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Novel Janus XGa—PbP (X = S, Se) monolayers:
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excellent photocatalysts for overall water splitting
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The search for efficient and sustainable materials for solar-driven water splitting has intensified with the
emergence of two-dimensional (2D) Janus structures. In this work, we theoretically design and explore
two novel Janus monolayers, SGa—PbP and SeGa—-PbP, using first-principles calculations. Our results
reveal that both monolayers are dynamically, thermally, and mechanically stable, and exhibit direct band
gaps (0.93 eV for SGa—-PbP and 1.24 eV for SeGa-PbP) ideally suited for visible-light absorption.
Impressively, these systems display strong optical absorption in the visible and ultraviolet regions, with
absorption coefficients reaching 10° cm™. The asymmetric structure induces built-in electric fields that
enhance charge separation, while the PbP surface provides active hydrogen adsorption sites with nearly
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hydrogen conversion efficiencies reach 40.69% and 31.75% for SGa—PbP and SeGa—-PbP, respectively-

DOI: 10.1039/d5ra04300j significantly surpassing many state-of-the-art 2D photocatalysts. These findings position XGa—PbP Janus

rsc.li/rsc-advances monolayers as highly promising candidates for next-generation solar hydrogen production technologies.
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1 Introduction

As the global energy crisis deepens and environmental degra-
dation accelerates, the urgency to develop sustainable energy
solutions has grown significantly. Among various alternatives,
hydrogen has emerged as a compelling solution due to its high
energy density (122 kJ g~') and zero-emission combustion,
producing only water as a byproduct.'* Photocatalytic water
splitting, which harnesses solar energy to drive redox reactions,
offers a green and scalable pathway for hydrogen generation,*”
with additional applicability in CO, reduction and pollutant
degradation.

The water splitting process involves two critical half-
reactions: the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER).* For a photocatalyst to be
effective, it must meet stringent criteria: having a suitable band
gap, proper alignment of the conduction and valence bands
with water redox potentials, robust visible light absorption, and
excellent charge carrier dynamics.’ Since the pioneering work of
Fujishima and Honda on TiO,," extensive research has been
devoted to the engineering of advanced photocatalysts. Yet,
many widely studied systems suffer from intrinsic limitations,
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such as subpar light absorption (e.g., TiO,," La,Ti,0 (ref. 12)),
high electron-hole recombination rates (e.g., g-C3N, (ref. 13)),
or inadequate redox potential and catalytic activity (e.g,
Ag;PO,," La-doped NaTaO; (ref. 15)). These deficiencies hinder
their practical implementation.

The advent of two-dimensional (2D) materials has ushered in
a new era for photocatalyst design.'**® Due to their atomic-scale
thickness, 2D materials offer exceptional surface-to-volume
ratios, providing a high density of catalytically active sites.”®
Their reduced dimensionality also improves the mobility of the
charge carrier by shortening diffusion paths* and prolonging
carrier lifetimes.* Moreover, their optoelectronic properties are
highly tunable via strain engineering, surface functionalization,
and layer number modulation, enabling efficient use of solar
spectrum.”

Among the expanding library of 2D materials, Janus mono-
layers have emerged as front-runners for next-generation pho-
tocatalysts. Their hallmark feature, structural asymmetry across
the atomic plane, induces a built-in out-of-plane dipole
moment, giving rise to an intrinsic built-in electric field that
promotes directional charge separation and improves carrier
mobility.**** This self-generated electric field can alleviate the
strict requirement of a 1.23 eV band gap for water splitting,
while simultaneously improving the catalytic activities of both
HER and OER.*® The experimental realisation of Janus transi-
tion metal dichalcogenides (TMDs), such as MoSSe,” has
substantiated their superior photocatalytic performance. In
parallel, theoretical studies on Janus structures like B,Pg (ref.
28) and M,X; (M = Al, Ga, In; X = S, Se, Te)** have reported
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solar-to-hydrogen conversion efficiencies exceeding the
conventional limit 18%. Notably, Janus VI-III monolayers (VI =
S, Se, Te; III = Ga, In)* demonstrate markedly improved charge
separation compared to their symmetric analogs,®* further
underscoring the advantages of Janus engineering.

In this context, a novel subclass of 2D materials, Janus V-IV-
III-VI monolayers, has recently garnered interest due to their
unique structural complexity and tunable properties. These
materials feature four atomically thin sublayers stacked in
a sequence of V-IV-III-VI and crystallize in a non-
centrosymmetric structure with inherent out-of-plane asym-
metry. Lin et al.** initially proposed the V-IV-III-VI architecture
(V=N, P; IV = Si, Ge, Sn; III = Al, Ga, In; VI = O, S), showing
that many candidates exhibit thermodynamic and kinetic
stability. Subsequently, Hu et al** reported that XM-GaS
monolayers (X = N, P; M = Si, Ge, Sn) are not only stable but
also optoelectronically ideal for photocatalysis; specifically, SiP-
GasS and GeP-GaS were found to possess suitable band align-
ments and visible light absorption exceeding 10> ecm™". The
complementary work by Deng et al.** on InSe-MQ systems (M =
Si, Ge, Sn; Q = P, As) further validated the viability of this family,
although some members (e.g., InSe-SiP) lacked the necessary
redox potential under acidic conditions.

