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ultrahigh anisotropic carrier mobility
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Emerging two-dimensional (2D) noble-metal dichalcogenide (NMDC) PdX, (X = S and Se) materials
crystallize in an unusual orthorhombic structure (20 phase) with unique pentagons and PdX, planar
squares as building blocks, and have attracted tremendous attention in recent years for their novel
physical and chemical properties, as well as promising applications in the future. Motivated by the
attractive properties and encouraging applications of PdX, materials, we explore the 20 phase NMDC
material PdSSe using particle swarm optimization algorithms combined with first-principles calculations.
We not only uncover three stable low-energy bulk phases, but also predict two polymorphs of the 2D
monolayer exfoliated from the bulk phases, exhibiting mechanical, dynamic, and thermal stabilities. Due
to its novel puckered pentagonal structure, the PdSSe monolayer exhibits flexible mechanical properties
with anisotropic Young's modulus and Poisson’s ratio. The bandgaps of the two polymorphs of the 2D
pentagonal PdSSe monolayer are 2.10 and 2.06 eV, and their band-edges perfectly straddle the redox
potential of water. Furthermore, these materials possess excellent light absorption in the visible and
ultraviolet regions, and the absorption coefficients reach the order of 106 cm™. More importantly, the
predicted materials exhibit highly desirable carrier mobilities and anisotropy, which can promote the
separation of the photogenerated electrons and holes, and effectively reduce the probability of
recombination, thus remarkably promoting photocatalytic water splitting. These excellent properties
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enable PdSSe monolayers as candidate materials for promising applications in high-performance
optoelectronic and nanoelectronic devices. The predicted unconventional properties of PdSSe not only
supply a meaningful complement to the fascinating NMDC materials of PdSe, and PdS,, but also will
attract extensive interest from a wide audience to explore unanticipated properties and design new
functional devices based on PdSSe.
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of 2D graphene materials, intensive efforts have been devoted to

seeking other alternative 2D semiconducting materials. Numerous
2D layered materials have been explored by theoretical predictions

|. Introduction

The discovery of monolayer two-dimensional (2D) graphene

opened a new era of materials science." Unfortunately, the
absence of a band gap in graphene is a major hindrance to its
practical applications.” Inspired by the prospective applications
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and experimental realization.®> Among them, transition metal
dichalcogenide (TMDC) materials, as potential candidates for next
generation spintronic, nanoelectronic, thermoelectric, and opto-
electronic applications, have attracted much interest.* ® Particularly,
layered noble-metal dichalcogenide (NMDC) MX, (M = Pt, Pd, X =S,
Se, Te) materials have drawn increasing attention as new members
of the 2D material family in recent years. NMDC materials have
stimulated abundant applications in spintronics, optoelectronics,
sensors, photocatalysts, photodetectors, thermoelectric devices, and
field effect transistors.””°

Unlike the well-known hexagonal crystal structure of most
familiar TMDC materials (1T or 2H phase), layered NMDC PdX,
(X = S or Se) materials crystallize in an unusual orthorhombic
structure (named the 20 phase) with unique pentagons as
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building blocks. In addition, different from the octahedral
(1T phase) or trigonal prismatic (2H phase) MX, polyhedron
in common TMDC materials, Pd atoms are coordinated with
four chalcogen atoms to form a PdX, planar square in PdX,
materials.'® Due to the weak interlayer van der Waals (vdW)
forces in the bulk phase, monolayer PdX, materials can be
exfoliated from their bulk phase according to theoretical
predictions.”"'™'® Experimentally, highly air-stable monolayers
and few-layer flakes of PdX, have been successfully prepared by
mechanical exfoliation, molecular beam epitaxy growth, chemical
vapor deposition, and selenization or sulfurization approaches.'”>*
Attributed to their twisted, folded, pentagonal layered structures,
PdX, materials display novel properties including layer-dependent
band gaps,'>'”** ambipolar charge transport with high carrier
mobility,"”*****® and excellent thermoelectric performance.'>'8%"%%
The physical and chemical properties of PdX, can be dramatically
modulated by external stimuli, such as electrical field,"”*> thermal
annealing,'® gas pressure,*® electron or plasma irradiation,* >
and mechanical strain or pressure.”’*>7*® For example, semi-
conductor to semimetal transformation under compression,
strain-tuned ferroelastic transformation, pressure-induced structural
transition from the 20 phase to pyrite phase and concomitant
superconductivity have been observed in the bulk phases of
PdX,.*>*° In addition, the ambipolar charge transport behavior,
the thermoelectric properties, and the device performance of
field effect transistors can be effectively manipulated by thermal
annealing, gas pressure, and electron or plasma irradiation.'®*%*°

