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We investigate Janus and alloy structures of PtXnY2−n (X , Y = S, Se, Te; 0 ≤ n ≤ 2) materials on
the basis of first-principles plane-wave simulations. Using cluster-expansion theory to study alloys of
PtXnY2−n monolayers at various concentrations, for half coverage (n = 1), our results indicate that
Janus-type structures are not energetically the most favorable for PtXY monolayers; however, they are
dynamically and thermally stable. To distinguish Janus PtXY structures, we report the Raman-active modes
and compared them with those of bare PtX2 monolayers. The electronic band gaps calculated with use of
hybrid functionals are on par with available experimental data. Spin-orbit coupling significantly modifies
the electronic band structure of PtXY monolayers. Because of the electronegativity differences of differ-
ent chalcogen atoms on each surface of Janus PtXY structures, the arising dipole moment significantly
modifies the band alignments on both surfaces. We find that hydrogen-evolution and oxygen-evolution
reactions occur on different surfaces and that applied strain enhances the catalytic activity. We also inves-
tigate the monovacancy and stacking effects on the electronic properties of PtX2 and PtXY structures.
Our results indicate that due to their intrinsic dipole moments and band gaps, Janus PtXY monolayers are
perfect candidates for water-splitting reactions.
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I. INTRODUCTION

Two-dimensional (2D) atomic layer structures, such
as graphene, group III-V composites, phosphorene, and
transition-metal dichalcogenides (TMDs), at the quantum-
confinement limit are emerging as an important class of
nanomaterials for novel applications in information tech-
nology, optoelectronics, spintronics, energy storage, and
conversion technologies. [1–4] These materials are not
only significantly different from their bulk conterparts but
also display unusual properties due to the much-enhanced
quantum confinement in two dimensions and their high
surface-to-volume ratios. [5,6] TMDs with the chemical
formula MX2 (M is a transition-metal atom and X is
a group-6A atom) have layered-type structures in their
bulk phases. In general, intralayer interactions are of the
weak van der Waals (vdW) type, while interlayer binding
between M and X atoms is by strong chemical bond-
ing [7]. This bonding type makes it possible to obtain
low-dimensional MX2 structures by mechanical exfoliation
methods.
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Two-dimensional materials have a wide range of
structural, thermal, chemical, optical, magnetic, electrical,
and mechanical properties that are otherwise unattain-
able and thus 2D materials present a unique opportunity
in condensed-matter research and semiconductor devices.
For instance, many MX2 structures show indirect band
gap to direct band gap transformation or they change to
being a semiconductor from a metal when the dimen-
sionality is reduced from the bulk to two dimensions,
which makes them potential candidates for next-generation
devices such as transistors [8], solar cells [9], and opto-
electronic devices [10]. MoS2, MoSe2, and WS2 mono-
layers (MLs) can absorb up to 5%–10% of incident sun-
light, which is equivalent to the absorption rate of 50-
nm-thick silicon slab used in current solar-cell technol-
ogy [9]. Monolayer MoS2 has been calculated to have a
lower Li-ion-diffusion energy barrier and superior lithium-
storage capacity in comparison with graphene [11]. Elec-
tronic, magnetic, or optical properties of TMDs can be
tuned by applying strain and creating impurity defects
such as vacancies, adatom adsorptions, or substitutions
[12,13]. Another feasible method of tuning optoelectronic
properties of TMDs includes ordered-disordered alloy-
ing [14]. Shi et al. [15] showed that Mo(S1−xSex)2 and
Mo1−yWyS2 have greater visible-light absorption than the
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bare structures. Gan et al. [16] investigated the chang-
ing of the band gap in Mo1−xWxX2 (X = S, Se, Te) and
reported that the band gap does not change linearly with
the alloying concentration, x. The band gap dipped around
an alloying concentration of x = 1/3. Experimental inves-
tigations proved that few-layer MoS2(1−x)Se2x alloy has
greater hydrogen-evolution activity compared with pristine
few-layer MoS2 and MoSe2 [17].

Recently, a different kind of TMD alloy, which is called
a “Janus structure” was synthesized [18]. In Janus mono-
layers, even though transition-metal atoms are still sand-
wiched between chalcogen atoms, the chalcogen atoms
on both sides are not identical. To synthesize Janus
Mo-based structures, experimentalists prepared triangular
MoS2 monolayer flakes on sapphire substrates and then
stripped off the top-layer sulfur atoms using a hydrogen
plasma to obtain MoSH structures. By thermal seleniza-
tion of the structure for the substrate temperature below
450 ◦C, Janus MoSSe monolayers were obtained. A sim-
ilar method was used by Zhang et al. [19], in which a
Janus MoSSe monolayer was synthesized from a MoSe2
monolayer. They obtained it by replacing the top layer of
selenium atoms with sulfur atoms by controlled sulfuriza-
tion of MoSe2. Er et al. [20] theoretically predicted that
Janus WSSe monolayers have a higher hydrogen-evolution
reaction rate with S or Se vacancies present in the system.
Ji et al. [21] reported that Janus MoXY (X , Y = O, S, Se,
Te) structures have an intrinsic dipole, which causes an
internal electric field in the Janus MoXY monolayer. This
results in electrons and holes accumulating on different
surfaces of the Janus structures and enhances the photo-
catalytic reactivity for water splitting. Meng et al. [22]
reported that a defective MoSSe monolayer can induce
a magnetic moment under external strain. Biaxial strain
can increase the n-type or p-type Seebeck coefficient
of the Janus monolayer, and so does the power fac-
tor [23]. Compressive strain can enhance the anisotropic
Rashba spin splitting in Janus MoXY and WXY monolayers
[24]. While group-III monochalcogenide monolayers have
piezoelectric coefficients of around 1–2 pm/V, these coef-
ficients at least quadruple in the Janus counterparts, which
makes them suitable materials for piezoelectric sensors
and nanogenarators [25]. Recently Shi et al. [26] theoreti-
cally predicted many Janus monolayers of transition-metal
dichalcogenides and many of them show a phase transi-
tion from semiconductor to metal. Janus TMD structures
not only have enhanced electronic, magnetic, and chemi-
cal properties, but also have properties that are not present
in the bare counterparts [27–29].

