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A B S T R A C T

A systematic investigation of the structural, mechanical, electronic, and optical properties of puckered penta-
like PdPSeX (X=O, S and Te) Janus monolayers has been performed by means of the plane wave density
functional theory. It is confirmed that the pentagonal PdPSeX monolayers are dynamically and mechanical
stable by means of analysis of their phonon dispersion curves and the Born condition under harmonic
approximation, respectively. The PdPSeX Janus monolayers are disclosed as brittle two-dimensional materials
(2DMs). The PBE (HSE06)-based calculations exhibit they are indirect semiconductors with bandgap values of
0.65 (1.44) eV, 1.20 (2.02) eV, and 0.98 (1.70) eV for PbPSeO, PbPSeS, and PbPSeTe monolayer, sequentially.
The computational results demonstrate the PdPSeTe monolayer as the best suited candidate for visible light
absorption and photocatalytic water splitting within the considered pentagonal PdPSeX monolayers. Our ab-
initio-based outcomes provide an insight into the fundamental properties of the penta-like PdPSeX Janus
structures and surely would motivate further experimental and theoretical studies to reveal the full application
potential of this new type of 2DMs.
1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDC)
have appeared as a modern family of atomically flat materials with
potential applications in optoelectronics and nanoelectronics [1–6].
Design and development of novel TMDC nanomaterials with better per-
formance in terms of certain implementations is a hot topic nowadays.
Among these TMDC, the 2D palladium-based chalcogenides materials
(PdS2 and PdSe2) possessing layered structures, have received growing
attention recently [7–11]. Though the hexagonal structure is dominant
in 2D materials, resulting in atomically flat surfaces, the PdSe2 can
crystallize in several polymorphs. For example, at ambient conditions,
PdSe2 crystallizes in orthorhombic structure belonging to the Pbca
space group [12], but under pressure the orthorhombic structure can

∗ Corresponding author.
E-mail address: bafekry.asad@gmail.com (A. Bafekry).

be transformed into the cubic one [13]. Different results have been
demonstrated, i.e., that PdSe2 can be grown with a monoclinic [14]
and a hexagonal structure with the space group P-3M1 [15]. Recently,
a stable noble-metal dichalcogenide multilayer – the 2D pentagonal
PdSe2 – has been successfully synthesized from bulk PdSe2 [16] and
its promising properties for utilization in spintronics, optoelectronics,
and nanoscale devices have been manifested [17,18]. Interestingly, as
a result of the system structure and surface arrangement, the pentag-
onal 2D materials with low symmetry and a puckered structure can
potentially display unique chemical and physical properties, including
high stability and excellent electron mobility [19,20], opening up
new opportunities for the forthcoming optoelectronic and nanoelec-
tronic devices. Surprisingly, puckering in the pentagonal structure has
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been discovered empirically and has been foreseen theoretically in
other 2D materials such as PdS2 [21], Al2N [22], pentagraphene [23],
penta-silicene [24], SiC2 [25], B2C [26], BP5 [27], and As2C [28].

However, according to some investigations, ternary 2D PdPSe ex-
ibit crystal structures significantly different from that of the free-
tanding PdSe2 monolayer [29]. More precisely, PdPS and PdPSe 2D
aterials appear in a crinkled shape with a pentagonal lattice, and can

lso crystallize into orthorhombic structures [30]. Although, studies on
he properties of bulk crystalline chalcogenide PdPSe have earned a
ot of interest in recent years [31–34], investigations related to the
roperties in the 2D limit are only getting started. Based on the first-
rinciples calculations, Jing et al. [35] confirmed that 2D PdPS and
dPSe monolayers are semiconductors with high carrier mobilities and
nergy gaps of 2.12 eV and 1.95 eV, respectively. Additionally, these
onolayers are kinetically and thermally stable and PdPSe and PdPS
onolayers can be obtained by exfoliation from bulk crystals with low

leavage energy. In addition, it has also been confirmed that the PdPS
onolayer is flexible and has a potential for a water splitting catalyst

s well as for a light absorber.
Very recently, Li et al. [36] have synthesized a novel 2D penta-

dPSe with a low-level symmetry shape. The substantial intrinsic
nisotropic conductivity of the new PdPSe provides diverse opto-
lectronic properties. Furthermore, it has been underscored the 2D
enta-PdPSe exhibits a noteworthy photo responsiveness and possesses
good electronic mobility. Bafekry et al. [37] investigated the struc-