20 phase PdX, with a 2D pentagonal layered structure provides
a good platform to study structural engineering through defects
and chemical substitution. Previous investigations demonstrate
that vacancy defects and doping can effectively tailor the structural,
electronic, optoelectronic, and catalytic activities of PdSe,.>%>'?7~?
Recently, the structure, optical, and electrical transport char-
acteristics, and thermoelectric properties of PdSe, ,S, solid
solutions with a wide range of x (0 < x < 0.86) have been
reported, which suggest that S substitution can be an effective
compositional tuning approach to modulate the electronic
structure of PdSe,.*° In fact, as early as 1965, the 20 structure
PdSSe was prepared and its energy gap measured experimentally
was 0.65 eV.*! Regrettably, to the best of our knowledge, there has
been no experimental report on the detailed crystal structure of
bulk phase PdSSe. Even though recently theoretical studies
reported the electronic structure, and thermoelectric, photovoltaic,
and photocatalytic properties of the monolayer and few-layer
PdSSe,**™** the artificial assumption of the Janus structure
is not exactly consistent with the experimentally reported 20
structure.*®*! In view of the attractive properties and prospective
applications of 20 phase PdX, materials, it is highly desirable to
determine the ground state crystal structure of PdSSe (especially
the occupation of the S and Se atoms) and predict its properties
based on the as-identified structure.

In the present work, we will address these issues by using
the global structure search method combined with first-principles
calculations. Three stable crystal structures with different occu-
pations of the chalcogen atoms have been revealed for the bulk
PdSSe. Furthermore, two stable polymorphs of monolayer PdSSe
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materials have been predicted by mechanical exfoliation of the
bulk phase. In particular, monolayer PdSSe materials exhibit
anisotropic mechanical performance, suitable band gaps, excel-
lent light absorption capability, and ultrahigh carrier mobilities,
which would endow them with further applications in photo-
catalysis, optoelectronics, and nanoelectronics.

II. Computational and analytical methods

Structure search simulations for the PdSSe system were per-
formed by employing a particle swarm optimization algorithm
as implemented in the CALYPSO code,*™*” which is a global
minimum search of the free energy surface. According to the
previous experimental results and the unique structural char-
acteristics of 20 phase PdX,,'”*' the chemical compositions
were given as PdSSe, and the Pd atoms were fixed at the face
centers and vertices of the orthogonal lattice, whereas the
chalcogen atoms were allowed to move freely. In order to find
out the lowest energy structure of the PdSSe bulk, we ran
30 generations for PdSSe and each generation produced 35
structures. The first generation was randomly generated, and 60%
of the structures were produced from the previous generation by
means of the local particle swarm optimization technique, and the
remaining 40% of the structures were randomly generated to
enhance the structural diversity. Geometry optimization, total
energy, electronic structure, and optical property calculations were
carried out mainly by using the Vienna Ab initio Simulation
Package (VASP) code based on density functional theory (DFT).*®
The electron-ion interactions were described by projector-
augmented-wave (PAW) potentials.’®*° The generalized gradient
approximation (GGA) was used to consider the exchange-
dependent interaction with the Perdew-Burke-Ernzerhof (PBE)
functional.>* All computations employed a plane-wave cut-off
energy of 520 eV. The Tkatchenko-Scheffler (TS) method was
used to consider the interlayer vdW interactions (the choice of
semiempirical correction methods is described in the ESI).>?
Dipole corrections perpendicular to the monolayer have been
taken into account because of the intrinsic dipole in the Janus
structures.*” During the geometry structure relaxations, k points
of the reciprocal space were fixed to 0.02 A~' in bulk, which
were set to be 8 x 8 x 1 in monolayer structures. A vacuum
distance of 20 A was used to avoid interactions between adjacent
layers. To obtain accurate band gaps and optical absorption
spectra, the Heyd-Scuseria-Ernzerhof (HSE06)*>** hybrid functional
was also used to calculate the band structures and optical properties
of the bulk and monolayer phases. The dynamic stability of the bulk
(monolayer) phase was examined by calculating the phonon spectra
fora2 x 2 x 2 (4 x 4 x 1) supercell with the PHONOPY code
interfaced with the density functional perturbation theory.>® To
evaluate the thermal stability of the monolayers, ab initio molecular
dynamics (AIMD) simulations were performed by using the VASP
code in the NVT ensemble. The 4 x 4 x 1 supercell was constructed
to reduce the constraints of periodic boundary conditions, and
the simulations were carried out at a temperature of 300 K, for
5000 femtoseconds (fs) with a time step of 1 fs. A3 x 3 x 1 supercell
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was adopted to simulate the interactions between the adsorbed
molecules or atoms on the surface.