Platinum (Pt) nanoparticles are used intensively in direct
methanol fuel cells and the hydrogen-evolution reaction
(HER) due to their catalytic behavior [30–33]. Recently,
the synthesis of monolayer PtSe2 has revived interest in
Pt-based dichalcogenides [34]. Chia et al. [35] focused on
the electrocatalytic behavior of Pt-layered dichalcogenides

and reported that the hydrogen-evolution performance
increases with decrease of the atomic number of the
chalcogen atom. However, MoSe2 is more efficient for
hydrogen evolution compared with MoS2 [36]. Sajjad et al.
[37] investigated the optical properties of PtS2 and PtSe2
monolayers and found the exciton binding energies to be
0.78 and 0.60 eV, respectively. These exciton binding ener-
gies are lower than for 1H -MoS2 (0.87 eV) and 1H -MoSe2
(1.02 eV) [21]. While PtX2 monolayers are nonmagnetic
semiconductors, [38,39] hydrogen functionalization makes
them ferromagnetic metals [40]. Zhang et al. [41] found
that strain or Se-vacancy defects alone cannot induce mag-
netization in the PtSe2 monolayer. Because of similar or
superior properties, it is crucial to investigate the properties
of Pt-based dichalcogenides and their Janus counterparts in
detail.

In this study, using first-principles calculations, we
investigate the structural, electronic, and vibrational prop-
erties of Janus-type Pt chalcogenides such as PtXY (X ,
Y = S, Se, Te). First, we investigate the dynamical stability
and calculate the Raman-active frequencies for each PtXY.
Second, we study the properties of Janus PtXY structures
for energy and device applications such as efficient water-
splitting photocatalysis and next-generation optoelectronic
devices. We report the effects of biaxial strains and vacancy
defects on the chemical, vibrational, electronic, and mag-
netic properties. Finally, we investigate possible alloys of
PtXnY2−n structures with different concentrations (n) and
find the ground states for each alloying ratio determine
whether the Janus structures of PtXY are energetically
favorable.

II. METHODS

Our simulations are based on first-principles spin-
polarized plane-wave calculations within density-functional
theory using projector-augmented-wave potentials [42].
The exchange-correlation functional is approximated
by the generalized-gradient approximation with use of
Perdew, Burke, and Ernzerhof (PBE) [43] and Heyd,
Scuseria, and Ernzerhof (HSE) [44] functionals includ-
ing vdW corrections at the D2 level [45]. To define the
electron-electron interaction, the range separation is set to
0.2 Å−1 and the AEXX which defines the fraction of exact
exchange in a Hartree-Fock/DFT hybrid functional type
calculation is set to 0.25. Wave functions are expanded in
plane-wave basis sets up to an electron kinetic energy cut-
off of 400 eV. Impurity and defects are modeled by a 4 × 4
periodic supercell in the x-y plane. To avoid interlayer
interactions between consecutive primitive cells, a vac-
uum spacing of 20 Å is used (40 Å for the work-function
calculations). Brillouin-zone integration is performed with
an automatically generated 20 × 20 × 1 k-point mesh fol-
lowing the convention of Monkhorst and Pack [46], and
the k-point mesh is scaled accordingly for the supercell
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simulations. Ionic relaxation to find the minimum energy
of the structure is realized by the conjugated-gradient
algorithm [47]. All atoms in the simulations are fully
relaxed until the energy difference between the successive
steps is less than 10−5 eV and the force on each atom is
less than 10−2 eV/Å. In addition, the maximum pressure on
the lattice is lowered to 0.1 kbar. Numerical calculations
are performed with VASP [48,49]. To simulate different
compositions, PtXnY2−n (0 ≤ n ≤ 2), we use the special-
quasirandom-structures (SQS) [50] method that is imple-
mented in the ATAT package [51]. For these calculations we
use the primitive cells of PtX2 and PtY2 as initial structures
for n = 2 and n = 0, respectively. To keep the cross-
validation score for cluster-expansion calculations below
25 meV, we investigate more than 700 structures with
different concentrations (n) for each PtXnY2−n structure.
Thermal stability and desorption of specific structures are
tested by ab initio, finite-temperature molecular-dynamics
(MD) calculations. A Nosé thermostat is used, and New-
ton’s equation of motion is integrated through the Verlet
algorithm with time steps of 2 fs. All MD calculations
are performed at 1000 K for 1000 iterations, which cor-
responds to 2 ps. Self-consistent-field calculations of the
work functions and electronic energy bands corresponding
to the optimized structures are performed with and without
spin-orbit coupling (SOC).

The cohesive energy per atom of PtX2 and Janus
PtXY structures, Ecoh = [ET(free) − ET(PtX nY2−n)]/3, is
obtained by subtracting the total energy of the 2D struc-
tures, ET(PtX nY2−n), from the sum of the total ener-
gies (ET) of the constituent free atoms (Pt, S, Se,
Te), ET(free) = ET(Pt) + n × ET(X ) + (2 − n) × ET(Y).
By definition, Ecoh > 0 indicates binding. The defect-
formation energies of the structures are obtained by the
equation Eform = Edefective + μatom − Ebare, where Edefective
and Ebare are the total energies of the PtX2 or Janus PtXY
structures with and without a defect, respectively, and
μatom is the chemical potential of the atom subtracted to
form a vacancy in the structures. We calculate the chemi-
cal potentials, μatom, of Pt, S, Se, and Te atoms to compute
the defect-formation energy. For these calculations we
use bulk platinum, selenium, and tellurium structures and
sulfur gas (S2).

III. RESULTS AND DISCUSSION

A. Structural properties and stability calculations

Stable PtX2 (X = S, Se, Te) structures belong to space
group P3̄m1 with Pt atoms in octahedral coordination. This
atomic geometry is also named the “1T phase” of TMDs.
ML forms of PtX2 are obtained by our increasing the layer-
layer distances to more than 20 Å to inhibit layer-layer
interaction. Figure 1 shows the optimized top and side
views of the ML PtX2 structure. To obtain Janus PtXY (X ,
Y = S, Se, Te), chalcogen atoms on the same side of ML

FIG. 1. Top view (top) and side view (bottom) of atomic struc-
ture of PtX2 monolayers. Pt atoms are sandwiched between
chalcogen atoms (X ). Gray and yellow balls indicate platinum
and chalcogen atoms (X , Y = S, Se, Te), respectively. Janus
PtXY structures are obtained by our replacing X atoms in the
same layer by Y chalcogen atoms. Lattice vectors are indicated
by a and b in the primitive cell. M—X —M , X —M—Y, and
M—Y–M bond angles are labeled by θ1, θ2, and θ3, respectively.

are replaced with a different chalcogen atom as indicated
by the arrows in the bottom part of Fig. 1.

Table I provides the structural parameters, including the
lattice parameters, bond lengths and angles, cohesive ener-
gies, in-plane stiffness, and Poisson’s ratio. The calculated
lattice constants of the Janus PtXY structures are almost
the average of those of PtX2 and PtY2 MLs. This can be
thought of as applying ±3% strain if X and Y are neigh-
bors in the periodic table or ±5% strain (for PtSTe) to bare
MLs. The platinum-chalcogen bond lengths increase with
increasing atomic number of the chalcogen atom. Even
though the structure is different for Janus PtXY MLs, the Pt-
chalcogen bond lengths vary slightly compared with those
for bare MLs and this can be attributed to strain effects.