ural, mechanical, electronic, optical and thermoelectric properties of
dPSe monolayer via density functional theory calculations. These ob-
ervations lead to the conclusion that 2D penta-PdPSe could be utilized
n development of anisotropic devices. Janus nanostructures arrange-
ent provides a unique approach to nanoscale 2D material design.
wing to the unusual characteristics that distinct them from ordinary
D materials, the Janus materials are presently gaining attention. A
onsiderable number of Janus single-layers has been experimentally
abricated or computationally suggested, including but not limited to
anus TMDC [38], MoSeTe [39], WSSe [40], BiTeCl, BiTeBr [41],
a2SSe, Ga2STe, Ga2SeTe [42], Bi2X3 (X=S, Se, Te) [43], FeX (X=S, Se,
e) [44], AlSb and InSb [45], PtSSe [46], FeTe2 [47], MoSSe [48] and
b2S3 and Sb2Se3 [49].

Inspired by a recent publication on 2D penta-PdPSe nanosheets with
nteresting properties of the Janus monolayer, we propose new 2D
anus pentagonal PdPSeX (X=O, S, Te) structures. Moreover, we thor-
ughly investigate their optical, electronic, structural, and mechanical
roperties employing the first-principles calculations. To the best of our
nowledge 2D Janus PdPSeO, PdPSeO, and PdPSeO monolayers have
ot been explored theoretically or experimentally so far. Our compu-
ations confirm these Janus monolayers are kinetically and thermody-
amically stable and last but not least exhibit semiconductor properties.
he findings lead us to conclude that 2D penta-PdPSeX monolayers
X=O, S and Te) could become a feasible alternative to the existing
lready 2DMs in nanoelectronic and optoelectronic applications.

. Method

We have taken advantage of the density functional theory as im-
lemented in the Vienna ab-initio simulation package (VASP) [50,51]
o calculate the electronic structure of the nanosheets. The plane-
ave basis projector augmented wave (PAW) method was used with

he generalized gradient approximation of Perdew–Burke–Ernzerhof
PBE) [52,53]. The Heyd–Scuseria–Ernzerhof (HSE06) [54] functional,
ith a screening parameter of 0.2 Å−1 and an exchange mixing coeffi-

ient of 25%, has been employed to obtain more accurate values of the
andgaps. The kinetic energy cut-off was taken to be 500 eV for the
lane-wave expansion, and the energy of the system was converged to
elow 10−5 eV. For atomic relaxation, the Hellmann–Feynman forces
ere converged to below 0.05 eV/Å. A 21 × 21 × 1 𝛤 -point centered
onkhorst–Pack [55] k-point grid was employed for the unit cells.
2

20 Å vacuum space along the c-direction was used to avoid any
nteractions in the vertical monolayers. The charge transfer was cal-
ulated using the Bader method [56]. The phonon dispersion curves
ere obtained using the small displacement technique as employed in

he PHONOPY code [57].

. PdPSe monolayer

The atomic lattice of the penta-like PdPSe monolayer is shown
n Figs. S1 (a) of the Supplementary information. Notice, the PdPSe
onolayer has a pentagonal lattice belonging to the 𝑃𝑏𝑐𝑎 (60) space

roup and the calculated lattice parameters are: 𝑎 = 5.86 Å and 𝑏
.79 Å. The computed bond lengths are 𝑑1 = 2.85 Å, 𝑑2 = 2.48 Å,
3 = 2.31 Å and 𝑑4 = 2.20 Å. Furthermore, the bond angles are
alculated to be 𝜃2 = 114.86◦, 𝜃2 = 103.83◦ and 𝜃3 = 112.19◦. The
hickness of the penta-like PdPSe monolayer is determined to be 1.46 Å.
ll structural parameters obtained are summarized in Table 1. Using