From an experimental perspective, unlocking the potential
of Janus V-IV-III-VI monolayers hinges on adapting synthesis
strategies proven for related layered chalcogenides. The foun-
dational step would involve the synthesis of bulk symmetric V-
IV-III-VI compounds, which can be achieved through well-
established methods like chemical vapor transport (CVT)*
and flux-assisted solid-state reactions.** Following bulk growth,
mechanical or liquid-phase exfoliation could be used to obtain
few-layer sheets, a standard procedure for isolating 2D mate-
rials from their bulk precursors. Alternatively, Janus asymmetry
could be introduced by starting with a symmetric monolayer
and employing selective top-layer substitution via a plasma-
assisted chalcogen exchange, as successfully demonstrated in
the synthesis of Janus MoSSe.>” A more direct approach could
utilize advanced deposition techniques like molecular beam
epitaxy (MBE) or chemical vapor deposition (CVD), which allow
for layer-by-layer assembly with sequential flux control to build
the V-IV-III-VI structure.’®*” Lastly, a scalable and cost-effective
method like hydrothermal synthesis, which has been effectively
used for creating other layered nanomaterials like g-C3N,,*®
could also be explored using appropriate precursors.

Despite recent advances, the elemental diversity within the
V-IV-III-VI Janus monolayer family remains substantially
underexplored, particularly regarding their potential in photo-
catalytic water splitting. In this study, we broaden this compo-
sitional space by introducing lead (Pb) as the group-IV
constituent and design two novel Janus systems: SGa-PbP and
SeGa-PbP. These Janus monolayers exploit the intrinsic
stability and photocatalytic performance of XGa mono-
chalcogenides (X = S, Se),*** while incorporating the distinctive
electronic characteristics of PbP. Although pristine PbP mono-
layers have previously been considered unsuitable due to their
inadequate band gaps for overall water splitting under various
pH conditions,” our results demonstrate that Janus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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engineering through XGa functionalization significantly
enhances their photocatalytic potential. Both SGa-PbP and
SeGa-PbP exhibit suitable band gaps, band edge alignments
compatible with water redox potentials, strong visible-light
absorption, and excellent conversion efficiencies-features crit-
ical for efficient solar-driven water splitting.

This study not only adds two novel members to the V-IV-III-
VI Janus monolayer family, but also provides clear evidence that
Janus engineering markedly improves photocatalytic efficiency.

2 Computational details

Density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP, version
6.3).**> The exchange-correlation functional was treated using
the Perdew-Burke-Ernzerhof (PBE) form of the generalized
gradient approximation (GGA),**** and the interactions between
valence electrons and ion cores were described using the
projector augmented wave (PAW) method.*” To obtain more
accurate electronic properties, calculations were also carried
out using the Heyd-Scuseria-Ernzerhof hybrid functional
(HSE06).*® Optical properties were calculated using the non-
interacting electron approximation. The hybrid HSE06 func-
tional was also employed. The imaginary part of the dielectric
function was computed from interband transitions, while the
real part was derived via the Kramers-Kronig transformation.*
A Kkinetic energy cutoff of 500 eV was used for the plane-wave
basis set. The Brillouin zone was sampled using a Mon-
khorst-Pack k-point mesh of 12 x 12 x 1. Structural relaxations
were performed until the forces on each atom were less than
0.01 eV A™* and the total energy was converged to 107° eV. A
vacuum layer of 25 A was used along the z-direction to eliminate
interactions between periodic images. van der Waals interac-
tions were included using the DFT-D3 method with Becke-
Johnson damping.*® Dipole corrections were also applied in the
work function calculations to account for the built-in dipole
moment of the Janus monolayers. The dynamic stability of the
structure was confirmed by phonon dispersion calculations
using density functional perturbation theory (DFPT) on a 3 x 3
x 1 supercell, with an energy convergence criterion of 10~° eV.*
Phonon spectra were generated using the PHONOPY code.*>>*
Thermal stability was evaluated using ab initio molecular
dynamics (AIMD) simulations at 300 K for 7 ps with a time step
of 1 fs, using the Nose thermostat.**® Post-processing of VASP
output was carried out using VASPKIT,* and structural and
charge density visualisations were generated using VESTA.>

3 Results and discussions
3.1 Structural properties and stability

The Janus XGa-PbP (X = S, Se) monolayers were constructed by
combining atomic sublayers extracted from their respective
parent compounds: Pb,P, and X,Ga, (X = S, Se). Both parent
materials exhibit layered architectures composed of four atomic
planes and crystallize in the C;, symmetry group. Specifically,
a XGa layer from X,Ga, and a PbP layer from Pb,P, were
assembled in an asymmetric fashion to form the Janus
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configuration. This asymmetric stacking breaks the mirror
symmetry with respect to the central plane of the parent
monolayers, resulting in a built-in structural polarity along the
z-direction. Fig. 1 provides a visual breakdown: the top panel
shows side views of the parent monolayers, the middle illus-
trates the relaxed Janus structure from the side, and the bottom
panels depict the top and bottom views, underlining the broken
inversion symmetry, a characteristic feature of Janus systems.