The first step in stability analysis is to calculate the cohe-
sive energy of the structures. According to our definition
in Sec. II, positive values indicate stability. Following
similar trends as for the lattice parameters and bond
lengths, the cohesive energies of bare and Janus MLs
reported in Table I are all positive. In comparison with
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TABLE I. Structural parameters and relevant energies calculated (PBE functional) for the stable monolayer PtX2 and Janus PtXY:
lattice constant (a); bond length in 2D monolayer structure [the first value is for the Pt–light-chalcogen bond length (dPt—X ) and the
second one is for the Pt–heavy-chalcogen bond length (dPt—Y)]; bond angles (θ ) in the order θ1, θ2, θ3, which are depicted in Fig. 1;
cohesive energy in the 2D monolayer structure (Ec); in-plane stiffness (Cx=y ); and Poisson’s ratio (νxy = νyx).

PtS2 PtSe2 PtTe2 PtSSe PtSTe PtSeTe

a (Å) 3.57 3.70 3.92 3.63 3.75 3.81
dPt—X (Y) (Å) 2.40 2.52 2.69 2.43, 2.50 2.48, 2.62 2.57, 2.64

Bond angle, θ (deg) 83.9, 96.1 85.6, 94.4 86.5, 93.5 93.3, 84.8, 97.0 97.9, 85.4, 91.1 92.3, 86.1, 95.5
Ecoh (eV/atom) 4.71 4.45 4.31 4.56 4.43 4.36

Cx=y (N/m) 98.4 88.1 68.5 92.6 77.5 75.8
νxy = νyx 0.291 0.306 0.262 0.298 0.294 0.304

calculated cohesive energies of other ML TMD struc-
tures [7], the amplitudes are smaller. Further analysis must
be considered to ensure stability. Secondly, simulations
are performed to investigate the mechanical properties of
PtX2 and PtXY structures. We calculate the in-plane stiff-
ness [52] Cx,y = (1/A)∂E2

T/∂ε2
x,y and Poisson’s ratio νxy =

εy/εx where, the unit-cell area is defined as A, the total
energy per cell of the PtX2 or PtXY structure is defined as
ET, and the applied uniaxial strain along the x (y) axis is
defined as εx (εy). Because of equivalent in-plane lattice
constants due to the symmetry of the structure, we find
that Cx = Cy and νxy = νyx. The calculated values listed in
Table I indicate that the in-plane stiffness of the PtX2 struc-
tures gets smaller on going from PtS2 to PtTe2; however,
PtXY in-plane stiffness values are the average of the values
of the constituent bare phases. Energy landscapes for ∓2%
uniaxial strains are illustrated in Appendix and the change
of relative energy with applied uniaxial strain is shown in
Fig. 2. The Pt-based MLs are in the elastic deformation
region at the reported strain values. We apply more tensile

Strain (%)
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0.25
PtS2
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PtTe2

PtSSe
PtSeTe
PtSTe

–3    –2      –1       0       1       2        3       4       5

FIG. 2. Effects of applied strain on the total energy of the unit
cell of bare PtX2 and Janus PtXY structures. Energies are reported
relative to the ground-state energy of the PBE-functional cal-
culations. Different shapes and colors represent different atomic
formulas as are indicated in the legend.

strain compared with compressive strain, since most mate-
rials become unstable when compressive strain us applied
[53,54], while experimentally tensile strain can be up to
6% [55,56]. One can relate the in-plane stiffness of a mate-
rial to its ability to withstand external mechanical effects.
When compared with the other TMD MLs [7], Pt-based
TMDs have lower Young’s modulus values. They might
not be suitable for mechanical device applications or func-
tionalization such as membranes [57]. In addition, PtX2
monolayers are stable in the 1T phase, so their piezoelec-
tric constants are lower than those of 1H -phase TMDs
[58,59]. However, because of the broken in-plane and
out-of-plane symmetries in Janus PtXY monolayers, the
piezoelectric constants are significantly increased [58].

To confirm the dynamical stability of the all the mono-
layer structures considered in the present study, we obtain
phonon dispersion curves using the density-functional-
perturbation-theory method (using a 5 × 5 × 1 supercell)
with PHONOPY [60]. The phonon band structures obtained
and their corresponding partial phonon density of states
are illustrated in Fig. 3. There are three atoms in each
unit cell of the crystal structures, so there are nine vibra-
tional modes, of which three are acoustic modes and six
are optical modes. As shown in Fig. 3, the vibration fre-
quencies of all PtX2 and PtXY structures are positive in
the whole Brillouin zone. As the mass of the constituent
atoms increases, the vibration frequencies of the acoustic
and optical modes decrease. In addition, the highest opti-
cal vibrational modes originate from S atoms in the PtS2
or PtSY (Janus) structures, while for other structures they
originate from a mixture of Pt and lighter chalcogen atoms.
Heavier chalcogen atoms contribute to lower-frequency
optical modes.

Because of the breaking of the centrosymmetry between
the two chalcogen layers in Janus-ML PtXY structures,
the point symmetry of the structure changes from 3̄m
in ML PtX2 to 3m1 in Janus-ML PtXY, which implies
the number of symmetry operators reduces to 6 from
12. This results in a change of the irreducible represen-
tations at the � high-symmetry point from � = 2Eg +
A1g + 4Eu + 2A2u to � = 2E′

g + A′
1g + 4E′

u + 2A′
2u. While

bare ML PtX2 structures have only one Eg Raman mode
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FIG. 3. Phonon band structure (PBE-functional calculation) along high-symmetry points on the left and projected density of states
on Pt and chalcogen atoms on the right for each bare PtX2 (upper row) and Janus PtXY structure (lower row).

and one A1g Raman mode, the Janus-ML PtXY structures
have two additional modes (E′

u and A′
2u). The theoret-

ically calculated Raman-active modes and their corre-
sponding atomic movements and frequencies are shown
in Fig. 4 for ML PtX2 and Janus-ML PtXY structures.
More-detailed information on the Raman spectra and the
corresponding intensities is reported in Appendix. Increase
of the heavier atomic number in the Janus PtXY structures
results a decrease of the E′

u-mode intensity and this mode
almost disappears for PtSeTe (the calculated intensity is
negligible).