he charge transfer analysis, we have calculated that the Se atoms gain
.18 𝑒 from the neighbor Pd and P atoms, while the cohesive energy is
etermined to be −3.96 eV/atom. The phonon band calculation results
re illustrated in Fig. S1 (b). Obviously, the phonon dispersion is free
rom any imaginary frequency, uncovering the dynamical stability of
he PdPSe monolayer. The phonon spectrum represents an in-plane
ransverse (TA) and a longitudinal (LA) acoustic mode, with a linear
ispersion, and an out-of-plane flexure mode (ZA) with a quadratic
ispersion in the long wavelength limit. From the electronic structure,
epicted in Fig. S1(c), we discover the PdPSe Janus monolayer is a
emiconductor with a band gap value of 1.26 eV and 2.07 eV within
he PBE and HSE06, respectively. The valance band maximum (VBM)
s located at the 𝛤 -point, while the conduction band minimum (CBM)
s located at the S-point. Apparently, the VBM and the CBM are almost
sotropic around the 𝛤 -point. The projected density of states (PDOS) of
he PdPSe monolayer is exhibited in Fig. S1(d). Notice that, the VBMs
re mainly composed of the Pd-𝑑𝑧2 − 𝑑𝑥𝑦 − 𝑑𝑥2−𝑦2 , P-𝑠, 𝑝𝑥 and Se-𝑝𝑥,𝑧
rbitals states, while the CBMs originate from the 𝑑𝑥𝑧,𝑦𝑧, 𝑝𝑥,𝑧 and 𝑝𝑥,𝑦,𝑧
f Pd, P and Se atoms of the PdPSe, respectively.

. Janus PdPSeX monolayers

.1. Structural properties

A top and a side view of the crystalline atomic structure of PdPSeX
X=O, S, Te) Janus monolayers with a pentagonal structure (top view)
re revealed in Fig. 1. Obviously, the unit cell contains 12 atoms,
ncluding four Pd, four P, two Se, and two X atoms. In each unit
ell, the Pd atoms are covalently bonded to two Se and two X atoms,
ocated in the top and bottom planes. At the ground state, the lattice
onstants 𝑎 (𝑏) of the Janus PdPSeX monolayers are found out to vary
rom 5.57 (5.47) to 6.00 Å(5.88 Å). The lattice constant 𝑎 is slightly
arger than the lattice constant 𝑏. Both 𝑎 and 𝑏 lattice constants of the
anus PdPSeX monolayers increase as the element X changes from O
o Te. This is due to the increase in the atomic radius of the element
, which leads to the increase of the P–X and Pd–X bond lengths and

he lattice constants are proportional to these bond lengths. Notably,
he P–P and P–Pd bond lengths are almost same in the three Janus
dPSeX monolayers considered. The evaluated structural parameters
f all Janus PdPSeX structures are listed in Table 1. To examine the
tability of the structures considered, first we evaluate the cohesive
nergy per atom, given by the following equation:

𝑐𝑜ℎ =
𝐸𝑡𝑜𝑡 − 4𝐸𝑃𝑑 − 4𝐸𝑃 − 2𝐸𝑆𝑒 − 2𝐸𝑋

12
, (1)

where 𝐸𝑡𝑜𝑡 is the total energy of the Janus PdPSeX monolayer; 𝐸𝑃𝑑 , 𝐸𝑃 ,
𝐸𝑆𝑒, and 𝐸𝑋 stands for the energy of the isolated Pb, P, Se, and X atoms,
respectively. The results obtained for the cohesive energy 𝐸𝑐𝑜ℎ of the
Janus monolayers are also presented in Table 1. Namely, the cohesive
energy values of the Janus PdPSeO, PdPSeS, and PdPSeTe monolayers
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Table 1
Structural, electronic and mechanical parameters of PdPSeX (X=O, S, Te) Janus monolayers, illustrated in Fig. 1, including: lattice constants 𝑎, 𝑏; bond lengths between atoms
(𝑑1,2,3,4), bond angles between atoms (𝜃1,2,3), thickness (𝛥ℎ); cohesive energy per atom, (𝐸𝑐𝑜ℎ); charge transfer 𝛥𝑄; work function 𝛷; band gap 𝐸𝑔 with PBE (HSE06); shear modulus
(S); Young’s modulus (Y); and Poisson’s ratio (𝜈), respectively.

Sys. 𝑎, 𝑏 𝑑1,2,3,4 𝜃1,2,3 𝛥ℎ 𝐸𝑐𝑜ℎ 𝛥𝑄 𝛷 𝐸𝑔 S Y 𝜈
(Å) (Å) (◦) (Å) (eV/atom) (e) (eV) (eV) (GPa) (GPa)

