd;(AsSe,), monolayers.

(a)20 (b)1s (c)10
N1sf N N
2 o
> > >5
g g—————5
3 (‘Ds . [}
o 3 3
g g g
= I s
i i 0
M T K M M r K M

Fig. 2
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(a—c) Phonon dispersions of Pdz(AsS4),, Pdz(AsSes), and Pds(AsTe,), monolayers, respectively.
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Fig. 3 Band structures of Pds(AsS4), and Pds(AsSes), monolayers by
the (a and c¢) PBE and (b and d) HSEO6 methods.

It is well-known that the PBE functional generally underes-
timates the band gap by about 30%;* we thus carried out the
hybrid density functional (HSE06) calculations to achieve
a more accurate band gap. The band gaps of Pdj(AsS,), and
Pd;(AsSe,), monolayers are 2.37 eV (Fig. 3b) and 1.36 eV
(Fig. 3d), respectively, according to the HSE06 calculations. The
direct band gap of the Pd;(AsS,), monolayer becomes an indi-
rect band gap at this time. At the same time, we also analyzed

(a)20 ——Total ——Pd-s
B ——Pd-p ——Pd-d
——As-s ——As-p
——As-d —@8—S-s
— S_p
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the PDOS by using the HSE06 method, as shown in Fig. S4.1 We
found that the HSEO06 results are generally consistent with the
PBE results. The activity and water-splitting efficiency of a pho-
tocatalyst are greatly influenced by the band gap and the elec-
tronic band structure. As previously reported, the band gap
should be between 1.23 eV and 3.00 eV, in order to realize an
efficient light-harvesting photocatalyst for water splitting.>
Pd;(AsX,), (X = S and Se) monolayers perfectly satisfy this
criterion because they have band gap values of 2.37 and 1.36 eV,
respectively.

The efficiency of photocatalysis will decline if the rate of
electrons and hole recombination is high. Two-dimensional
materials, which have a low dimension and a high rate of
carrier migration compared to three-dimensional ones, are
better equipped to prevent the compounding of photo electron-
hole pairs. An increase in carrier mobility leads to higher pho-
tocatalytic efficiency as it allows for faster transport to the
photocatalyst surface. Moreover, it is preferable to suppress the
recombination of electrons and holes, which can be achieved by
the difference between electron and hole mobilities in the same
direction.*

Therefore, to illustrate the carrier mobilities along the x and
y directions, rectangular lattices (Fig. S51) were used. The
effective masses of carriers, which depend on the band struc-
ture of the region around the band edges, were determined by
fitting a linear function to the CBM (electrons) and VBM (holes)
using the following equation:

e L O’ E(k)
h2 akz
b —— Total —— Pd-s
(B)of —re—r
—— As-s —— As-p
—— As-d —— Se-s
Se-p —— Se-d

10

PDOS

0
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
Energy (eV) Energy (eV)

(C) g8 8 1 S’ (d ) oo% o2 o L Ny o2
S 30 7030 TANE SuN¢ TRIMICO I CO L TURNT IRNE S
ORI SR SRS IS %édd %édm ’?} N7 GRS

a o 1 Omc, OQQC o ,Qm;,:
(VBM) (CBM) " vBM) (CBM)

Fig.4 Projected density of states (PDOS) of (a) Pd3(AsS4), and (b) Pdz(As
of the VBM and CBM for (c) Pdz(AsS4), and (d) Pds(AsSe,), monolayers
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Se4), monolayers by the PBE method. Partial charge density distributions
by the PBE method. The isosurface is set to be 0.006e A~>.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where E(k) represents the energy at the band boundaries as
a function of wave number k. Table 2 displays the results ob-
tained for the carrier effective mass m*.

The in-plane stiffness (C,p) can be calculated by simulating
the total energy (E) change of the applied strain (¢) motivated by
the 2D materials with the equation C,p, = [3*E/de*]/S,, where S,
is the surface area of the optimized supercell. The linear rela-
tionship between the band edge for VBM and CBM and the
strain exertion (¢) along the x and y direction, respectively, was
fitted to estimate the Deformation Potentials (DP) constant (E;).