Based on the deformation potential theory, the carrier
mobility of the 2D PdSSe monolayer is calculated according to
the following formula:

57,58

€h3 C2D

Hop K Tm*mg (Ei )2 ( )

where 7 is the reduced Planck constant, Ky is the Boltzmann
constant, m* is the effective mass in the transport direction (both x
and y), and my is the carrier average effective mass defined by

= \/W T is the temperature, which is set to 300 K. E
represents the deformation potential constant of the holes at the
valence band maximum (VBM) or electrons at the conduction
band minimum (CBM) along the transport direction, which is
determined by Ei = AE/(Al/l,), where AE stands for the energy
change of the CBM or VBM under compression or tensile strain, /,
is the lattice constant along the deformation direction, and Al is
the deformation amount of /,. C,p is the in-plane elastic modulus
of uniformly deformed 2D materials, which is defined by the
formula C,p, = [0°E/0e?)/S,, in which E is the total energy, ¢ is the
applied strain, and S, is the area of the optimized unit cell.

In order to evaluate the absorptivity of the monolayer PdSSe,
the imaginary part of the dielectric function is determined by
summing the empty state of the equation:*°
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The exponents c and v represent the conduction band and
valence band states. u. is the cell periodic part of the orbitals at
the k-point. The real part of the dielectric function is obtained
from the imaginary part using the Kramers-Kronig relations.
The optical absorption coefficient is defined as:
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where ¢; and ¢, are the real and imaginary parts of the dielectric
function, o is the optical frequency, and c is the light speed in
vacuum.

The Gibbs free energies (AGy) are calculated to evaluate the
hydrogen evolution reaction (HER) catalytic activity, which can
be determined by

AGy = AEy + AEgpg — TAS (4)

where AEy; is the adsorption energy, and AEzpg and AS are the
differences of zero-point energy and entropy between the
adsorbed state and the corresponding freestanding state. Given
the fact that the vibrational entropy of the adsorbed state is very

1
small, the entropy of adsorption of 1/2 H, is ASy = _ES%’

where SJ) is the entropy of H, in the gas phase under standard
conditions. At 300 K, TASy is about 0.20 eV. AEy and AE,pg are
calculated by eqn (5) and (6), respectively.®®™®®

AEH = E(*+H) - E(*) - EEHZ (5)

AEzpr = AEjp; — %E;I;E (6)
In eqn (5), E-+1), E(r), and Ey, represent the total energy of a
monolayer with one adsorbed H atom on the surface, the total
energy of a monolayer, and the energy of a H, molecule in the
gas phase, respectively. In eqn (6), AEL,: is the zero-point
energy of the monolayer catalyst with one adsorbed H atom,

while E?IEE is the zero-point energy of H, in the gas phase.

Ill. Results and discussion

III.1 Chemical structure, stability, and electronic structure of
PdSSe in bulk phases

As shown in Fig. 1, the global structure search successfully
screened three stable PdSSe from 1050 candidates, which are
denoted as AA, AB, and BB, in the order of increasing energy
(Table 1). These layered structures are constructed by A or B
type monolayer PdSSe, and are stacked in different patterns.

WY

Ve S VA A
e B O e ST

Fig. 1 Top and side views of the (a) monolayer and (b) bulk phase PdSSe. The bulk phases are formed by different stacking manners of the monolayer

and are denoted as AA, AB, and BB.

This journal is © The Royal Society of Chemistry 2021
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The lattice constants obtained from geometry optimization are
in good agreement with the experimental values.** The lattice
constants and cell volumes increase from PdS, to PdSSe to
PdSe,, which are well consistent with the increasing atomic
radius from S to Se. Notably, the chalcogen atoms (Se or S) of
the same group are adjacent, and are located above and below
the Pd atoms in monolayer A. By contrast, the Se and S atoms
are located on different sides of the Pd atom, completely
separated by the Pd layers in monolayer B. In fact, the mono-
layer B is a Janus structure, which has been artificially assumed
in previous theoretical studies.*” According to our theoretical
predictions, although the BB bulk structure consisting of the
Janus structure (monolayer B) is not the lowest energy one, its
energy is comparable to those of the other two polymorphs
(AA and AB). Therefore, we expect that these three bulk phases
can exist simultaneously.

To assess the experimental feasibility of these predicted
structures, we first calculate the formation energy to evaluate
their thermodynamic stabilities. Previous experiments indicate
that PdSSe can be prepared by sintering pressed powders of the
mixed components (Pd, Se and S powders),’>*! therefore the

Table 1 The optimized lattice constants, unit cell volume (V) and band
gaps (Eg) of the three most stable polymorphs of PdSSe bulk phases
compared with the experimental results. The relative energy E, and the
formation energy E¢om Of the predicted PdSSe, as well as available
experimental data of the PdS, and PdSe, are given for comparison

E. (meV  Egorm

ad) b@A) c@A) per atom) (meV)

Exp.'  5.595 5.713 7.672 24523 0.65"" = — —

Vo (A% Eg4 (V)

AA 5.667 5.760 7.600 248.08 0.775 0 —820.28
AB 5.672 5.759 7.547 246.52 0.70 0.372 —819.17
BB 5.683 5.764 7.490 245.35 0.617 0.572 —818.57