PdPSe 5.86,5.79 2.85,2.48,2.31,2.20 114.86,103.83,112.19 4.42 −3.96 −0.18 5.90 1.40 (2.07) 15.36 37.19 0.21
PdPSeO 5.57,5.47 1.58,2.25,2.28,2.22 120.29,114.38,107.04 4.18 −4.67 −1.28 5.16 0.65 (1.44) 12.11 28.65 0.18
PdPSeS 5.77,5.71 2.12,2.37,2.31,2.21 107.16,117.57,110.28 4.33 −4.17 −0.45 5.40 1.20 (2.02) 14.91 36.10 0.21
PdPSeTe 6.00,5.88 2.49,2.62,2.30,2.19 99.29,110.75,114.00 4.54 −3.82 +0.16 5.18 0.98 (1.70) 14.04 33.73 0.20
Fig. 1. Atomic structure (a), phonon band dispersion (b), and difference charge density (c) of PdPSeX (X=O, S, Te) Janus monolayers. The primitive unit cell is indicated by a red
rectangular. For the difference charge density, the blue and yellow regions represent the charge accumulation and depletion, respectively.
Fig. 2. Potential average of the PdPSeX (X=O, S, Te) Janus monolayers.

are evaluated to be −4.67, −4.17, and −3.82 eV/atom, accordingly.
Notably, the cohesive energy values of all three Janus monolayers
considered are negative, implying that their structures are energetically
favorable. More importantly, we have calculated the phonon spectra of
the Janus monolayers to evaluate their dynamical stability. In general,
the dynamical stability of materials can be confirmed if there are no
soft modes in their phonon dispersion curves. The calculated phonon
spectra of the investigated monolayers are illustrated in Fig. 1(b). It
is found out that all three Janus PdPSeX monolayers are dynamically
stable. It should be noted that the evaluated phonon spectra have small
negative frequencies near the 𝛤 -point, which might be related to the
accuracy of the numerical calculations due to the limitation in size of
the supercell. Meanwhile, this does not affect the dynamical stability of
the 2D materials. The difference in charge density (𝛥𝜌) is defined as:

𝛥𝜌 = 𝜌𝑡𝑜𝑡 − 𝜌𝑃𝑑 − 𝜌𝑃 − 𝜌𝑆𝑒 − 𝜌𝑋 , (2)

where 𝜌𝑡𝑜𝑡, 𝜌𝑃𝑑 , 𝜌𝑋 and 𝜌𝑃 indicate the charge densities of PdPSeX
and isolated Pd, P, Se and X atoms, respectively. The difference charge
density is displayed in Fig. 1(c), where the blue and yellow regions
3

represent the charge accumulation and depletion, accordingly. It is
found out that the charge-depleted regions surround the P atoms in
all structures. Our results show that the P atom losses approximately
0.65𝑒 (in the case of the PdPSeO Janus monolayer), 0.3𝑒 (in PdPSeS)
and 0.1𝑒 (in PdPSeTe). From the difference charge densities of PdPSeO
and PdPSeS, we detect that the negatively charged O and S atoms are
surrounded by positively charged adjacent atoms. Notice, each O and S
atom gains about 1.28𝑒 and 0.45𝑒 from the adjacent atoms in PdPSeO
and PdPSeS, respectively, while in the case of PdPSeTe, the charge
transfer is from the Te and it loses 0.16 𝑒. As can be expected the charge
redistribution is strongly dependent on the atomic electronegativity.
The magnitudes of the charge transfer values are also included in
Table 1.

In Fig. 2, we present the calculated planar average electrostatic
potential of the Janus PdPSeX monolayers, which allows to evaluating
their work function values. The work function is an important parame-
ter, which enables to estimate the ability of the electrons to escape from
the material’s surface. Based on the electrostatic potential calculations,
we can estimate the work function 𝛷 via the Fermi 𝐸𝐹 and vacuum
𝐸𝑣𝑎𝑐 levels as follows: 𝛷 = 𝐸𝑣𝑎𝑐 − 𝐸𝐹 . Thus, the work function values
of PdPSeO, PbPSeS, and PbPSeTe monolayers are calculated to be
5.16, 5.40, and 5.18 eV, respectively. Next, we discuss the mechanical
stability and related properties of the PdPSeX sheets. The harmonic
approximation is employed to calculate the linear elastic constants.
The elastic parameters verify the Born conditions [58], which indicates
that all PdPSeX sheets are mechanically stable. The shear moduli (S)
of PdPSeO, PdPSeS and PdPSeTe monolayers are determined as 12.1
GPa, 14.9 GPa and 14.1 GPa, accordingly. The Young’s moduli (Y) of
PdPSeO, PdPSeS and PdPSeTe monolayers are 28.7 GPa, 36.1 GPa, and
33.7 GPa, correspondingly. The Poisson’s ratio values, given in Table 1,
are less than 0.33, thus, demonstrating that PdPSeX monolayers are
brittle structures.
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Fig. 3. (a) Electronic band structures using PBE and HSE06 with corresponding (b) DOS and PDOS of PdPSeX (X=O, S, Te) Janus monolayers (employing PBE). Zero of energy is
set at the Fermi energy level. The charge density of VBM and CBM indicated as right panel of the band structure.
Fig. 4. Real (a) and imaginary parts (b) of the dielectric functions, and optical
absorption spectra (c) as a function of the photon energy of PdPSeX (X=O, S, Te)
monolayers estimated by the RPA+HSE06 approaches, and (d) band alignments of
PdPSeX (X=O, S, Te) monolayers for photocatalytic water splitting and carbon dioxide
reduction as compared to the PdPSe monolayer. The band edges are given with respect
to the NHE potential (in Volts).