The structural details, including optimised lattice constants,
bond lengths, and layer thicknesses, are presented in Table 1. A
progressive increase in these parameters is observed when
moving from the S-based (SGa-PbP) to the Se-based (SeGa-PbP)
systems. This trend is mainly attributed to the larger atomic
radius of Se compared to S, consistent with structural behaviour
in similar systems.>*~*°

The structural stability of the Janus XGa-PbP (X = S, Se)
monolayers was examined by calculating their cohesive energy.
This metric reflects the energy required to disassemble the
material into its isolated atoms, providing a reliable indication
of its energetic robustness. The cohesive energy per atom was
obtained using the following expression:***°

Econ = (ExGa pop — EGa — Epp — Ep — Ex)/4 1)

where Exgappp denotes the total energy of the fully relaxed
monolayer, and Eg,, Epp, Ep, and Ex are the respective energies
of the free-standing Ga, Pb, P, and chalcogen (S or Se) atoms. A
more negative cohesive energy indicates stronger interatomic
bonding, and thus greater stability of the monolayer. As pre-
sented in Table 1, all the calculated cohesive energies are
negative, confirming the favourable binding and structural
integrity of these systems.

To gain deeper insights into the stability of the proposed
Janus monolayers, we performed phonon dispersion analyzes to
probe their dynamical behavior. As depicted in Fig. 2(a) and (b),
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Table1l The calculated lattice constant a, thickness h, bond lengths d,
and cohesive energy E., of the SGa—PbP and SeGa—-PbP monolayers

System a (A) h (A) dGabe (‘&) dGer (A) de*P (A) Ecoh (eV)
SGa-PbP 3.87 496 2.71 2.43 2.58 —-3.15
SeGa-PbP 3.95 5.07 2.71 2.54 2.60 —3.04

the phonon spectra for both SGa-PbP and SeGa-PbP reveal
entirely real (positive) vibrational frequencies throughout the
Brillouin zone, particularly along the selected high-symmetry
paths. The absence of imaginary phonon branches is a clear
indication that both monolayers are dynamically stable in their
relaxed configurations.

To further probe the thermal resilience of the Janus mono-
layers, ab initio molecular dynamics (AIMD) simulations were
performed at 300 K for a total simulation time of 7 picoseconds.
The evolution of total energy and system temperature for both
SGa-PbP and SeGa-PbP is displayed in Fig. 2(c) and (d). The
results reveal minor fluctuations in energy and temperature,
with no signs of atomic diffusion, bond dissociation, or struc-
tural rearrangement throughout the simulation period. This
confirms that both configurations remain thermally stable
under ambient thermal conditions, reinforcing their promise
for realistic operational environments.

3.2 Mechanical properties

The in-plane elastic properties of the XGa-PbP Janus mono-
layers were evaluated using the strain-stress method, a reliable
method to probe the mechanical behaviour at the atomic scale.
In this method, a series of small uniaxial and biaxial strains
ranging from —1.5% to 1.5% were applied in steps of 0.005.
Given that XGa-PbP monolayers adopt hexagonal crystal
symmetry, only two independent elastic constants, namely C;

Fig.1 Top panel: side views of the parent monolayers. Middle panel: side view of the relaxed Janus structure. Bottom panels: top and bottom
views of the XGa—PbP Janus monolayer, highlighting the broken inversion symmetry characteristic of Janus systems.
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(a and b) Phonon dispersion curves of the SGa—PbP and SeGa—PbP Janus monolayers, respectively. (c and d) Ab initio molecular dynamics

(AIMD) simulations showing the total energy (black) and temperature fluctuations (blue) of the SGa—PbP and SeGa—PbP monolayers at 300 K.

and Cy,, are sufficient to fully describe their mechanical
response in the plane. These constants represent the stiffness of
the material under longitudinal and transverse deformation,
respectively. The mechanical stability of the monolayers was
assessed according to Born criteria,**** which define the
necessary conditions for the elastic stability of hexagonal
systems as:

Cyy > 0,Cyy > |Cyo (2)

These criteria ensure that the structure resists both tensile
and shear perturbations. As summarised in Table 2, both SGa-
PbP and SeGa-PbP monolayers satisfy these conditions, con-
firming their mechanical stability.

