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ABSTRACT

The development of two-dimensional (2D) energy materials with high light absorption and ideal Gibbs
free energy for hydrogen evolution reaction (HER) can propel us toward new technologies of efficient
photoelectric conversion and clean energy production. Here our first-principles study depicts the 2D
PdPS as a promising material for the photovoltaic solar cell and highly active catalyst for HER. Specifically,
the calculated optical gap of PAPS monolayer is 1.65 eV, close to the ideal gap for solar cells. The PdPS
monolayer shows a remarkably high absorbance in the visible light region and the exciton binding en-
ergy is estimated to be 0.55 eV. The PdPS sheet is found to possess highly active sites for HER, with the
ideal value of Gibbs free energy, which is more desirable than that of Pt and MoS,. Furthermore, we find
the single-layer PdPS can be obtained experimentally by mechanical cleavage and it is dynamically stable
by analysing its vibrational normal modes. Our work expands the family of 2D solar cells and the highly
active HER activity of PdPS layer will place it as a promising catalyst for water splitting.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Seeking two-dimensional (2D) materials as high-efficient
photovoltaic (PV) solar cells and catalysts for water splitting pro-
vides attractive ways to produce the clean and sustainable energy
without the depletion of fossil fuels and the emission of chemical
pollutants [1—4]. In contrast to three dimensional (3D) bulks, the
corresponding 2D sheets, which consist of only single or a few
layers, always display more competitive optical properties such as
stronger light absorption, thus stimulating great investigations
with regard to ultra-thin solar cell fabrication. So far, a variety of 2D
structures as light absorbers have been successfully realised,
including transition-metal dichalcogenides (TMDs) such as MoS,
Xenes like phosphorene, boron nitride (BN) [5], to name a few.
However, some problems cannot be ignored. For example, BN layer
has a very large gap [6], which hinders its ability for light absorp-
tion. Moreover, phosphorene is not very stable and can be easily
oxidized when exposed to air [7]. Although single-layer MoS,
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possesses a relatively proper band gap, it is strongly influenced by
structural defect [8], charged impurities [9], dielectric environment
[10], etc. Thus, searching for new 2D platforms is paramountly
crucial for the development of next-generation PV devices [11—13].

2D catalysts for water splitting have drawn a great attention in
recent years due to their extraordinary properties [14,15]. In this
context, some promising 2D materials for H, production by split-
ting water have been revealed including MoS,/WS,, phosphorene,
nanocarbon and g-CsN4 [11,16—25]. Nevertheless, the reported
Gibbs free energies of those well-known catalysts are not very
desirable and the HER efficiency needs to be further improved.
Therefore, exploring new classes of 2D materials with an ideal
Gibbs free energy (~0 eV) is of importance to achieve high efficiency
HER activity.

In this work, we report the PdPS monolayer as a versatile ma-
terial with promising application as a light absorber and a catalyst
for water splitting. By evaluating its cleavage energy and strength,
we find the PdPS monolayer is highly possible to be exfoliated
mechanically. The stability of the single layer is confirmed by
calculating phonon band dispersions. Importantly, PAPS mono layer
has an excellent optical bandgap 1.65 eV, close to the ideal band gap
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for solar cells (~1.4 eV). In addition, single-layer PdPS possesses
multiple active sites for HER and the calculated Gibbs free energy
for Pd atom is near zero, highlighting its great potential as an
excellent catalyst for HER.

2. Methods

Ab initio calculations were carried out based on density func-
tional theory (DFT) as implemented in the VASP package [26,27].
The exchange correlation functional was treated with generalized
gradient approximation (GGA) in the Perdew, Burke, and Ernzerhof
(PBE) form [28]. The van der Waals interactions was incorporated
through the DFT-D3 approach [29]. The electron—ion interaction
was described by projector-augmented-wave method [30]. A vac-
uum space of approximately 17 A was applied to avoid the inter-
action of neighbouring layers. For geometry optimization, the
plane-wave energy cut-off was set to 500 eV and a 5 x 5 x 1
Monkhorst—Pack k-points grid [31] was adopted. The convergence
threshold for residual force and energy were 0.005 eV/A and
10~%eV, respectively.