B. Electronic properties of PtX2 and PtXY structures

The electronic band structures and corresponding band-
decomposed charge densities for specific k points are
obtained for the equilibrium (strain-free) ML PtX2 and
Janus-ML PtXY structures with use of the HSE functional
including SOC and they are shown in Fig. 5. All of the MLs
considered have an indirect band gap. Even though this

YXtP₂XtP

Eg A1g Eg A1g Eu A2u

PtS₂

PtSe₂

PtTe₂

PtSSe

PtSeTe

PtSTe

287.2 cm–1 324.6 cm–1

170.8 cm–1 199.2 cm–1

126.0 cm–1 150.7 cm–1

200.9 cm–1 311.3 cm–1

144.5 cm–1 204.3 cm–1

166.8 cm–1 290.7 cm–1

283.9 cm–1 217.3 cm–1

167.7 cm–1

250.1 cm–1 170.5 cm–1

FIG. 4. Raman-active modes, corresponding atomic move-
ments, and frequencies for ML PtX2 and Janus-ML PtXY
structures (PBE-functional calculation). Yellow, light-gray, and
dark-gray balls represent, light-chalcogen, platinum, and heavy-
chalcogen atoms, respectively.

band-gap character is independent of the functional used
in density-functional-theory simulations or inclusion of
spin-orbit coupling (PBE functional, HSE functional, PBE
functional plus SOC, HSE functional plus SOC), the band
gaps significantly depend on the functional. The calculated
band gaps for different functionals with and without SOC
effects are given in Table II. The calculated band gaps
for the Janus PtXY structures are almost the average of
the band gaps of the bare PtX2 structures. Spin-orbit cou-
pling is less effective for bare PtS2 (40 meV for the PBE
functional, 38 meV for the HSE functional), but its effects
increase as heavier chalcogen atoms are introduced in the
ML structure (e.g., for PtTe2 the band-gap difference is 327
meV for the PBE functional and 426 meV for the HSE
functional) These SOC effects are also dominant for the
Janus structures containing heavy chalcogen atoms (Se or
Te) in one of their surfaces (the SOC effect on the band gap
ranges between 160 and 340 meV).

To understand the orbital contribution to the valence-
band maximum (VBM) and the conduction-band mini-
mum (CBM), band-decomposed charge densities are also
given in Fig. 5. For the bare PtX2 MLs, the VBMs are
dominated by the p orbitals of chalcogen atoms, while the
CBMs are dominated by the p orbitals of chalcogen atoms
and the d orbitals of the Pt atoms. Our PBE-functional
and HSE-functional calculations excluding SOC effects
show that there are degenerate bands at the VBM at the
� high-symmetry point for all structures considered and
these are dominated totally by p orbitals of the chalco-
gen atoms. However, spin-orbit interaction splits these
degenerate bands, leaving the VBM dominated by the
pxy orbitals of the chalcogens, pushing the chalcogens’ pz
orbitals to lower energy levels. In addition, SOC is effec-
tive also in d orbitals of the Pt atom. Normally, d orbitals
of the metal atoms split into twofold eg (dz2 , dx2−y2 ) and
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FIG. 5. Electronic band structure of ML PtX2 and Janus-ML PtXY structures calculated with the HSE functional including spin-orbit
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indirect band gaps and their amplitude is given by Eg for each structure. Band-decomposed charge densities for specific k points shown
by arrows are indicated. Isosurface values for charge densities are taken as 0.0001 eV/A3.

threefold t2g (dxy , dyz, dxz) orbitals; however, the SOC fur-
ther splits the eg and t2g orbitals into e1 (dxz, dyz), e2 (dxy ,
dx2−y2 ), and a1 (dz2 ) orbitals. All CBMs of the MLs consid-
ered are dominated by e1 orbitals of the Pt atoms and the
pxy orbitals of the chalcogen atoms. One major difference
of Janus PtXY MLs from bare MLs is that the dominant
pxy-orbital contribution at the VBM of the Janus PtXY MLs
comes from the light chalcogen atoms and not an equally
from both chalcogen layers as in the case of bare MLs.

Since both the CBM and the VBM are heavily depen-
dent on the pxy orbitals of all MLs studied, it is cru-
cial to study the effects of strain on the electronic band
structure and the charge transfer between transition-metal
and chalcogen atoms. The variation of the band gaps
(direct and indirect band gaps) of bare PtX2 and Janus
PtXY structures obtained with the HSE functional with
spin-orbit interaction as a function of compressive and ten-
sile strain is illustrated in Fig. 6. Our calculations show
that the indirect-band-gap character of the MLs consid-
ered is unchanged in the strain-ratio range from −3% to
5%. However, the energy difference between the direct and
indirect band gaps decreases with increasing tensile strain
and vice versa for the compressive strain. For example, this

band-gap difference is 120 meV for the equilibrium PtS2
ML and is 30 meV for 5% tensile strain, while it is calcu-
lated as 320 meV for −3% compressive strain. Applying
compressive strain always decreases the electronic band
gap for the all MLs considered and even makes PtTe2
metallic at around 2%–3% compressive strain.

Figure 7 illustrates the variation of charge transfer as a
function of the applied strain. For structures without Te as a
chalcogen layer, there is a minor charge-transfer difference
between Pt and chalcogen layers. The main reason why the
direct and indirect electronic band gaps converge as shown
in Fig. 6 is because of the significant modification on the
valence bands. As the applied strain increases, the first two
degenerate bands of PtS2 and PtSe2 and first four bands of
PtSSe shift energetically toward lower values. The gap is
no longer from the � point in the valence band to the �-M
midpoint in conduction band, and it becomes a direct gap
from the same k-point at the CBM. (sixth band from the
VBM to the CBM as indicated in Fig. 5) The new VBM is
dominated by the pz orbitals of S and/or Se atoms, which
is the main difference from Te-based MLs.

In the case of Te-based ML structures, similar observa-
tions for the valence bands are also valid; however, the new
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TABLE II. Fundamental band gaps of monolayer PtX2 and Janus PtXY structures (Eg); charge transfer between the atoms ρ with
positive sign indicating depletion of electrons from the atoms and negative sign indicating electron accumulation on the atoms; Born
effective charges Z∗ on the atoms; static dielectric constant ε

aa,bb
static including local field effects; electrostatic potential difference between

the surfaces �φ; intrinsic dipole moment (dμ); and H2O adsorption energy for the monolayers considered (Eads). In the first column,
the physical property and the density-functional-theory functional used to obtain the reported values are given.