Additionally, from the elastic constants obtained, we calcu-
lated the key mechanical indicators:*>*

e Young's modulus

2 2
Gy —=Cp

Y ;
Cll

Table 2 Elastic constants Cy, Young's modulus (Y), shear modulus (G)
and Poisson's ratio (v) of the SGa—PbP and SeGa—PbP monolayers

System Cn Ci Y(Nm™) G(Nm™) v
SGa-PbP 62.06 13.69 59.04 24.18 0.22
SeGa-PbP 59.96 13.35 56.99 23.30 0.22

© 2025 The Author(s). Published by the Royal Society of Chemistry

e Shear modulus

_ Cll - C12

e Poisson's ratio

v = C12
- ’
Cll

Both monolayers exhibit comparable mechanical properties,
with only slight differences between them (Table 2). The SGa-
PbP monolayer shows a slightly higher Young's modulus (Y =
59.04 N m~ ") and shear modulus (G = 24.18 N m~ ") compared
to SeGa-PbP (Y = 56.99 N m ', G = 23.30 N m™ ). This indicates
that SGa-PbP is marginally stiffer and more resistant to in-
plane deformation than SeGa-PbP.

The Poisson's ratio for both materials is identical (v = 0.22),
suggesting a similar tendency to undergo lateral contraction
when stretched. This moderate Poisson ratio reflects a balanced
mechanical response-neither brittle nor too ductile-which is
desirable for many applications involving flexible or stretchable
electronics.

Overall, both SGa-PbP and SeGa-PbP demonstrate good
mechanical stability and flexibility. The slightly superior
mechanical strength of SGa-PbP may offer an advantage in
environments that require greater durability.

RSC Adv, 2025, 15, 31076-31087 | 31079
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3.3 Electronic properties

The electronic band structures of the Janus monolayers SGa-
PbP and SeGa-PbP were calculated using both the PBE and the
hybrid HSE06 functionals, the latter being known to provide
reliable estimations of band gaps.* As depicted in Fig. 3, both
monolayers exhibit direct band gaps located at the I" point of
the Brillouin zone, an electronic feature that is highly desirable
for optoelectronic device applications. Within the PBE frame-
work, the band gaps are found to be 0.42 eV for SGa-PbP and
0.66 eV for SeGa-PbP. The more accurate HSE06 functional
predicts slightly larger values of 0.93 eV and 1.24 eV for SGa-PbP
and SeGa-PbP, respectively. The increase in the band gap upon
the substitution of sulfur with selenium reflects the influence of
the atomic composition on the electronic structure and
suggests a degree of band gap tunability.

The existence of a direct band gap in both systems facilitates
efficient electron-hole pair generation and recombination,
which is critical for high-performance applications in photo-
voltaics, photocatalysis, and light-emitting devices.>**>% More-
over, the moderate band gap values indicate that these
materials are suitable for operation under visible to near-
infrared light, depending on specific device requirements.

To assess the possible influence of spin-orbit coupling (SOC)
on the electronic properties, we performed additional PBE +
SOC calculations (Fig. S1 and Table S1 in SI). The results show
that the band gap differs from the PBE value by only 0.05 eV for
SGa-PbP and 0.08 eV for SeGa-PbP. According to Borlido et al.*”
the average absolute error in band gap predictions due to
pseudopotential choices or methodological inconsistencies is
about 0.1 eV, which means that our observed differences lie
within the typical numerical uncertainty of DFT methods. This
suggests that SOC has only a weak energy splitting effect on the
band structure in this system.®®*® Furthermore, Huhn and
Blum” reported that SOC-induced modifications to the band
gap are of similar magnitude for both PBE and hybrid func-
tionals such as HSE06, and can even be smaller in some cases
with HSE06. Therefore, given that the largest shift we observe is

View Article Online
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0.08 eV, including SOC in the HSE06 calculations would not be
expected to change the qualitative trends or conclusions of this
work.

Understanding carrier mobility is essential for assessing the
suitability of materials for a range of applications, including
photovoltaic and photocatalytic systems, particularly under
conditions that require rapid charge transport. Since carrier
mobility is inversely proportional to the effective mass, we
computed the effective masses of electrons (m,) and holes (m;))
for the SGa-PbP and SeGa-PbP Janus monolayers using their
electronic band structures.

The effective masses were determined by fitting a parabolic
function to the energy bands near the conduction band
minimum (CBM) and the valence band maximum (VBM), based
on the standard relation:™*

2
m* =+ zh— (3)

d°E(k)

dk?
In this equation, E(k) denotes the energy dispersion near the
band edges, and k is the wavevector within the first Brillouin
zone. For SGa-PbP, the effective electron mass of m: =0.25, my
and the effective hole mass of m; = 0.58, m, suggest that
electrons are more mobile than holes, which can lead to
electron-dominated transport in optoelectronic applications.
The relatively moderate hole effective mass still permits effi-
cient transport, but with somewhat reduced mobility compared

to electrons.

In contrast, the SeGa-PbP monolayer exhibits an even lower
electron effective mass of m: = 0.19, m,, indicating enhanced
electron mobility, while the hole effective mass remains
comparable at mj, = 0.59, my. This further strengthens the
potential of SeGa-PbP for fast electron transport, making it
especially attractive for photocatalytic and photovoltaic
systems, where rapid charge extraction and reduced recombi-
nation are critical for high performance. Moreover, the rela-
tively small effective masses observed in both monolayers point

Energy (eV)
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Fig. 3 Electronic band structures of the SGa—PbP and SeGa-PbP Janus monolayers, respectively, calculated using the PBE and HSEO06

functional.
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to low carrier inertia, which supports efficient charge carrier
acceleration under an external field.