PdS,"® 5.460 5.541 7.531 227.84 0.7-0.8*'
PdSe,” 5.741 5.866 7.691 259.01 0.4*
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formation energy of PdSSe bulk is defined as Eform = Epasse —
Epq — Es — Ese, Where Epgsse is the total energy of the PdSSe bulk
per formula unit and Epq, Es, and Eg. are the energies of the
single Pd, S and Se atoms in their corresponding stable
structures (Pd metal, Sg and Seg molecular crystal were used).
The formation energies are negative (Table 1), indicating that
these three polymorphs of bulk phases indeed can be synthe-
sized by an exothermic reaction from the constituents in their
stable structures. In addition, as shown in Fig. S1 (ESI}), the
dynamic stabilities of these three bulk phases are further
confirmed using the phonon spectrum without any obvious
imaginary frequency.

To obtain insight into the electronic properties of the bulk
phases, we have calculated the band structure as well as their
corresponding density of states. As shown in Fig. S2 (ESIt), the
band dispersions are almost the same for these three bulk
phases. Particularly, the electronic band structures show typical
semimetallic characteristics at the PBE level, where the VBM is
located at the I' point, whereas the CBM is located on the S-Y
path. Furthermore, the VBM and CBM are contributed mainly
by the Pd 4d states and partially by S 3p and Se 4p states, which
show a strong hybridization nature. The fundamental features
of the band dispersions and the hybridization contribution of
the electronic states for the PdSSe are essentially the same as
the case of 20 phase PdS, and PdSe,."®**?**3> Obviously, the
calculated semimetallic behavior is not consistent with the
experimental measurement of semiconducting gaps for these
20 phase materials.*" Therefore, the HSE06 screened Coulomb
hybrid density functional is employed to calculate the band
structure (Fig. 2), and indirect band gaps of 0.775, 0.700, and
0.617 eV are obtained for the AA, AB, and BB structures,
respectively. The theoretically calculated band gap values of
the 20 phase PdS, (0.818 eV),*® PdSSe, and PdSe, (0.57 eV)*” are
close to the experimentally measured results, and coincide with
the overall decreasing trend of the experimental data from PdS,

r XS YT rkz

<
4

Fig. 2 The electronic band structures of (a) AA, (b) AB and (c) BB bulk phases calculated with HSEO6. The color denotes the contributions from Se 4p
(red), S 3p (blue) and Pd 4d (green) states, and strong hybridization between them. Dashed lines represent the Fermi level at 0 eV, and the band gaps Eq4

are shown between the VBM and CBM.
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Fig. 3 The three-dimensional fitted surface plots of elastic energy versus strains along the x (e,) and y (e,) directions for (a) A and (b) B monolayer PdSSe.

to PdSe, (see Table 1).*! Recognizing the similar electronic
structure to the isostructural PdS, and PdSe,, it is natural to
speculate that these PdSSe materials will be potential high-
performance candidates for electronic, optical, mechanical,
and sensing applications.”

III.2 Exfoliation of 2D monolayer PdSSe from bulk phases

Theoretically, the interlayer interactions of the layered vdw
materials are relatively small, and all layered NMDCs can be
exfoliated from their bulk phases due to the low exfoliation
energy (Eexn. < 1] m?).” Therefore, we examine the possibility
of exfoliating the PdSSe monolayers from their corresponding
bulk phases by calculating the exfoliation energy. The mono-
layer A can be cleaved from the AA or AB bulk phases, and
monolayer B can be cleaved from the BB or AB bulk phases,
respectively. The exfoliation energy of PdSSe monolayers is
estimated from a six-layer bulk slab model.®#*> When the
interlayer distances are enlarged to about 6 A, the exfoliation
energies are converged (Fig. S3, ESIf). As shown in Table S3
(ESIT), the exfoliation energies of the monolayer PdSSe (0.33-
0.34 J m~?) are almost equal to those of isostructural monolayer
PdS, and PdSe,,” which satisfy the exfoliation energy criterion
(below 1 ] m ?) for a feasible 2D material.®® Therefore, the
PdSSe monolayers have great probabilities to be exfoliated from
their corresponding bulk phases.

The dynamic stability of these monolayers PdSSe is verified by
calculating their phonon dispersion along the high-symmetry lines
in the first Brillouin zone (Fig. S4, ESIf). There is no imaginary
frequency in the phonon spectrum for these two monolayers,
demonstrating that both A and B monolayers are dynamically
stable. AIMD simulations are further performed to evaluate the
thermal stabilities of these monolayers. In the whole simulation
process, the average value of the total potential energy of the A
supercell only increases by about 0.02 eV, and that of the B supercell
is about 0.03 eV (Fig. S5, ESIT). In addition, as shown in Fig. S6
(ESIt), both the geometrical structures and chemical bonds only
slightly deform but still maintain the pentagonal structure, con-
firming the thermal stability of the PdSSe monolayers.