PtS2 PtSe2 PtTe2 PtSSe PtSTe PtSeTe

Eg (eV), PBE 1.81 1.34 0.43 1.56 0.85 0.83
Eg (eV), PBE + SOC 1.77 1.15 0.11 1.41 0.63 0.53
Eg (eV), HSE 2.78 1.88 0.72 2.28 1.32 1.26
Eg (eV), HSE + SOC 2.69 1.70 0.28 2.14 1.09 1.04
ρ (electrons), PBE Pt 0.57 Pt 0.16 Pt −0.50 Pt 0.35 Pt −0.03 Pt −0.21

S −0.28 Se −0.08 Te 0.25 S −0.29 S −0.32 Se −0.12
Se −0.06 Te 0.35 Te 0.33

Z∗
a(b), PBE Pt 2.60 Pt 2.12 Pt 0.94 Pt 2.40 Pt 2.04 Pt 1.61

S −1.30 Se −1.06 Te −0.47 S −1.42 S −1.99 Se −1.55
Se −0.98 Te −0.05 Te −0.06

ε
aa,bb
static , PBE 4.72 5.88 8.24 5.34 6.67 7.09

�φ (eV), PBE, HSE + SOC 0 0 0 0.67, 0.75 1.45, 1.65 0.79, 0.92
dμ (D), HSE + SOC 0 0 0 0.23 0.54 0.31
Eads (meV), PBE 171 172 189 183 136 195

VBM is dominated by Te atoms’ px and py orbitals, with
a slight pz-orbital contribution. The main difference for
Te-based ML structures is the charge transfer between the
three constituent layers of the materials. Tellurium acts as a
cation layer providing electrons to Pt and other chalcogen
layers as seen in Fig. 7. Platinum layers do not donate
electrons but accumulate more electrons with increasing
applied strain. This result in the lowering of the energy of
the CBM since all structures considered are dominated by
the Pt layer as shown in Fig. 5. For this reason the energy
difference between the direct and indirect band gaps of Te-
based ML structures decrease more than those of S-based
and Se-based ML structures as the applied strain increases.

For the pristine PtX2 monolayers, since both of the
chalcogen layers are formed from the same atoms, there is

no resulting internal electric field due to the symmetry. In
the case of Janus PtXY structures, where the chalcogen lay-
ers are formed from different atoms and charged differently
due to the electronegativity difference between atoms or
layers, the internal electric field between chalcogen layers
results in an electrostatic potential difference between the
top layer and the bottom layer of PtXY MLs. See Appendix
for more details for the average potential for some struc-
tures. The calculated electrostatic potential difference (�φ)
between two separated surfaces of the Janus PtXY struc-
tures (which also result in a dipole moment in Janus MLs)
is given in Table II. With increase of the electronegativ-
ity differences between the surface atoms, the electrostatic
potential difference increases. For example, �φ = 0.75 eV
for PtSSe but increases to 1.65 eV for PtSTe. In addition
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to the electrostatic potential difference between the X and
Y surfaces, there is an intrinsic dipole moment. The dipole
moments are given in Table II and increase with increase
of the internal electric field.

Calculated Born effective charges for the in-plane direc-
tion (Z∗

a(b)) and static dielectric constants (εaa,bb
static ) which

include local field effects are given in Table II. These
results are obtained from density-functional-perturbation-
theory calculations. The Born effective charge, Z∗, is
defined as eZ∗

j αβ = �(∂Pα/∂uj β), where � is volume of
the unit cell and Z∗ is the coefficient of proportionality
between the change in field-induced electric polarization
P in direction α arising from an atomic displacement uj
in direction β for zero external field (E = 0). The Born
effective charge of Pt atoms in any ML structure is always
positive, unlike in Bader charge analysis, and the Born
effective charges on the chalcogen atoms decrease simi-
larly with decreasing electronegativity of the atoms. Even
though tellurium atoms’ born effective charges are never
positive as is the case in Bader charge analysis, in -based
Janus MLs, the Te atoms’ Born effective charges can be
ignored. The static dielectric constants of Janus PtXY MLs
are calculated to be very close to the average of the values
of the constituent MLs, such as PtX2 and PtY2.

C. Photocatalytic properties of PtX2 and PtXY
monolayer structures

To decompose pure water into hydrogen (H2) and oxy-
gen (O2) molecules at 25 ◦C, a standard potential of 1.23 V
is required on the basis of the Nernst equation. The

corresponding standard reduction and oxidation potentials
for H+/H2 and for OH−/O2 are −4.44 and −5.67 eV for
pH 0, respectively [61], However, the standard poten-
tial of 1.23 V remains unchanged with variation of the
acidic ratio of water, but the reduction and oxidation poten-
tials increase by 0.059 eV for every unitary increment
of the pH value of the environment [62]. For example,
for pH 7, the reduction potential level is −4.027 eV,
while the oxidation potential is −5.257 eV. If the band
edges of the materials align closely to these critical values,
these materials can be suitable for water-splitting appli-
cations. In other words, if the conduction band of the
material is positioned higher than the hydrogen-reduction
potential and the valence band of the material is posi-
tioned lower than the oxygen-evolution potential, this
material is suitable both for the HER and for the oxygen-
evolution reaction (OER) (type-1 material). If the mate-
rial’s band alignments are suitable for only the HER or the
OER, it is called a type-2 material for the water-splitting
reaction.

The energies of the valence-band maximum and
conduction-band minimum of bare PtX2 and Janus PtXY
structures under applied strain are given in Fig. 8. Spin-
orbit coupling and the electrostatic potential difference
between the chalcogen atomic layers of Janus MLs are
also included in the simulations. These effects play an
important role in the calculation of the work function
of a material that is chalcogen side dependent in Janus
MLs. Table II reports the amplitude of the electrostatic
potential difference for Janus MLs, and its effect on the
vacuum level is indicated in Appendix. Previous studies
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showed that bare PtS2, PtSe2, and Janus PtSSe have suit-
able band-edge positions for water splitting [58,63], which
is consistent with our results. However, none of these stud-
ies included all possible Janus MLs with the effects of
electrostatic potential difference, spin-orbit coupling, and
strain.

Our simulations on bare PtX2 MLs indicate that PtS2 and
PtSe2 MLs are suitable for the HER or the OER when
certain conditions are met. With increase of the tensile
strain, the energies of the CBM of PtS2 and PtSe2 decrease.
While the CBM of PtSe2 reaches the critical energy of
−4.44 eV, the CBM of PtS2 becomes lower than that, and
thus PtS2 ML can not excite the electrons for water reduc-
tion. For PtTe2 MLs even though the energy of the CBM
is suitable (for strains greater than −1%) for the HER, the
band gaps are lower than the required potential energy of
1.23 eV and the VBM energies are higher than desirable
oxidation-potential levels. Thus, the bare PtTe2 monolayer
structure is unsuitable for water-splitting applications. The
effects of SOC are more pronounced on the VBM edge
energies of PtSe2 and PtTe2 MLs.