To further evaluate the efficiency of charge separation, we
computed the separation efficiency parameter (R), defined as
the ratio between the effective masses of the hole and the
electron:”>”?

.
my,

o (@

R=

A higher value of R indicates a more pronounced disparity
between the electron and hole mobilities, which facilitates the
spatial separation of the photogenerated charge carriers. This
behaviour is beneficial in suppressing electron-hole recombi-
nation and, consequently, in improving the overall efficiency of
the photocatalytic process.

As reported in Table 3, the calculated values of R are 2.32 for
SGa-PbP and 3.10 for SeGa-PbP, confirming that both mono-
layers exhibit favourable charge separation characteristics. In
particular, the higher value of R in SeGa-PbP suggests an even
stronger separation tendency, further strengthening its poten-
tial for solar-driven and photocatalytic energy applications.

3.4 Optical properties

Maximizing solar energy utilisation is crucial to enhancing the
photocatalytic efficiency of materials. To evaluate the light-
harvesting capabilities of Janus SGa-PbP and SeGa-PbP
monolayers, their optical absorption coefficients were calcu-
lated using the HSE06 hybrid functional, which offers a reliable
description of electronic transitions.

The absorption coefficient, denoted as «(w), was determined
using the following expression:™

) = @\/El(

w) + e2(w)’ — 1) (5)
where &(w) = ¢1(w) + igx(w) is the complex dielectric function
derived from the macroscopic response of the system, and c is
the speed of light in vacuum.

As shown in Fig. 4, both the SGa-PbP and SeGa-PbP Janus
monolayers exhibit pronounced optical absorption spanning
the visible to ultraviolet (UV) regions. The absorption onset,
occurring near 1 eV, corresponds closely to their computed
band gaps—0.93 eV for SGa-PbP and 1.24 eV for SeGa-PbP—
validating the direct transition nature of their electronic
structures.

Following onset, the absorption coefficient increases
rapidly and reaches peak values of approximately 2.3 X

a(w
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Fig. 4 Optical absorption spectra of the SGa—PbP and SeGa—PbP
Janus monolayers, respectively, calculated using the HSEO06
functional.

10° ecm™' around 3.2 eV within the visible range. This
pronounced optical response signifies strong photon-matter
interaction and highlights the materials’ suitability for har-
vesting solar energy. Compared to well-studied Janus and
layered materials such as WSSe, MoSSe, XZnAZ, (X = Cl, Br, [;
A = Al, Ga, In; Z = S, Se), M,CTT' (M =Y, Sc; T/T' = Br, Cl, F)
MXenes, and XAu,Y (X, Y = S, Se, Te; X # Y), these Janus
monolayers demonstrate superior absorption behaviour in the
relevant spectral range.>*7>7%

Among the two, SeGa-PbP shows a slightly enhanced
absorption profile in most of the visible and near-UV range.
This improvement is related to the altered electronic structure
induced by replacing S with Se, which modifies the probabilities
of optical transition and strengthens light-matter coupling.

3.5 The photocatalytic activity of XGa-PbP Janus monolayers

To efficiently drive the photocatalytic splitting of water into
hydrogen and oxygen, the photocatalyst must exhibit suitable
band-edge positions.”* Specifically, CBM should be above the
reduction potential of H'/H,, while the VBM should be below
the oxidation potential of O,/H,O. These energetic criteria
ensure that photoexcited electrons and holes possess sufficient

Table 3 Summary of electronic and photocatalytic properties: HSE06 band gap (E,), effective masses (m/my,), separation efficiency (R), work
function (¢), electrostatic potential difference (A¢), redox potentials for H, and O, evolution (xn, and xo, at pH = 7), light absorption efficiency
(naps), carrier utilisation rate (n.,), solar-to-hydrogen efficiency (nsth), corrected STH efficiency (n’STH) of SGa—-PbP and SeGa-PbP Janus

monolayers

System E?SE (eV) m., /my (mg) R ¢ (eV) A¢ (eV) Xn, (V) Xo, (€V) Nabs (%) Neu (%) Nt (%) U;TH(()/O)
SGa-PbP 0.93 0.25/0.58 2.32 5.12/4.70 0.42 0.04 0.09 88.70 55.86 49.55 40.69
SeGa-PbP 1.24 0.19/0.59 3.10 5.24/4.58 0.66 0.57 0.11 74.03 53.57 39.66 31.75

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential to initiate the hydrogen and oxygen evolution reac-
tions, respectively.

Importantly, the redox potentials of water depend on the pH
of the environment. Under standard conditions (pH = 0), the
redox potential for the hydrogen evolution reaction (H'/H,) is
defined as:

Eyyp, = —4.44 ¢V + (0.059 ¢V) x pH (6)

Similarly, the redox potential for the oxygen evolution reac-
tion (0,/H,0) is:

Eoym,o = —5.67 eV + (0.059 eV) x pH )

Under neutral conditions (pH = 7), these values become
—4.02 eV for H'/H, and —5.25 eV for 0,/H,0, respectively. For
a material to act as an efficient photocatalyst, its CBM should lie
above (more negative than) —4.02 eV, and its VBM should lie
below (more positive than) —5.25 eV at pH 7.