This journal is © The Royal Society of Chemistry 2021

We also examine the mechanical stability of the PdSSe
monolayers by calculating the elastic energy U(e). By imposing
small strains ¢ near the equilibrium positions, the elastic energy

1
can be expressed as U(e) = E(e) — E(0) = EU(2>82 +0(&%),

where E(¢) and E(0) are the total energies of the system under
strain ¢ and at a strain-free state, respectively.®”” U® is the
expansion coefficient, determined by the elastic constants.
The elastic energy U(e) of the 2D materials can be expressed as:*®

Ue) = %Cll'gxxz + %C228yy2 + Chagyntyy + 2Cuty,’ ()

In eqn (7), &; are the infinitesimal strain tensors, and C;; are
the linear elastic constants. The values of elastic constants can
be obtained from the energy surface of systems under different
strains. Fig. 3 depicts the three-dimensional mesh of the elastic
energy within the strain ranging from —1.5% to 1.5%. Both
systems exhibit anisotropic responses in the x and y directions,
which is in line with the puckered pentagonal structures of the
monolayer PdSSe (Fig. 1). C; can be determined from a series of
parabolic fittings of the U(¢) with respect to uniaxial, biaxial and
shear strains, which are shown in Fig. S7 (ESIt). All the
calculated elastic constants are reported in Table 2. The elastic
constants of the two monolayers are very similar, indicating
that they have almost the same mechanical properties. The
elastic constants satisfy the Born mechanical stability criteria:*°
Cu > 0 and C;,Cs — Cyi,2 > 0, which indicates that these
PdSSe monolayers are mechanically stable and would have
strong resistance to the in-plane strains.

The mechanical properties are important for potential applica-
tion of the monolayer materials. The in-plane Young’s modulus (or
in-plane stiffness) and Poisson’s ratio are often used to describe
the mechanical properties of 2D layered materials. The Young’s

Table 2 Calculated elastic constants C; (N m™) of monolayers A and B

Cn Cas C11+ Cop + Crz Cua Cia
A 46.14 69.57 120.13 5.37 4.42
B 46.08 69.62 120.19 5.39 4.49

J. Mater. Chem. C, 2021,9, 7753-7764 | 7757
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modulus E(f) and Poisson’s ratio v(0) along arbitrary directions
can be deduced from the linear elasticity constant:*®

CiCxn — Cif?
E©) = CiCxn — Ci? ®)
Cris* + Cpc* + (Ci - 2C12)0252
a4
C11Cp — C12
<C11+C22—7“ 262' 12)c2s2—C12(c4+s4)
44

v(0) = e ©
Cps* + Conct + <M — 2C12>62S2

Cy
where 0 is the angle relative to the x direction, ¢ = cosf and s =
sin 0. As shown in Fig. 4, the deviations of E(0) and v(0) from the
perfect circles demonstrate the anisotropic mechanical properties,
which result from the unique puckered pentagonal structure units
of the monolayer PdSSe. The Young’s modulus in the x and y
directions is simplified to Ey = (C1,Ca, — C157)/Cs, and Ey=(C11Cx
— C1,%)/Cy4, and the corresponding Poisson’s ratio is: vy, = C1,/Cyy
and v, = C;,/Cy;. For monolayer A (B), the Young’s modulus
E. = 45.86 (45.79) N m™' and E, = 69.15 (69.18) N m ' and
Poisson’s ratio v, = 0.064 (0.064) and v, = 0.096 (0.097). The
in-plane Young’s modulus of the PdSSe monolayers is close to
those of the monolayer PdS, and PdSe,, but much lower than
those of other typical 2D monolayers graphene (323 N m™") and
MoS, (128 N m '), indicating that the PdSSe monolayers are rather
flexible."*® In line with previous results, the Young’s modulus has

~
&
N~

Young's modulus (N m 1)

_~
=3
~—~

Young's modulus (N m™)
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a slightly reducing trend from PdS, to PdSSe, and to PdSe,.”® In
addition, as shown in Fig. S8 (ESIt), the PdSSe monolayers can
sustain a uniaxial strain up to 18% and 17% along the x and y
directions, respectively, which are similar to those of the mono-
layer PdSe,.”* Moreover, significantly different ultimate strengths
along the x and y directions imply that the PdSSe monolayers have
anisotropic mechanical properties, which originated from the
anisotropic pentagonal crystal structure. The in-plane Young’s
modulus and ideal strength indicate that the PdSSe monolayers
exhibit highly flexible properties, which enable them to be used as
flexible materials.