Janus PtXY MLs open alternative possibilities for
water-splitting applications. Since there is an electrostatic
potential difference between the chalcogen layers due the

charge-transfer differences, both chalcogen layers have dif-
ferent CBM and VBM energy positions as indicated in
Fig. 8. In the case of Janus PtSSe, band alignments indi-
cate that (HSE functional plus SOC) the S side of the
ML is suitable for the OER but not the HER, but the Se
side is suitable for both reactions. The localized effects
are more pronounced for PtSTe and PtSeTe MLs since the
HER occurs only on the Te layers and the OER occurs
on the other chalcogen layer. Thus electron-hole pairs cre-
ated on absorption of photons travel to opposite sides of
the material (holes to the light-chalcogen sides and elec-
trons to the heavy-chalcogen side) and the HER and OER
occur on the different surfaces of the Janus MLs (while
water reduction can occur on the heavy-chalcogen side,
oxidation can occur on the light-chalcogen side). This also
enables the Janus MLs (PtSTe and PtSeTe) to conduct the
HER or the OER without requiring a band-gap potential
energy of 1.23 eV, in agreement with the a proposed mech-
anism for water splitting [21,64]. The calculated band-edge
positions are very dependent on the functional used (HSE,
HSE plus SOC). For example, PtSeTe structures includ-
ing applied compressive and tensile strain are not suitable
for water splitting according to simulations with the HSE
functional without the SOC effect, while they are potential
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FIG. 8. Energies of valence-band maximum and conduction-band minimum of bare PTX2 and Janus PtXY MLs under applied strain.
For bare MLs, red and yellow bars represent simulation results obtained with the HSE functional and with the HSE functional including
spin-orbit interaction, respectively. For Janus MLs with an intrinsic dipole moment, red and purple bars represent energies calculated
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photocatalysts in HSE functional simulations with SOC
effects. Application of strain generally does not affect the
CBM energies of Janus MLs containing Te as one of the
chalcogen types. The VBM energies decrease on increase
of the applied strain independently of the functional used in
the simulations. In addition, the computed H2O adsorption
energies reported in Table II which indicates that there is
physisorption between the water molecule and the surfaces
of Janus MLs, which is a desirable result for water-splitting
applications.

D. Vacancy and layer effects in PtX2 and PtXY
monolayer structures

Point defects such as atoms vacancies in the pristine
crystal structure are the dominant defect types and can
arise spontaneously in the crystal during the fabrication
process. Therefore, to understand and benchmark the mod-
ifications in the electronic structure, we study monochalco-
genide vacancy in the monolayer of PtX2 and Janus PtXY
structures. For these simulations we use a 4 × 4 × 1 super-
cell to achieve sufficient defect-defect distance (at least 14
Å) and mimic the isolated point defect. We calculate that
all defective supercells have the same lattice constants as
their defect-free counterparts, which is further evidence of
these monovacancies mimicking the local defects. Calcula-
tions for defective structures are performed using the PBE
functional excluding SOC effects due to large supercells
and the large number of electrons in the cells. Calcu-
lated defect-formation energies, fundamental band gaps
and electrostatic potential differences are given in Table III.

The formation energy of the vacancy defect depends on
the chalcogen atoms and increases on going from Te (Se)
defects to Se (S) defects. There are two competing fac-
tors affecting the vacancy-formation energy [41]. These

are the applied strain ratio (creating defects requires less
energy for the materials under strain) and charge transfer
(the higher the charge transfer, the higher the formation
energy). On this basis, one would expect that the vacancy-
formation energy will be lower in Janus MLs than in bare
PtX2, and for the same Janus MLs, creating the defect
on the heavier-chalcogen side will require less energy.
The formation energies reported in Table III confirm this
relation except for PtSeTe MLs. The energy for vacancy
formation on the Te side of PtSeTe is higher than that for
bare PtTe2 because charge transfer in Janus MLs is greater
than in bare MLs.

While perfect PtX2 and Janus PtXY monolayers have
indirect band gaps in the equilibrium and under applied
strain, the creation of monochalcogenide vacancy converts
all band structures to direct-band gap-character due to the
localized defect states (see Appendix for the electronic
band structures.). To understand how creating vacancy
defects influences the electronic structure, we first focus
on localized states at the VBM and the CBM of Janus
structures. Localized states at the VBM and CBM origi-
nate from the dangling Pt—X or Pt—Y bonds. If we take
the energy of the VBM as a reference, the energy of the
CBM depends on two parameters. These are (i) the compo-
sition and geometric structure and (ii) the induced potential
differences between surfaces. In Table II and Figs. 6 and 7,
we report how the band gaps and charge transfers are influ-
enced by the composition and applied strain. As the atomic
number of the chalcogen atom increases, the band gap
decreases, so the localized states (VBM and CBM) in the
band-gap region will span narrower energy levels. In the
case of X or Y vacancy in the PtXY monolayer, the posi-
tion of the CBM depends on to whet extent the chalcogen
atom was withdrawing electrons from the structure. The
greater the value, the farther away the localized state will

TABLE III. Formation energy Eform, fundamental band gaps of X -monovacancy monolayer PtX2 and X (Y)-monovacancy Janus
PtXY structures (Eg), electrostatic potential difference between the surfaces �φ, interlayer binding energy of AA-stacked PtX2 and
PtXY bilayer structures (Ebilayer

binding) [the first energy values are computed by our subtracting the total energy of two monolayers from the
bilayer’s total energy of PtX2 or PtXY [all calculations are performed with the vdW correction term), the second energy values are
obtained by our considering vdW correction for only bilayers, while monolayer total energies are considered without vdW correction];
interlayer vertical distance (dbilayer) of AA-stacked bilayers (with vdW correction), and fundamental band gaps of AA-stacked bilayer
PtX2 and AA-stacked bilayer Janus PtXY structures (Ebilayer

g ). All calculations are performed with the PBE functional.

PtS2 PtSe2 PtTe2 PtSSe PtSTe PtSeTe

Eform (eV) 3.45 2.74 2.27 S vacancy 3.43 S vacancy 3.00 Se vacancy 2.44
Se vacancy 2.63 Te vacancy 2.14 Te vacancy 2.40

Eg (eV) 0.81 0.57 0.29 S vacancy 0.54 S vacancy 0.24 Se vacancy 0.40
Se vacancy 0.78 Te vacancy 0.57 Te vacancy 0.51

�φ (eV) 0.07 0.06 0.01 S vacancy 0.72 S vacancy 1.47 Se vacancy 0.85
Se vacancy 0.60 Te vacancy 1.35 Te vacancy 0.76

Ebilayer
binding (eV) −0.20/−2.12 −0.55/−2.85 −0.71/−3.34 −0.54/−2.66 −0.76/−3.07 −0.70/−3.17

dbilayer (Å) 2.08 2.14 2.32 2.12 2.17 2.22
Ebilayer

g (eV) 0.78 0.18 Semimetal 0.39 Semimetal Semimetal
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be from CBM of the bare structure (in other words, the
lower the energy of the CBM in the defective structure,
the less n-type doping due to the lack of a greater electron
donor) Another important criterion we focus on is the split-
ting of the CBM around high-symmetry points. The energy
difference due to the splitting is directly proportional to
the enhancement or suppression of the electrostatic poten-
tial between the surfaces of the ML, �φ, after the defect
creation. Creation of X vacancies increases �φ, whereas
creation of Y vacancies decreases �φ due to the difference
in charge transfer. Combining both of these effects, one can
conclude that (i) the band gap of defective PtX2 and PtXY
MLs will be lower as heavier chalcogen atoms are consid-
ered and (ii) for Janus structures only, lighter chalcogen
atoms increase �φ and thus reduce the band gap. These
changes in the band gap will have an effect on the catalytic
properties of materials: increased �φ values will change
the CBM and VBM energy levels and so a material that
is not suitable for water splitting can be made suitable
by these changes. Other point defects such as divacancy,
antisite defect, or Stone-Wales defect can make a positive
contribution to increase the catalytic properties of the Janus
PtXY structures.