To determine the band alignment of the studied Janus
monolayers, we first calculate the work function (¢), which is
defined as the energy difference between the vacuum and Fermi
levels as follows:

¢ = Vvacuum — EFermi (8)

The computed ¢ values for the Janus SGa-PbP and SeGa-PbP
monolayers are summarised in Fig. 5 and Table 3. A notable
asymmetry is observed in the work functions across the two
opposite surfaces of each structure. This disparity originates
from the inherent lack of mirror symmetry in the Janus archi-
tecture, which introduces a built-in dipole moment perpendic-
ular to the plane of the monolayer (along the z-axis).
Consequently, an internal electric field is established, oriented

View Article Online
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from the P-terminated surface toward the chalcogen-terminated
side (X =S, Se).

This compositional asymmetry also leads to a pronounced
modulation in the electrostatic potential distribution across the
monolayer thickness. The computed electrostatic potential
differences (A¢) are 0.42 eV for SGa-PbP and 0.66 eV for SeGa-
PbP, indicating the presence of an intrinsic electric field, which
is more prominent in the SeGa-PbP system.

Fig. 6 presents the band edge alignment of Janus SGa-PbP
and SeGa-PbP monolayers, with the CBM and VBM referenced
to the vacuum level on both the X- and P-terminated surfaces at
pH = 0, 7, and 14. At neutral pH = 7, both materials exhibit
a complete straddling of the water redox potentials, enabling
simultaneous hydrogen evolution reaction and oxygen evolu-
tion reaction. Under acidic conditions (pH = 0), their band
edges shift such that they only favor OER while HER becomes
energetically inaccessible, whereas in alkaline conditions (pH =
14), the alignment permits only HER without supporting OER.

For SGa-PbP at neutral pH (pH = 7), the VBM on the P-
terminated side is located at —4.92 eV, which lies above the
water oxidation potential (—5.25 eV), suggesting that this side is
not favourable for oxygen evolution. In contrast, the VBM on the
S-terminated side drops to —5.34 eV, making it energetically
suitable for the oxidation half-reaction. The corresponding
CBM on the S side is situated at —3.98 eV, slightly above the
reduction potential of hydrogen (—4.02 eV), thus enabling HER.

A comparable behavior is found for the SeGa-PbP monolayer
under the same neutral conditions. Here, the VBM shifts from
—4.70 eV on the P-terminated side to —5.36 eV on the Se-
terminated side, indicating greater suitability for oxygen
evolution on the Se side. Furthermore, the CBM on the P-
terminated surface is located at —3.45 eV, well above the
hydrogen evolution threshold, confirming that this side can

o

b

—_
o

Electrostatic Potential (eV)
z

-20

Z (A)

Z (A)

Fig. 5 Planar-averaged electrostatic potential of the SGa—PbP and SeGa—PbP Janus monolayers along the z-axis. The potential difference,

denoted as (Ag), reflects the asymmetry between the two surfaces.
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Fig.6 Calculated band edge positions of the SGa—PbP and SeGa—-PbP Janus monolayers with respect to the vacuum level. The redox potentials
for hydrogen evolution (H*/H,) and oxygen evolution (O»/H,0) at pH = 0, 7 and 14.

efficiently drive HER. These asymmetric band alignments
highlight the intrinsic capability of Janus monolayers to
spatially separate redox reactions, a desirable feature for effi-
cient photocatalytic water splitting.

3.5.1 Hydrogen evolution reaction performance. The Gibbs
free energy change for hydrogen adsorption (AGy+), a widely
accepted descriptor to evaluate HER activity, was calculated for
the SGa-PbP and SeGa-PbP monolayers. This thermodynamic
parameter is defined as:*"*

AGH* = AEH* + AEZPE - TAS (9)

Here, AEy+, AEzpg, and AS denote, respectively, the hydrogen
binding strength, the variation in zero-point energy, and the
change in entropy between the adsorbed H atom and the
hydrogen gas under standard conditions.

The adsorption energy of a single hydrogen atom on the
XGa-PbP surfaces is calculated using the following expression:

(10)

_ 1
Eads = Emonolayer+H - Emonolayer - QEHZ

where Enonolagertn aNd Emonolayer are the total energies of the
monolayer with and without adsorbed hydrogen atom, respec-
tively. The Ey, is the total energy of a hydrogen molecule in the
gas phase state.