According to the DP theory, the following expression can be
used to determine the carrier mobility of 2D materials,*

2el’ Cap
3kBT\m*|2E12

Mop

Here, 7 is the reduced Planck constant, kg is the Boltzmann
constant, and T is the temperature (set to be 300 K). The carrier
mobilities of Pd;(AsS,), and Pds(AsSe,), monolayers along
different directions can be calculated by a straightforward
application of the expression above because C,p, m* as well as
E; have already been estimated. The calculated carrier mobil-
ities are listed in Table 2. The electron carrier mobility of
Pd;(AsS,), and Pd;(AsSe,), are 523.23 cm® s™' V' and 440.6
em?® s V1, respectively, which are significantly higher than
those of MoS, [~200 cm* s~* V 'P* and GeP; [~190 cm?® s~ *
Vv~ '].% The hole carrier mobility of Pd;(AsS,), and Pd;(AsSe,),
are 0.198 and 12.72 cm® s™' V', respectively, indicating that
they are both electron-transport semiconductors. Such high
electron carrier mobilities make it possible for carriers to
migrate rapidly to the surface. The large difference of electron
and hole mobilities in the same direction can effectively
suppress the recombination of the photo-generated electron—
hole pairs, thus effectively improving the photocatalytic
performance of Pd;(AsS,), and Pd;(AsSe,),.

Strain effect on the electronic property

Previous studies have shown that external strain can have
a significant impact on the electronic and optical properties of
materials.’**” In actuality, the substrates that are employed to
support the 2D materials make strain effects inescapable. We
found that these 2D materials have excellent mechanical
properties, as shown in Fig. S6.1 The strain-stress diagram S6}
shows that the Pd;(AsS,), and Pdj(AsSe,), monolayers can
maintain the ideal strain of 48% and 50%, respectively, which is
much larger than that of other well-known 2D materials such as
molybdenum disulfide (20%)*® and graphene (24%),*
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indicating the high mechanical strength and excellent
mechanical properties of the Pd;(AsS,), and Pds(AsSe,),
monolayers. New insights into the applications of flexible
electrical and photonic devices will be revealed by the modu-
lation of the band gap and electronic structure by strain. Using
the PBE functional, the band gap as a function of the biaxial
strain is plotted in Fig. 5. Based on the different band struc-
tures, two strain zones can be distinguished with clarity. For the
Pd;(AsS,), monolayer, zone I is for an indirect band gap with
a strain range of 2-10%, where the band gap initially increases
and reaches its maximal value of 1.79 eV at 8% strain before
rapidly decreasing with further expansion. It should be noted
that increasing the strain up to 10% (gap, 1.75 eV) will not cause
the gap to disappear completely. Nevertheless, 2D Pd3(AsS,),
transforms into a direct band gap semiconductor in the strain
range of —5 to 2% (zone II). The direct band gap, however,
transforms into an indirect band gap when the strain hits —5%,
and when the compressive strain reaches 10%, the band gap
still does not go away completely. As a result, the Pd;(AsS,),
monolayer exhibits semiconductor characteristics in the strain
range of —10 to 10% (Fig. 5a). For the Pd;(AsSe,), monolayer,
zone I corresponds to an indirect band gap with the strain
ranging from —7 to 10%, where the band gap is gradually
increased. It should be observed that increasing the strain up to
10% (gap, 1.18 eV) is not able to make the gap disappear, and
stretching the material results in no band gap transition. Most
interestingly, zone III demonstrates that the Pd;(AsSe,),
monolayer's band gap decreases to zero when the compressive
strain exceeds —7% and the material transforms into a metal
(Fig. 5b). Fig. S7t illustrates that the semiconductor-to-metal
transition is caused by the downward shift of the CBM and an
upward movement of VBM, for the monolayer Pd;(AsSe,),. The
change in band gap suggests that the semiconductor can be
tailored for specific electronic applications.

Photocatalytic properties

To evaluate the potential of the material for photocatalysis, it is
necessary to investigate its optical characteristics and deter-
mine whether it meets the required band gap.

In the visible light region (350-700 nm),* we found that only
the Pd;(AsSe,), structure exhibits high absorption efficiency,
while the absorption efficiency of the Pd;(AsS,), structure is
poor, indicating that Pdz(AsSe,), has a greater potential for
photocatalytic applications (Fig. 6a).

The energy levels of the VBM and CBM must, respectively, be
lower and greater than the water oxidation and reduction

Table 2 Calculated effective mass |m*|, DP constant |£;|, in-plane stiffness Cop (in N m™Y), carrier mobility u (cm? s7* V™1 for Pds(AsS,), and

Pd3(AsSe,4), monolayers along the x and y directions

Phase Carrier type |mz| / my ‘m;‘ my |Eay |E1y] Cspx Capy Ly My

Pd;(AsS,), Hole 9.32 12.97 3.43 3.44 14.5 13.0 0.198 0.092
Electron 1.05 1.00 0.59 0.81 523.23 280.75

Pd3(ASSe4)2 Hole 1.15 1.60 2.31 3.32 10.3 9.9 2.166 12.72
Electron 1.64 1.36 0.56 0.41 168.55 440.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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potential levels in order to satisfy the conditions for sponta-
neous water splitting. The water oxidation potential and
reduction potential are also dependent on the pH and can be
expressed by the following equations:*"*

Eomo”™ = —5.67 + pH x 0.059 eV

Eyem,"™R = —4.44 + pH x 0.059 eV

Therefore, for 0,/H,0 and H'/H, at pH = 0 (pH = 7),
respectively, the potential of the standard oxidation and
reduction potentials relative to the vacuum level is —5.67
(—5.26) and —4.44 (—4.03) eV. The positions of VBM and CBM of
Pd;(AsS,), and Pd;(AsSe,), in relation to vacuum level are
depicted in Fig. 6b, respectively.