The effects of the number of layers in low-dimensional
layered materials on the optoelectronic and magnetic prop-
erties are significant [65–67]; therefore, we investigated
bilayers of the bare PtX2 and Janus PtXY structures. For
Janus PtXY bilayers, we consider three different stacking
orders as AA, AB, and AC. The optimized bilayers are
illustrated in Appendix. The calculated total energy of the
structures shows that AA stacking order is energetically the
most favorable for the Janus PtXY bilayers, while AB and
AC stacking orders have the same total energies. The total
energy difference between AA and AB (AC) stacking order
for PtSSe is 78 meV, for PtSTe is 52 meV, and for PtSeTe
is 82 meV. For this reason, we focus further only on AA
stacking for all MLs.

We calculate the interlayer binding energy Ebilayer
binding with

the expression Ebilayer
binding = Ebilayer − 2 × Emonolayer, where

Ebilayer and Emonolayer are the total energy of the bilayer and
the monolayer of the structures considered. Two values
are reported in Table III for Ebilayer

binding due to inconsistency
and totally different reported results in the literature [63]:
first Ebilayer

binding obtained with the vdW correction term for

both bilayer and monolayer structures, and second Ebilayer
binding

obtained with the vdW correction term for only bilayer
structures. As can be seen, there are huge differences
between the two Ebilayer

binding values; however, the second ener-
gies do not show the true layer-layer interaction between
the layers, due to bilayer and monolayer structures hav-
ing different input parameters for the calculation. See
Appendix for more details of the bilayer PtX 2 and PtXY
structures

E. PtXnY2−n (0 ≤ n ≤ 2) monolayers

To discuss alloy PtXnY2−n structures and compare the
energies of Janus PtXY alloys with other ordered or dis-
ordered alloys for n = 1, we perform density-functional-
theory calculations within the cluster-expansion formalism
[51]. The formation energy Eform (in electronvolts/atom)
of PtXnY2−n alloy is defined as Eform = [EPtX nY2−n −
(n/2)EPtX 2 − (2 − n/2)EPtY2 ]/3, where EPtX nY2−n , EPtX 2 ,
and EPtY2 are the total energies of PtXnY2−n, PtX2, and
PtY2 cells, all per formula unit. Formation-energy calcu-
lations for various concentrations of PtXnY2−n structures
(Fig. 9) show that none of the alloy structures are ener-
getically more favorable than the constituent bare PtX2
monolayers. In the PtXnY2−n alloys for n = 1, Janus PtXY
monolayers are energetically the least-favorable structures
as indicated by the circles in Fig. 9. The energy differences
between the favorable and Janus PtXY structures are 20 and
25 meV/atom for PtSSe and PtSeTe monolayers; however,
the difference is 90 meV/atom for the PtSTe structure. This
might be because surface tension between the S and Te
layers due to lattice mismatch (between PtS2 and PtTe2)
is greatest for Janus PtSTe. The energetically favorable
configuration might be the curved or rolled configuration
in the free-standing form. These energy differences indi-
cate that Janus forms of PtXY MLs can be synthesized
only in ambient conditions (such as temperature) and if
they are placed on substrates. The best example for this
situation is the synthesis of the Janus MoSSe structure
[18,19]. As reported there, the substrate temperature is
the most-important parameter and it must be kept constant
and at a suitable value (450 ◦C) to avoid the formation of
disordered MoSSe structures.

The crystal structures of the energetically favorable
PtXY (n = 1) structures are indicated in insets in Fig. 9.
Although it seems as if all PtXY structures have differ-
ent ground states, there are many different PtXY structures
around the minimum-energy region for n = 1, and they are
separated from each other by only 3–5 meV/atom. There-
fore, we focus on the energetically-most-favorable ones
in further investigations. The bottom panels in the Fig. 9
show the total and atom projected density of states (PDOS)
(obtained with the HSE functional with SOC effects) for
the Janus and favorable PtXY monolayers. To make a com-
parison between them all, the PDOS are normalized to the
formula unit of the PtXY structures. The favorable PtXY
monolayers have slightly larger band gaps than the Janus
forms. The main differences i then PDOS arise from the
absence of the first peak around the VBM in the ener-
getically favorable structures. For Janus PtXY MLs, these
peaks originate from localized charges on X and Y layers,
as indicated by the band-decomposed charge densities in
Fig. 5. Because the energetically favorable PtXY monolay-
ers have the same numbers of X atoms and Y atoms in their
surfaces, the electrostatic potential differences between the
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surfaces diminish for these structures. The calculated band
edges for the CBM and the VBM (considering vacuum-
level energies) confirm that the favorable PtSSe monolayer
has suitable band edges (CBM −6.36 eV and VBM −4.36
eV) for water splitting. However, PtSTe (CBM −5.46 eV
and VBM −4.02 eV) monolayers and PtSeTe (CBM −5.26
eV and VBM −4.09 eV) monolayers can be used only for
suitable pH value water. On the basis of these results, Janus
PtXY MLs are more suitable for water-splitting reactions.

IV. CONCLUSION

In summary, with our first-principles calculations, we
predict Janus and alloy structures of PtXnY2−n (X , Y = S,
Se, Te; 0 ≤ n ≤ 2) materials. Cluster-expansion calcula-
tions show that Janus PtXY monolayers are energetically
the least-favorable structures for half coverage (n = 1)
of alloy PtXnY2−n monolayers; however, phonon and MD
calculations indicate that they are stable. The calculated
Raman-active modes for PtX2 monolayers are in good
agreement with the experimental results, so we believe
that Raman-active frequencies obtained for Janus PtXY
will benefit experimentalists when they try to synthesize
these materials. Different electronegativity between the
chalcogen atoms on each surface of the Janus PtXY mono-
layers gives rise to an intrinsic dipole moment and an
internal electric field in monolayer PtXY pointing from

the heavy-chalcogen-atom surface to the light-chalcogen-
atom surface. This dipole moment modifies the band
alignments on both surfaces, and the HER and OER can
occur on different surfaces of the Janus PtXY structures.
Because Pt, Se, and Te atoms have a large number of
electrons in d orbitals, SOC significantly modifies the
electronic band structures and makes especially the Janus
PtX Te monolayers suitable for water-splitting reactions.
Our results indicate that because of their intrinsic dipole
moments and band gaps, Janus PtXY monolayers are per-
fect candidates for water-splitting devices.
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APPENDIX

In this appendix, we present the energy landscapes,
Raman spectrums and corresponding vibrational modes,
MD snapshots and difference charge densities of the PtX2
and Janus PtXY monolayers. We also include the local
potential profile of the monolayer bare and S-vacant PtS2
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and PtSSe structures along the z axis. Side views of
the optimized atomic structure of the physisorbed water
molecule on the monolayer PtX2 and PtXY structures are
illustrated in this appendix. In addition, electronic-energy-
band structures are given for the single chalcogen vacancy
included monolayers and defect-free bilayers of the PtX2
and Janus PtXY structures.