Since DFT calculations are not sufficient to produce highly reli-
able results for 2D materials due to the ignorance of many-body
effects. The GW approximation for PdPS was employed in a single
shot way (GoWp) to compute quasi-particle (QP) band gap which
was then plotted by using the maximally localized Wannier func-
tions [32]. In addition, GW combined with Bethe—Salpeter equation
(BSE) or random phase approximation (RPA) was applied to
calculate light absorbance (see the details in the Supplementary
material) with or without electron—hole (e—h) interactions, as
implemented in BerkeleyGW package [33,34]. To carry out the BSE
calculations within Tamm-Dancoff approximation, the matrix ele-
ments of BSE Hamiltonian were first computed witha 11 x 11 x 1 k-
point mesh and then interpolated on a 28 x 28 x 1 mesh in which
six valence bands and four conduction bands were considered.

Under the standard condition, the HER activity includes two
steps. The first step is hydrogen adsorption on the catalyst (*), and
the second is releasing the product hydrogen (1/2H,+*). The whole
process can be described as H" + e~ —>%H2 reaction, comprising the
initial state H™ + e, the intermediate adsorbed H*, and the product
hydrogen. The Gibbs free energy for the intermediate hydrogen
adsorbed catalyst (AGE,*) is a key descriptor [35] of the HER per-
formance in the PdPS system. It can be written as
AGg, = AEy +0.270 eV, where 4Epis the differential hydrogen
adsorption energy. (see more HER calculation details in the
Supplementary material).

3. Results and discussions

The palladium phosphide sulfide (PdPS) material has been
fabricated in bulk for many years [36] and it crystallizes in an
orthorhombic configuration with the space group Pbcn (no.60). The
bulk configuration [37] consists of two monolayers (or four atomic
layers) and the monolayer interacts with neighbouring layers
through weak van der Waals forces. Each Pd atom displays in
square-planar coordination and surrounded by two phosphorus
and two sulphur atoms (Fig. 1c). Both P and S atoms form zig-zag
chains along y-axis, resulting in a polyanion structure. The PdPS
monolayer (Fig. 1b) is composed of two “atomic layers” which are
connected by P—P covalent bonds. In our calculations on PBE level,
the lattice constants for the PdPS bulk (Table 1) are a = 5.685 A,
b = 5.705 A, c = 13.316 A, which agree well with the respective
experimental results [36]. The lattice constants of a single-layer
PdPS (space group P2/c, no. 13) are a = 5.654 A, b = 5.695 A,
slightly smaller than those of the bulk phase.

Having identified the structural configuration of PdPS, we then
evaluate the possibility of extracting the monolayer from its bulk
via a mechanical exfoliation strategy (see computing details in the
Supplementary material). Two parameters are employed to char-
acterize this process. The first one is the cleavage energy E., which
is the required energy over the mechanical exfoliation process.
Fig. S1a illustrates the calculated E for PdPS is 0.82 J/m?, which is
smaller than that of experimentally realised ReSe, (1.10 J/m?)
[38,39] and relatively larger than that of graphite (0.37 J/m?) [40].
The second parameter is the cleavage strength ¢ as shown in
Fig. S1b. Particularly, the calculated o for PdPS is 3.48 GPa, slightly
lower than the 3.59 GPa of ReSe; and comparable with the 2.10 GPa
in graphite [41]. As graphene and ReSe, monolayer have been
successfully exfoliated, it is also highly feasible to realize PdPS
monolayer experimentally.

Next, the dynamical stability of PAPS monolayer is evaluated by
calculating the phonon band spectrum. As shown in Fig. 2, no
imaginary frequency can be observed at any wave vector, con-
firming that the single-layer PdPS is dynamically stable. To form a
freestanding nanosheet, 2D PdPS should be capable to withstand
external load or its own weight. Thus, the mechanical properties
was estimated by the Young's modulus (Y) and Poisson's ratio (v) as
expressed below:
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where Cqq, Cq2, C21 and Cy; are the elastic modulus tensor compo-
nents. We therefore obtain the value of Y and v for single-layer
PdPS, which are 128 GPa-nm and 0.19 along x-axis, and
143 GPa-nm and 0.21 along y-axis, respectively. The Young's
modulus along x and y are different in values, indicating the PdPS
sheet is anisotropic and the in-plane stiffness along y-axis is
stronger than that along x-axis. It should be noted that here the
estimated Young's modulus is higher than that of 2D black phos-
phorus [42] and some metals such as Copper, indicating the high
mechanical strength of PdPS layer and its capability to form a
freestanding nanosheet after being exfoliated.