The results demonstrated that Pdj;(AsSe,), monolayer is
a promising photocatalyst for OER under visible light irradia-
tion. This is because the VBM is lower than —5.67 eV and the
material has good absorption efficiency in the visible light
region.

We built a 2 x 2 supercell with 12 Pd, 8 As, and 32 Se atoms
for the Pds(AsSe,), single-layer. The potential adsorption sites

are all thought to be the Pd and Se atoms (Fig. S8t). We
discovered that the active site is situated at the Se, atom,
according to the calculation. The atomic configurations of the
intermediates along the water oxidation reaction pathway on
the Pd;(AsSe,), monolayer are shown in Fig. S9,1 and the related
free-energy profiles under the neutral condition (pH = 7) are
summarized in Fig. 7. The black line represents the Gibbs free
energy change of the OER for the Pd;(AsSe,), monolayer when
no voltage is applied (U = 0 V), the red line represents the
change in Gibbs free energy for the Pd;(AsSe,), monolayer when
exposed to light conditions (U = 1.23 V), and the blue line is the
change in Gibbs free energy for the Pd;(AsSe,), monolayer when
the minimum voltage required is applied (U = 1.37 V).

From Fig. 7, we can see that in the third step, the highest
Gibbs free energy (~1.37 eV) is required to oxidize O* species to
OOH* species. The photocatalytic oxygen evolution reaction of
Pd;(AsSe,), can proceed smoothly when a voltage of 0.14 V is
applied under the light condition of pH = 7. Experimentally, the
applied voltages for Pd;(AsSe,), are feasible, and they are also
considerably lower than those for g-C;N, (0.43 V),*” Ni/graphene
composite (0.35 V),** C,N-based type-II heterojunctions (C,N/
GaTe: 1.47 V, C,N/InTe: 0.94 V),** numerous TM@C catalysts

a b)-3
( ) — Pds(AsSs). ( )
—_— Pda(ASSea)z _4 | . pH=7
H /HZ H=0
o — CBM(:4.72) p
2 > 5l CBM(-5.13)
3 = pH=7
!6 E’) OZ/HZO H=0
(280 o gl P
Q <
< w
VBM(-6.49)
71
VBM(-7.08)
-8
300 400 500 600 700 Pds(AsS:). Pds(AsSe:).

Wavelength (nm)

Fig. 6

(a) Light absorption spectra of Pdz(AsS,), (red line) and Pds(AsSe4), monolayers (magenta line) calculated by the HSEO6 method. (b) Band

edge alignment for water redox reactions of Pdz(AsS,), (red line) and Pdz(AsSey4), at pH = 0 and 7.
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or metal oxides (0.49-1.7 V),** and the extensively researched
catalyst v(Ni, Fe)OOH (0.56 V). It suggests that the Pd;(AsSe,),
has the potential to be an outstanding photocatalyst for water
splitting to oxygen evolution.

Conclusions

Motivated by the reports on the synthesis of 2D Pd;(PS,),, an
extensive first-principles analysis was carried out to investigate
the physical properties of the Pd;(AsX,), (X = S, Se, Te) mono-
layers. It is demonstrated that the Pdj;(AsX,), (X = S, Se)
monolayers under consideration are dynamical, thermody-
namic, chemical, and mechanical stability. By using the HSE06
method, we have shown that Pd;(AsX,), (X = S and Se) mono-
layers are electron-transport semiconductors with indirect
bandgaps of 2.37 eV and 1.36 eV, respectively. They have high
carrier mobility of 523.23 em”® s V™! and 440.6 cm® s~ V!,
respectively, which are significantly higher than that of MoS,
[~200 cm* s~' V™ ']. More specifically, the Pd,(AsSe,), mono-
layer exhibits good light absorption in the visible light region.
Finally, Pd;(AsSe,), was proven to be a potential photocatalytic
OER catalyst. These findings suggest that the Pds(AsSe,),
monolayer could be a promising material for the development
of efficient photocatalysts for water-splitting applications.
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