III.3 Electronic structure, optoelectronic, and catalytic
properties of PdSSe monolayers

At the PBE level, both A and B PdSSe monolayers are indirect
gap semiconductors with band gap values of 1.21 and 1.17 eV
(Fig. S9, ESIt), in contrast to the semimetallic electronic
structure of the bulk phases. The thickness-tunable band gap
phenomenon has been observed in 20 phase PdSe,, where the
material changes from the bulk phase to monolayer accompanied
by a semimetal to semiconductor transition.’ In addition, GGA
often tends to underestimate the band gap of semiconducting
materials, and so we further calculate the electronic structure by
using the HSE06 hybrid functional (Fig. 5). The band gap values
increase to 2.10 and 2.06 eV for A and B monolayers, which are
close to the theoretically calculated values of the monolayers PdS,

0.8
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0.2

0.0

Poisson's ratio

0.2

0.4

0.6

0.8-
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0.2 1
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0.6
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Fig. 4 Polar plots of the Young modulus E(f) and Poisson’s ratio v(6) for monolayers A (a) and B (b). The red (high) and blue (low) colors denote the

relative strength of the E(0) and v(0).
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and PdSe,.”® As shown in Fig. 5, the projected band structure
combined with the charge density plots indicates that the VBM
mainly originates from the Se and S 4p states, while the CBM
comes from the hybridization of the chalcogen p and Pd 4d states,
which are similar to the case of monolayers PdS, and PdSe,.">'®
Considering the relatively heavy Pd element and broken symmetry
of the 2D structure, we also investigate the effects of the spin-orbit
coupling (SOC) on the band structure. The results obtained with
and without SOC confirm that the SOC interactions have negligible
influences (Fig. S9, ESIt), which will not change the properties
studied in this paper, therefore SOC effects will be neglected in the
following discussions.

The band gap values of both A and B monolayers are greater
than 2 eV, which satisfy the minimum potential difference
(1.23 eV) required for photocatalytic water splitting.”>”® In
addition to the value of the band gap, the band edge positions
should also meet another important requirement of photoca-
talytic water splitting, that is the CBM (VBM) should be higher
(lower) relative to the hydrogen reduction (water oxidation)
potential of H'/H, (H,0/0,). Therefore, their band edge posi-
tions are aligned with vacuum level corrections and compared
with the reduction potential of hydrogen evolution and the
oxidation potential of oxygen evolution. As shown in Fig. 6, the
VBM is lower than the oxygen evolution potential (H,0/O,,
—5.67 €V), while the CBM is higher than the hydrogen evolution
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potential (H'/H,, —4.44 €V), fulfilling the thermodynamic
requirements for overall water splitting under acidic conditions
(PH = 0).

It should be kept in mind that photocatalytic water splitting
usually occurs in a neutral environment (pH = 7). Unfortunately,
the positions of the CBM are lower than the reduction potential
of hydrogen when pH = 7. A feasible method to manipulate the
band edge positions is through band gap engineering by applying
external strain. The band gap values of the PdSSe monolayers
decrease with increasing tensile strain and increase with increas-
ing compressive strain (Fig. S10, ESIt). Elastic strain has similar
effects on the band gap of the two isostructural PdS, and PdSe,
monolayer materials.”* When subjected to a biaxial tensile (com-
pressive) strain, the CBM pronouncedly shifts downward
(upward), while the VBM changes slowly, resulting in the obvious
decrease (increase) of band gap. Accordingly, the band gap of
monolayer A (B) can be enlarged to 2.58 (2.57) eV under a biaxial
compressive strain of —5%, and reduced to 1.51 (1.50) eV under a
biaxial tensile strain of +5% (Fig. S10, ESIT). When the compres-
sive strain is larger than 1%, the CBM positions shift up with the
increasing compressive strain and exceed the hydrogen reduction
potential, thereby fulfilling the requirements of an ideal photo-
catalyst for overall water splitting (Fig. 6).

As is known, the band gap values of the photocatalyst are
very delicate. The band gap of the semiconductor is too large to

(b)4[se —— 7
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Fig. 5 The projected band structures of (a) A and (b) B monolayer PdSSe calculated with HSEO6, which are projected onto Se 4p (red), S 3p (blue) and Pd
4d (green) states, respectively. The Fermi level is set to 0 eV. The corresponding real-space charge distribution of the VBM and CBM for A and B

monolayer PdSSe is shown in (c) and (d); the iso-surface value is 0.005 e bohr
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Fig. 6 Band edge positions of monolayers A and B as a function of biaxial
strain. The positive (negative) values denote tensile (compressive) strains.
The redox potentials are marked by the dashed lines for different pH values.