Energy landscapes for ∓2% uniaxial strains are illus-
trated in Fig. 10. By using these energy values and supplied
strain ratio we calculated the in-plane stiffness and Pois-
son’s ratio of the 2D PtX 2 and PtXY monolayers which are
given in Table I.

The theoretically calculated Raman spectrum of bare
PtX 2 and Janus PtXY monolayers and the corresponding

vibrational modes of Pt and X or Y atoms at the center of
the Brillouin zone (�) are illustrated in Fig. 11. The most
intense Raman mode for the bare PtX 2 monolayers is Eg
which corresponds to Pt atoms moving in opposite direc-
tions parallel to the x-axis. For Janus PtXY monolayers the
intensity of the Eg reduces and A2u mode gets more intense.
In addition, increase of the heavier atomic number in the
Janus PtXY structures results a decrease of the Eu mode
intensity and this mode almost disappears for PtSeTe (the
calculated intensity is negligible).

We also perform temperature-dependent ab initio MD
simulations (using a 5 × 5 × 1 supercell) to study whether
the stability can be maintained at elevated temperatures.
We chose a microcanical ensemble (number of particles,
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FIG. 10. Energy landscapes for the monolayer PtX2 and PtXY structures (PBE-functional calculations).
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FIG. 11. Computed (PBE-functional calculations) Raman spectrum and corresponding vibrational modes for the monolayer PtX2
and PtXY structures. Pink, yellow, green, and red balls represent Pt, S, Se, and Te atoms, respectively.

volume and total energy are constant) with temperature
set at 1000 K. Regular transition-metal dichalcogenides
are not stable at such a temperature [7,18,19]. With a
long time step of 2 fs for a total of 2 ps of total simula-
tion time, these exaggerated simulation parameters favor
instability. Snapshots of atomic configurations of the Janus
PtXY structures are illustrated in the Fig. 12, There is a little
fluctuation in the structures but they remain stable.

Important information can be obtained from studying
the charge transfer between transition-metal and chalcogen

layers to understand further the effects of strain. Charge-
difference isosurfaces for all bare and Janus MLs are
shown in Fig. 13 and the calculated charge transferred is
given in Table II. The calculations indicate that electrons
are transferred from Pt atoms to the S and Se atoms for bare
PtS2, PtSe2, and PtSSe monolayers in accordance with the
Pauli scale of electronegativity. Because platinum is more
electronegative than Te, the charge transfer is reversed, Pt
being the anion and Te being the cation. Unlike for S and
Se atoms, the charge-difference isosurface plots in Fig. 13

eTeStPeTStPeSStP

a

b

a

b

a

b

a

c

aa

cc

FIG. 12. Top and side views of the snapshots of the atomic configurations of the monolayer Janus PtXY structures taken from MD
simulations (PBE-functional calculations) performed at 1000 K for a total duration of 2 ps.
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FIG. 13. Difference charge densities (PBE-functional calculations) for the monolayer PtX2 and PtXY structures. Light blue indicates
charge accumulation (�ρ > 0), while dark blue indicates charge depletion (�ρ < 0). �ρ = ρtotal − ρPt − ρX ,Y.

show that the pz orbitals of Te are not occupied in any bare
and Janus MLs.

The variation of the average potentials for bare and S-
vacant PtS2 and PtSSe structures are given in Fig. 14.
The calculated electrostatic potential difference for bare
and S-vacant PtS2 is zero. This may implies that low
ratio vacancy defect is not effective on the electrostatic
potential difference between two chalcogen layers. How-
ever, Janus PtSSe has high electrostatic potential differ-
ence between two separated chalcogen surfaces due to the
electronegativity difference between the surface atoms.

Single water molecule initially placed 2 A above the top
site of the Pt atoms and released to the geometric optimiza-
tion. Figure 15 indicates the optimized atomic structures of
the water molecule adsorbed on bare PtX 2 and Janus PtXY
structures. As can be seen after the optimization water
molecule physisorbed on the structures are slightly tilted.
This physisorption is a desirable result for water-splitting
application.

Figure 16 illustrates the electronic-energy-band struc-
tures for the single chalcogen vacancy included in the
monolayer PtX 2 and PtXY structures. We should note that,
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S side
Se sideSS S

PtPt Pt

po

FIG. 14. Local potential profile of the monolayer bare and S-vacant PtS2 and PtSSe structures along the z axis. The Fermi level is
set to zero and corresponding atom potential wells are presented. The energy difference between the vacuum level and the Fermi level
is calculated with the PBE functional and the HSE functional with SOC effects.
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FIG. 15. Side views of the optimized
atomic structure of the physisorbed water
molecule on the monolayer PtX2 and PtXY
structures (PBE-functional calculations).
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FIG. 17. (a) Considered types for stacking order of PtXY structures. (b) Electronic-energy-band structures (PBE-functional
calculations) of the bilayer PtX2 and PtXY structures.

calculations are performed by using PBE functional, using
Hybrid functional may open the band gaps.

If we focus on the first Ebilayer
binding values, we can say that

bilayer PtS2 has a weak vdW interaction between the lay-
ers, while the other binding mechanisms are a mixture
of vdW and electrostatic interaction. The conduction and
valence bands at the Fermi level show similar dispersion
(compare Figs. 5 and 17), which hinders strong chem-
ical interaction. Increase of the chalcogen row numbers
leads to increase of the vertical distance between the lay-
ers and Ebilayer

binding values. All bilayer structures containing Te
atoms become semimetals and the band gaps of structures
containing S and Se atoms are significantly reduced, sim-
ilarly to other two-dimensional materials [65,66]. Another
layer-layer interaction can be consider for vertical het-
erostructure of Janus PtXY structures. Interfacing these
Janus PtXY monolayers with the other selected PtXY struc-
tures may tune the electronic structure and create a suitable
band gap for the desired devices.
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