4.2. Electronic properties

Furthermore, we investigate the electronic properties of the Janus
PdPSeX sheets. The calculated band structures and the corresponding
partial densities of states (PDOS) of the three PdPSeX monolayers are
illustrated in Fig. 3. It is found out that the Janus PdPSeO and PdPSeTe
monolayers are indirect bandgap semiconductors, while the PdPSeS
monolayer is a direct bandgap one. The bandgap values of PdPSeO,
PdPSeS, and PdPSeTe are calculated to be 0.65 eV, 1.20 eV, and 0.98 eV
at the PBE level, respectively. The bandgap values of PdPSeO, PdPSeS,
and PdPSeTe decrease with approximately 30 meV, 20 meV, and 30
meV, accordingly, when a spin–orbit coupling (SOC) is considered.
Moreover, we discover a band splitting of about 30 meV in the valence
4

and conduction bands, see Figs. S2(a–c) (Supplementary information).
Focusing on the band structures, one can see that the PdPSeS and
PdPSeTe Janus monolayers have rather similar band structures. The
VBM and CBM of the PdPSeO are located at the 𝛤 -X path and S-𝛤
path, accordingly. In the case of PdPSeS they are located at the S-
point, while for PdPSeTe the VBM and CBM are placed at the S-𝛤
path and 𝛤 -point. The charge densities of the CBM and VBM are also
indicated in Fig. 3(a). It is well-known the PBE method underestimates
the bandgap values of insulators and semiconductors. However, this
problem can be solved by using a hybrid functional, such as the HSE06
one. Our calculations demonstrate that the band structures estimated
by the HSE06 and PBE method have almost same profiles. The most
significant difference is that the bandgap value, calculated by the
HSE06 hybrid functional, is much larger than the one computed by
the PBE approach. Our HSE06 functional-based computational results
demonstrate that all PdPSeX monolayers are indirect semiconductors
with bandgap values of 1.32, 2.01 and 1.70 eV for PbPSeO, PbPSeS,
and PbPSeTe, respectively. The calculated band structures of the Janus
monolayers at the HES06 level are also illustrated in Fig. 3. The
corresponding bandgap values are summarized in Table 1. To evaluate
the contributions of orbitals of atoms to the formation of the electronic
bands, we have computed the PDOS of all three Janus structures. The
results are depicted in Fig. 4(b). Obviously, the electronic bands, both
valence and conduction, are mainly contributed by the orbitals of the
Pd atoms. Besides, the 𝑝𝑧 orbitals have a large contribution to the
valence band too. Focusing on the CBM and VBM, it is evident that
the VBM of the Janus monolayers is mainly contributed by the Pd-𝑑𝑥2
orbitals, while the 𝑑𝑥𝑦2 , 𝑑𝑥2+𝑦2 orbitals of the Pd atoms have a significant
contribution to the CBM.