On PBE level, the PdPS bulk shows a semiconducting behavior
and the indirect gap value is 0.81 eV (Fig. S2). The VBM is along the
wave vector I'-Y, while the CBM locates at a point along the D—E
line. As the thickness of PdPS is gradually deceased, the quantum
confinement effect becomes increasingly significant and the band
gap of the system rises, followed by the expression: E; = Ej, + A/n¢,
where E;, is the band gap for n layers, Ep, is the band gap for the bulk,
A and « are the fitting parameters [43]. When the thickness de-
creases to one layer, we find the 2D PdPS shows an increasing band
gap to 1.25 eV, in which both VBM and CBM are located along X-Z
line (Fig. 3a). The calculation of the projected density of state
demonstrates that the d orbital from Pd is the main contribution to
form the CBM and VBM of single-layer PdPS. As the PBE functional
has a well-known issue of gap underestimation, we then performed
the hybrid density-functional (HSEO6) calculations and quasipar-
ticle GoWy approximation to evaluate more accurate the gap value.
As shown in Fig. 3a, the HSEOG6 calculation corrects the band gap of
single-layer PdPS to 2.20 eV while the overall band shapes do not
change compared to the PBE results. Additionally, the GoW, band
gap is also 2.20 eV, which agrees well with that by HSE06 method.
Furthermore, the spin—orbit coupling (SOC) effect employed in
calculations (Fig. S3) only leads to a negligible difference compared
with the HSEO6 bands. Therefore, this effect is omitted from further
discussions. To further explore the electronic properties of PdPS,
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Fig. 1. (a) Side view of the PdPS bulk, (b) top view of the PdPS monolayer, (c) top view of one atomic layer PdPS. Key: blue, Pd; pink, P; yellow, S.

the band-decomposed charge density for CBM and VBM are
depicted in the inset of Fig. 3b. As presented in the inset of Fig. 3b,
the VBM is mainly composed by the dyy orbital of Pd while the CBM
is derived from the d, orbital of Pd. In other words, the photo
induced electron-hole pairs is generally attributed to the transition
from the occupied dyy orbital of Pd to unoccupied d,. orbital during
the light harvesting process.

In addition to a PdPS monolayer, the few-layer sheet was also
studied because these are easier to synthesize and common in low-
dimensional material fabrication. Moreover, the electronic prop-
erties of the few-layer sheets are very fascinating according to
many reports [44]. Thus, we calculated the band structures of
bilayer and trilayer PdPS on the HSEO6 level. We find the bilayer
and trilayer PdPS are both indirect semiconductors and their gaps
are 2.01 eV and 1.9 eV, respectively (Figs. S4—S5). As expected, the
band gap value reduces with the rise of thickness due to the
weakened quantum confinement effect as interpreted by the
equation of Ej.

The band gap value and electronic band dispersion have a strong
impact on the performance for light-harvesting. 2D materials
usually exhibit the decreased charge screening and strengthened
electron—electron (e—e) correlation, resulting in forming bound
e—h pairs (excitons), which dominates the optical properties. To
account for e—h interactions and yield accurate absorbance spec-
trum in the low-dimensional system, the GW-BSE calculation was

Table 1
Lattice constants and volume for PdPS bulk and monolayer.

Bulk (Cal.) Bulk (Exp.) Monolayer (Cal.)
a(A) 5.685 5.677 5.654
b(A) 5.705 5.693 5.695
c(A) 13.316 13.304 -
v(A) 431.934 429.974 -