Following established approaches in the literature, the ZPE
and entropy contributions to the Gibbs free energy of hydrogen
adsorption can be approximated as a constant correction of
approximately 0.24 eV.** Specifically, the difference in ZPE
between the adsorbed hydrogen atom and half of an H, mole-
cule typically lies in the range of 0.02 to 0.04 eV. The entropy
contribution is estimated using the approximation that the

© 2025 The Author(s). Published by the Royal Society of Chemistry

entropy of an adsorbed hydrogen atom is negligible compared
to that of molecular hydrogen. As a result, the entropy change is
taken as half the standard entropy of the H, gas at 298 K,
yielding a value of approximately 0.20 eV for the term TAS.
Summing these two contributions gives:*

AGy» = Eu4s +0.24 (11)
Based on Sabatier's principle,® optimal catalytic perfor-
mance for HER is achieved when the surface binds to hydrogen
with moderate strength, reflected by a AGy+ value that
approaches zero, indicating thermoneutral adsorption.

Since HER experiments are often conducted in electrolytes of
varying pH, the influence of proton concentration must be
taken into account. Based on the Nernst equation, the Gibbs
free energy varies with pH according to:

AGu«(pH) = AGy«(0) + 0.059 x pH (12)

This relationship indicates that hydrogen adsorption
becomes progressively less favorable as the pH increases,
a factor that is particularly relevant when assessing catalyst
performance under neutral or alkaline conditions.

To assess the hydrogen adsorption behaviour of the Janus
SGa-PbP and SeGa-PbP monolayers, three representative
adsorption sites were examined on each surface. On the bottom
XGa side, the adsorption sites included the top of the Ga atom,
the top of the X atom (X = S or Se), and the hollow site (HB)
located between neighboring atoms. On the top PbP side,
hydrogen was adsorbed at the top of the Pb atom, the P atom,
and the corresponding hollow site (HT). These adsorption
configurations are depicted in Fig. 7(a and b).
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(a and b) Possible hydrogen adsorption sites on the top and bottom surfaces of the Janus monolayers. (c) Gibbs free energy profiles for

hydrogen adsorption for the most favorable sites of the SGa—PbP and SeGa—PbP Janus monolayers, illustrating the catalytic activity toward the

HER.

All considered configurations were fully relaxed. Given that
the studied monolayers can perform overall water splitting
under neutral pH, the evaluation of Gibbs free energy at this
condition was carried out. The corresponding adsorption
energies and Gibbs free energies for hydrogen adsorption were
then computed at pH = 7, and a summary of the results is
provided in Table 4.

For the SGa-PbP monolayer, the P site exhibits the most
favourable adsorption energy with a AGy+(7) value of 0.32 eV,
closely the thermoneutral condition. The hollow site (HT) also
shows moderate catalytic performance with a value of 0.70 eV.
In contrast, other adsorption sites on the SGa surface yield
significantly higher AGy+(7) values, indicating weak hydrogen
binding (see Fig. 7(c)).

Similarly, in the SeGa-PbP monolayer, the most active HER
sites are located on the PbP side, with AGy+(7) values of 0.28 eV
at the P site and 0.36 eV at the HT site. In contrast, the SeGa
surface exhibits consistently larger AGy+(7) values, suggesting
limited HER activity due to weak H binding. These results
highlight the PbP surface as the catalytically active facet for
hydrogen evolution in both Janus systems, in agreement with

Table 4 Adsorption energy (E,qs) and Gibbs free energy (AG«) for
different adsorption sites

Site Eags (eV) AGux(7) (eV)
SGa-PbP S 0.75 1.40
Ga 0.33 0.98
HB 0.73 1.38
Pb 1.22 1.87
P —-0.33 0.32
HT 0.05 0.70
SeGa-PbP Se 1.00 1.65
Ga 0.73 1.38
HB 1.03 1.68
Pb 1.31 1.96
P —-0.37 0.28
HT —0.29 0.36

31084 | RSC Adv, 2025, 15, 31076-31087

the charge transfer and electronic characteristics discussed
earlier (see Fig. 7(c)).

Notably, the obtained AGy+ values are comparable to those
reported for AlS (1.24 eV) and Al,OS (0.97 eV),? and significantly
better than those of MoSSe, MoSeTe, and MoSTe, which exhibit
higher values of 2.04, 2.17, and 2.29 eV, respectively.*”*

3.5.2 Solar to hydrogen efficiency. The ultimate aim of
solar-driven photocatalytic water splitting is to maximize the
efficiency of solar-to-hydrogen (STH) energy conversion.
Following the approach proposed by Fu et al.,** we evaluated the
theoretical efficiency of the STH of the examined Janus mono-
layers. Assuming ideal catalytic conditions, this method defines
the STH efficiency (nsru) as the product of two factors: the
light absorption efficiency (naps) and the carrier utilisation
efficiency (1cy):

(13)

The light absorption efficiency is expressed as the ratio of the
solar power absorbed above the bandgap (E,) to the total inci-
dent solar power:

NSTH = Mabs X Ncu

jEt P(hw)d(hw)

7 Plho)d(ho) (1)

Nabs =

The carrier utilisation efficiency accounts for the fraction of
absorbed photons that effectively contribute to the water split-
ting reaction:

AG [ P;}ZU) d(fiw)
T T P(ho)d ()

Here, /iw denotes the photon energy, and P(/iw) is the solar
spectral irradiance under the AM1.5G standard. The quantity
AG represents the minimum thermodynamic potential (1.23 eV)
needed to drive the water splitting, while E is the minimum
effective photon energy accounting for overpotentials.