4.3. Optical properties and band alignment

Turning to the optical properties of the PdPSeX monolayers
(Figs. 4(a–c)), the real and imaginary components of the dielectric
function are calculated by means of the random phase approximation
(RPA) method over the HSE06. The interaction between the incident
electromagnetic field and the PdPSeX monolayers can be described by
the dielectric function, which depends on the band structure of the
monolayer. The Kramers–Kronig equations are used to evaluate the real
component from the imaginary component of the dielectric function.
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The real part of the dielectric function at zero energy is the static
value, which is 6.47 and 4.84 (in xx and yy directions, respectively) for
PdPSeO, 5.98 and 5.78 for PdPSeS, and 6.44 and 6.05 PdPSeTe. The
value for the zz direction is negligible as compared to these for the xx
and yy directions. The plasma frequencies (the roots of the real part),
according to the Drude model, appears at ∼3.34 eV and 8.88 eV along
the xx direction of the PdPSeO monolayer. In the case of PdPSeTe, the
first frequencies are at the energy of 2.98 eV for xx and at 3.06 eV
for yy direction, and the second frequencies appear at the energy of
8.79 eV for xx direction and 8.85 eV for yy direction (see Fig. 4(a)).
All transitions from the valence bands to the conduction bands can be
described by the imaginary components. The imaginary part increases
at ∼1.32 eV, 2.01 eV, and 1.70 eV for PdPSeO, PdPSeS and PdPSeTe,
respectively (Fig. 4(b)), which are related to the corresponding bandgap
values. The imaginary spectra increase from the bandgap to 3 eV for
the PdPSeTe, to 4 eV for PdPSeO, and to 5 eV for PdPSeS monolayer.
Obviously, the PdPSeTe and PdPSeO monolayers are strongly absorbing
visible and ultraviolet light. The PdPSeTe monolayer can absorb the
visible light more efficiently than the PdPSeO. Fig. 4(c) shows the
absorption curves of the PdPSeX monolayers. The starting point of the
increase appears at the same position of the corresponding value of the
imaginary part. The absorption curves reveal the PdPSeTe monolayer
has a larger efficiency to absorb light in the visible range than its
counterparts. Fig. 4(d) illustrates the band alignments of the oxidation
and reduction potentials for water splitting with respect to the band
edges of PdPSeX monolayers.

The PdPSeS and PdPSeTe sheets have appropriate bandgap values
∼2.02 eV, 1.70 eV, accordingly, and their band edges (conduction
band edge (CBE) and valence band edge (VBE) are more negative
and more positive, respectively, than the hydrogen reduction H+/H2
otential and the water oxidation H2O/O2 potential, respectively, for

water splitting. The CBE is evaluated by 𝐸𝐶𝐵𝐸 = 𝜒−0.5𝐸𝑔−4.5 eV [59–
61], then the VBE is estimated by 𝐸𝑉 𝐵𝐸 = 𝐸𝐶𝐵𝐸 + 𝐸𝑔 , where 𝜒
(𝜒 = (𝜒2

𝑃𝑑𝜒
2
𝑃𝜒𝑆𝑒𝜒𝑋 )1∕6) eV is the geometric mean of electronegativity

f the ingredient atoms and 4.5 eV is the free energy of the electron
with respect to the vacuum level). Herein, the 𝐸𝐶𝐵𝐸 and 𝐸𝑉 𝐵𝐸 are
he absolute values of the conduction and valence band edges, respec-
ively. The 𝐸𝐶𝐵𝐸 and 𝐸𝑉 𝐵𝐸 band edges are measured on the scale of
he normal hydrogen electrode (NHE) potential of the reduction and
xidation levels of H2O: the reduction level (H+ /H2) is located at 0
V, while the oxidation level (H2O/O2) at 1.23 eV. Therefore, the CBE
hould be located ‘‘above’’ the water reduction (H+/H2) level, and the
BE should be located ‘‘below’’ the water oxidation (H2O/O2) level,

in the standard representation. Although the PdPSeO monolayer has a
proper bandgap value, the position of the CBE makes it not applicable
for water splitting/hydrogen production. Due to the adequate bandgap
values and correct positions of the band edges of PdPSeS and PdPSeTe
sheets, they are better candidates for water splitting than the PdPSe
monolayer, and the best one in this regard is the PdPSeS.

5. Conclusion

The structural, mechanical, optical and electronic properties of the
puckered penta-like PdPSeX (X=O, S, Te) Janus monolayers have been
studied using the first-principles theory. Our results demonstrate that
the structural parameters of PbPSeX monolayers depend strongly on
the size of the X atom. The phonon spectra of the PbPSeX monolay-
ers do not include negative frequencies confirming the monolayers’
mechanically stability. The PbPSeX sheets are indirect semiconductors
with bandgap values of 0.65 (1.44) eV, 1.20 (2.02) eV, and 0.98 (1.70)
eV for PbPSeO, PbPSeS, and PbPSeTe monolayers according to the
PBE (HSE06) functional. The optical properties examination indicates
the PdPSeX monolayers have the ability to absorb the visible and
ultraviolet range of spectrum. The PdPSeTe monolayer is revealed as
the best candidate within this class of 2DMs for absorbing of visible
light as well as for water splitting processes since it possesses the proper
5

band alignment.
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