exploit the incident light adequately, while a narrow band gap
leads to photo-generated carrier recombination.”> Hence, it is
hard to meet the above two conditions in a single material at
the same time. Typical narrow band-gap semiconductors such
as SiC, GaP, CdS, ZnO, TiO,, WO; and SrTiO; have been widely
studied as photocatalysts. However, the recombination prob-
ability of the photoexcited electron-hole pairs is quite high in
the direct band-gap semiconductors, and the conduction band
or valence band edge positions usually do not satisfy the water
redox potentials in the water-splitting reactions (see Fig. S11,
ESIT).”® Alternatively, 2D materials have been proposed as
potential candidates of photocatalysts for water splitting due
to their tunable electronic properties. For example, black
phosphorus (BP) and MoS, have been extensively studied for
photocatalytic water splitting reactions because of their novel
layered structure and excellent optoelectronic performance.
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Fig. 7 The light absorption coefficient of (a) A and (b) B monolayer PdSSe.
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However, the higher VBM position of BP and the lower CBM
position of MoS, are obstacles for their practical application as
photolytic water splitting materials in different pH environ-
ments (see Fig. S11, ESIt).”” In addition, the direct band gaps of
BP and MoS, are not conducive to reducing the carrier recom-
bination rate. To construct heterojunctions or heterostructures
can effectively adjust the band edge positions and light absorp-
tion performances.”®”® Boron phosphide-blue phosphorene
vdW heterostructures are extremely successful examples.®* In
addition, monolayer PdSe, has been demonstrated to be a
potential candidate for photocatalytic water decomposition
with appropriate band edge positions.®* Present predictions
indicate that elastic strain, as a clean and convenient method,
effectively modulates the band gap and band edge positions of
the PdSSe monolayers, which could facilitate its utilization in
photocatalytic water splitting in different pH environments.
Besides the requirements of the band gap and band edge
position, another important factor for an ideal photocatalyst is
the light harvesting performance. As shown in Fig. 7, the PdSSe
monolayers exhibit pronounced light absorption beginning
at ~2 eV, and the absorption coefficients reach the order of
10° em ™", Prominent absorption peaks can be observed in the
visible-light and ultraviolet region, indicating the excellent
light-harvesting capability. In the visible light range, the light
absorption coefficients are much higher than those of MoS,
and BP, which are comparable to those of PdSe, and PdS,
(Fig. S12, ESIY). Furthermore, we present the optical properties
of the PdSSe monolayers under biaxial strains in Fig. S13 (ESIf).
Under the tensile strain, the peak value of the optical absorption
coefficient decreases slightly, and the energy range corres-
ponding to the absorption peak shows an obvious redshift. Under
the compression strain, the absorption peak value decreases too,
but the absorption range shows a blueshift. Considering the
relationship between the potential energy surface and the band
edge positions of the water splitting half reactions, it is suggested
that compressed monolayers will always have a good ability to
collect solar energy under both acidic and neutral conditions.
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Table 3 The ef'fective mass (m*), elastic modulus (C,p), deformation
potential constant (E3), and carrier mobilities (u) along the x and y direc-
tions for the monolayers PdSSe and PdX,

Cop Ell n

Monolayer Direction Carrier m*m, (Jm > (eV) (em’>V 's™)

A X Electron 1.36 46.09 6.25 20.73
Hole 1.54 46.09 0.76  831.73

y Electron 0.59 69.49  7.20 54.31

Hole 1.17 69.49 1.20 653.02

B x Electron 2.16 46.04 7.01 5.85
Hole 0.92 46.04  0.64 2520.44

y Electron 1.15 69.56  7.84 13.25

Hole 1.17 69.56 1.15 928.50

Pds,*® x Electron 0.87 58 8.59  40.97
Hole 0.72 58 2.12  339.25

y Electron 0.25 82 9.40 169.11

Hole 1.75 82 3.11 91.73

PdSe,®* x Electron 1.88  38.44 5.24  29.40
Hole 0.90 38.44 1.12 534.55

y Electron 0.49 98.18 5.03  229.01

Hole 1.45 98.18 1.89 184.59

Furthermore, excellent carrier mobility is a consistent pursuit
in the design of photocatalytic materials, to suppress the unfavor-
able electron-hole recombination.”®*’ Based on the deformation
potential theory,””*® the carrier mobilities of the PdSSe mono-
layers are examined. Strains ranging from —1.5% (compressive) to
1.5% (tensile) are applied to the monolayers both in the x and y
directions, respectively. The carrier effective masses (m*) are
obtained by second polynomial fitting to the VBM (hole) and
CBM (electron). The in-plane elastic modulus C,p in different
transport directions is obtained through the quadratic function
fitting the total energy of the system under strain (Fig. S14, ESIt).
The deformation potential constants E; along the transport
directions are fitted by the shift of band edges induced by strain
(Fig. S15, ESIt). Once the carrier effective masses, elastic modulus,
and deformation potential constants are obtained, the carrier
mobilities can be determined with eqn (1). The obtained effective
masses (m*), elastic modulus (C,p), deformation potential con-
stants (E), and carrier mobilities () are summarized in Table 3.