(15)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To realistically estimate the STH efficiency, it is essential to
account for energy losses arising from the overpotentials asso-
ciated with the HER and the OER. These overpotentials are the
result of kinetic barriers and interfacial carrier migration inef-
ficiencies, and are typically approximated as 0.2 eV for HER and
0.6 eV for OER. Taking these into account, the effective energy
available for driving the water splitting, indicated by E, is
determined using the following conditional formulation:*

E, xn, =0.2, x0,=0.6
E— E; +0.2 — xy, Xn, <0.2, x0,=0.6 (16)
E; +0.6 — xo, Xm, = 0.2, x0,<0.6

E,+0.8—xu, — Xo, (xu, <02, X0, <0.6

All necessary integrals were evaluated using a custom Python
script, to obtain the final STH efficiency values.

An improvement of the catalytic performance of Janus 2D
materials arises from their built-in transversal electric fields,
which significantly aid in separating photogenerated charge
carriers. This intrinsic electric field reduces the probability of
recombination and improves the overall performance of the
STH. To reflect this contribution, a corrected STH efficiency
(Ngry) is introduced:**

Jy P(hw), d(hw)

Iy P(hw), d(hw) + A [ P;Zw)

77/5'[1—1 = NstH X (17)

,d(hw)

In this expression, A¢ denotes the potential difference
between the vacuum levels on opposite sides of the Janus
structure, effectively representing the influence of the internal
electric field. This correction ensures a more accurate estima-
tion of photocatalytic performance in materials with intrinsic
asymmetry. The calculated values of 7gry and 7y for the
investigated monolayers are summarised in Table 3.

As discussed previously, the Janus monolayers SGa-PbP and
SeGa-PbP exhibit strong light absorption across both the visible
and ultraviolet regions of the spectrum. Consequently, the light
absorption efficiency (n.ps) reaches remarkable values of
88.70% for SGa-PbP and 74.03% for SeGa-PbP. In addition, the
effective separation of electron-hole pairs and the enhanced
mobility of charge carriers contribute to high charge carrier
utilisation efficiencies (7¢,) of 55.86% for SGa-PbP and 53.57%
for SeGa-PbP. The solar-to-hydrogen conversion efficiency
(nsu) and its corrected value (1) are calculated to be 49.55%
and 40.69%, respectively, for the SGa-PbP monolayer, while
SeGa-PbP achieves 39.66% and 31.75%, respectively.

When comparing the two monolayers, SGa-PbP consistently
outperforms SeGa-PbP in all evaluated metrics, confirming its
superior potential for solar-driven hydrogen production. The
observed ngry values for XGa-PbP also exceed those of several
previously reported Janus monolayers, such as MoSSe (17.14%
(ref. 89)), n-BSb (17.20% (ref. 90)), and SAu6Se (23.55% (ref. 91)),
highlighting their strong intrinsic photocatalytic capability.
Notably, the corrected 7gy; values of Janus XGa-PbP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monolayers also surpass the commercial benchmark of 10%,
and outperform those of several recently reported Janus
monolayers, including MoSSe (20.39% (ref. 92)), BAsS (33.93%
(ref. 93)), and CrSSnN, (36.78% (ref. 94)). These results collec-
tively position XGa-PbP Janus monolayers among the most
efficient and promising candidates for photocatalytic hydrogen
generation.

4 Conclusion

In summary, we have proposed and systematically explored two
novel Janus monolayers, SGa-PbP and SeGa-PbP, through first-
principles calculations. Our study reveals that the studied
Janus monolayers possess strong stability, supported by their
favourable energetics, dynamic behavior, thermodynamics, and
mechanical properties. Both materials are direct band gap
semiconductors, with band gaps of 0.93 eV and 1.24 eV, falling
within the ideal range for visible-light-driven photocatalysis,
complemented by robust optical absorption in the visible and
ultraviolet regions, making them promising for optoelectronic
and energy applications. Moreover, both Janus monolayers
exhibit promising photocatalytic properties, with conduction
band-edge positions suitably aligned above the hydrogen evolu-
tion potential. Additionally, hydrogen adsorption analysis reveals
that the PbP surface hosts the most active catalytic sites, further
confirming their potential for efficient HER applications. The
calculated and corrected solar-to-hydrogen (STH) conversion
efficiencies are found to be 49.55% (40.69% after correction) for
SGa-PbP and 39.66% (31.75% corrected) for SeGa-PbP,
exceeding several previously reported 2D materials. These results
expand the repertoire of functional two-dimensional Janus
materials and highlight the significant potential of SGa-PbP and
SeGa-PbP in the advancement of next-generation photocatalytic
water-splitting technologies for sustainable hydrogen produc-
tion. We advocate for future experimental efforts to synthesize
these monolayers, focusing on validating their stability and
efficiency under operating conditions, which could pave the way
for their practical implementation.
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