performed and the light absorbance is shown in Fig. 4. PdPS
monolayer has a QP energy gap of 2.2 eV. The first exciton peak,
which corresponds to the lowest optically allowed state (optical
band gap), is at 1.65 eV (Fig. 4a) and the estimated exciton binding
energy is 0.55 eV. 2D PdPS shows a remarkably high absorbance in
the visible light range (1.5 eV—3.0 eV). The light absorbance even
hits 30% at the violet light range (around 2.9 eV). The optical gap for
single-layer PdPS is smaller than that of the excellent light absorber
2D MoS; (1.88 eV) [45] and it is closer to the ideal gap for solar cells
(~1.4 eV), indicating its great potential in photovoltaics. Moreover,
the estimated exciton binding energy for single-layer PdPS is
smaller than some other 2D TMDs such as MoS; (1.04 eV) [46], but
larger than that of WS, (0.32 eV) [47]. Since the bandgaps of bilayer
and trilayer PdPS are both smaller than that of the single layer form,
it is expected that the increase of the thickness of PdPS would
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Fig. 2. Phonon dispersion of the PdPS monolayer.
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Fig. 3. (a) The band structure for PdPS monolayer calculated by PBE (dashed line),
HSE06 (black solid line) and GoWy (red solid line) method, respectively. (b) Density of
states for PdPS monolayer calculated by HSEO6 functional. Inset of (b): CBM and VBM
for single-layer PdPS with an isovalue of 0.01 e/A3. The Fermi level is set to zero.
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Fig. 4. Light absorbance of PdPS monolayer in the (a) x and (b) y direction, respec-
tively. The optical absorbance without (blue) and with (pink) electron-hole interaction
were obtained based on GW-RPA and GW-BSE level, respectively.
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Fig. 5. The free-energy diagram of HER at different edges, i.e. Pd atom (Pd—PdPS), P
atom (P—PdPS) and S atom (S—PdPS) with 1/16 hydrogen coverage, along with the
referenced catalysts Pt, MoS,, and WS,.

redshift their absorption onset and lower the binding energy, thus
broadening the solar harvesting range and enhance the ability of
separating the e—h pairs, and finally increasing the efficiencies
when applied in a solar cell.

In order to be an ideal catalyst for HER, the Gibbs free energy
AGg* should be close to 0 [48]. A positive AGg, indicates low ki-
netics of hydrogen adsorption, and a negative value will lower the
kinetics of hydrogen molecule release. To evaluate whether single-
layer PdPS is a potential candidate for H, evolution, we conducted a
series of theoretical investigations on edge sites. We built a 2 x 2
supercell for the single-layer PdPS which includes 16 Pd, 16 P and
16 S atoms, respectively. One H* adsorption on this layer is
employed and defined as 1/16 coverage. The Pd, P and S atom are all
considered as the potential adsorption sites for HER. We find the H
adsorbed Pd, P and S sites are all active for HER. Specifically, H
adsorbed P atom has the AG,?‘P of —0.21 eV, while H adsorbed S site
has a positive AG%. with a value of 0.20 eV. Notice that the HER
performance is highly enhanced when H adsorbed on Pd atom with
a AG,Q,* of —0.01 eV (Fig. 5). This value is near-zero and slightly
lower than DFT calculated value of Pt (AGE,* =~ —0.09eV) [49] or
other highly active HER catalysts, e.g. MoS; (AG?# =0.08 eV) and
WS, (AG,?F = 0.22 eV) [50], demonstrating the highly active HER of
PdPS monolayer in terms of thermodynamics. With more active
and multiple sites at the edge, the performance of PdPS catalyst is
expected to be better than those of MoS,, WS, and g-C3N4 sheets.

4. Conclusions

In conclusion, our simulations suggest that the layered 2D PdPS
material is a promising 2D solar cell and an excellent catalyst for Hy
production. By calculating mechanical cleavage energy and
strength, we find this sheet is feasible for experimental realisation.
Moreover, the computed phonon spectrum reveals its high
dynamical stability. Importantly, the optical band gap (1.65 eV) and
large absorbance of PdPS suggest its potential for the photovoltaics
application as a donor material. Additionally, a single layer PdPS
possesses multiple active sites suitable for HER. The estimated
Gibbs free energy at Pd site is close to zero and is relatively lower
compared to respective values for Pt and other highly active HER
catalysts including MoS; and WS, demonstrating the HER poten-
tial of PAPS monolayer. Our results highlight unique electronic and
structural properties of a new 2D solar cell and catalyst for water
splitting and are expected to guide future studies toward experi-
mental realization of efficient photovoltaic applications and H;
production based on this material.
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