According to the calculated results, the PdSSe monolayers
exhibit considerable anisotropy in effective masses and elastic
modulus. Particularly, the deformation potential constants of
the electrons are much larger than that of the holes, which are
consistent with the fact that the CBM is more susceptible to
strain (Fig. 6). Due to the anisotropy of the effective masses, elastic
modulus and deformation potential, the carrier mobilities of
monolayer PdSSe show striking anisotropic characteristics. The
hole mobility is much higher than the electron mobility in both x
and y transport directions. In addition, there are great differences
between the mobilities of electrons (20.73/54.31 cm®> V™' s~ ') and
holes (831.73/653.02 cm® V" s~ ') along the same direction (x/y) in
monolayer A. The anisotropy of the carrier mobilities is even more
pronounced in monolayer B for electrons (5.85/13.25 cm®> V' s~ %)
and holes (2520.44/928.50 cm® V' s™') along the x/y direction.
Remarkably, the significant anisotropy of the carrier mobilities
mainly arises from the rather small deformation potential of the
holes with respect to those of electrons, which matches well with
previous results for other 20 phase PdX, monolayers.'*'>?%5!
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The anisotropic ratio is a key parameter to evaluate the
mobility anisotropy, which is defined as: Rani = Umax/min, Where
Umax and fnin are the maximum and minimum carrier mobility
for electrons and holes, respectively.'®®* Along the same trans-
port direction, the calculated R,y; of the hole/electron mobility
ratio is as high as 40.12/430.99 (12.02/70.08) along the x (y)
direction for the A/B monolayer, indicating that the carriers of
electrons and holes are significantly separated in both transport
directions. Compared to the potential photocatalysts PdX,,"*!
the monolayer of PdSSe shows much more pronounced aniso-
tropy of mobility (Table 3). The carriers’ mobility anisotropy can
promote the separation of the photogenerated electrons and
holes, and effectively reduce the probability of recombination,
which can remarkably promote the photocatalytic water split-
ting. Furthermore, such ultrahigh carrier mobilities and hole/
electron mobility ratio are beneficial for high-performance
nanoelectronic devices.

The adsorption of water molecules is a prerequisite in the
process of photocatalytic water splitting. We calculated the
adsorption energies of the water molecules at different absorption
sites: approximate top position of the Pd and X atoms, the middle of
Pd-X and X-X bonds, and the hollow of the pentagons (Fig. S16,
ESIt). The adsorption energy is defined as: E, = E(pdsse+t1,0molecule) —
Epasse — En,0 where E(passe+t,0molecule)y Epdsses and Ey o are the
energies of the adsorbate-PdSSe equilibrium system, isolated
PdSSe monolayer, and isolated H,O molecule, respectively. The
calculated results indicate that the largest negative adsorption
energies for H,O molecules are —0.133 and —0.162 eV for the A
and B monolayers (Table S4, ESIT). The water molecules prefer
the stably adsorbed sites on top of the Se atom for A and the
Pd-Se bond for B, as shown in Fig. S17 (ESIt). For the HER, the
reaction energy barriers (AGy) are 1.64 eV for A and 1.55 eV for
the B monolayer (Fig. 8). The AGy of both A and B monolayers is
higher than that of PdSe, (1.175 eV),*" but lower than that
of the Janus WSSe (~1.82 eV) and 2H-MoS, (2 eV).** Such high
Gibbs free energies imply that the PdSSe monolayer surfaces
are inert in the HER, which is not conducive to proton and
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Fig. 8 The Gibbs free energies of the HER under standard conditions for
monolayers A and B.
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electron transfer.?® It has been shown that the Janus WSSe
monolayer can achieve a AGy of —15 meV by introducing
Se-vacancies.®® By fine-tuning the strain and vacancy ratio or
doping Pt atoms, a AGy of ~0 eV can even be achieved in
monolayer 2H-MoS,.”*®> Therefore, we expect to modulate the
HER activity of the monolayer PdSSe by introducing vacancies,
doping, and strain engineering. Excellent mechanical properties,
light absorption performance, and ultrahigh carrier-mobility
anisotropy enable PdSSe monolayers to be promising candidates
for flexible electronics, optoelectronics, photocatalytic water split-
ting, and nanoelectronics.

V. Conclusion

To summarize, we successfully identified the ground-state
structure of PdSSe using a global structure search combined
with first-principles DFT calculations. Moreover, two types of
monolayer PdSSe can be exfoliated from the bulk phases, which
are found to be dynamically, thermally, and mechanically
stable using phonon spectra and AIMD simulations, as well as
elastic moduli calculations. In addition, our HSE06 calculation
shows that both kinds of monolayers are semiconductors with
tunable band gap values in the visible-light region. Further-
more, the band edge positions of the monolayer PdSSe fulfill the
requirements of photocatalytic water splitting. In addition, the
monolayer PdSSe shows excellent light harvesting performance
and anisotropic ultrahigh carrier mobility. These outstanding
properties enable PdSSe to be a promising candidate material
for applications in photocatalysis, photoconversion and nano-
electronic devices. Our theoretical results would stimulate the
experimental synthesis of 2D PdSSe and extend the pentagonal
2D NMDC systems, which could greatly enrich the diversity and
advance the applications of NMDC materials.
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