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Photocatalytic water splitting represents a promising approach for sustainable hydrogen production, with two-
dimensional Janus materials offering unique advantages through intrinsic electric fields that enhance charge
separation. We present a comprehensive first-principles investigation of Janus AIXY, (X = Ga, In; Y = S, Se,
Te) monolayers using density functional theory and ab initio molecular dynamics simulations. All six systems
exhibit excellent structural, thermal, and mechanical stability with HSE06 bandgaps of 2.029-2.969 eV suitable
for UV-light absorption. The asymmetric structure generates strong intrinsic electric fields of 5.391-6.437
V perpendicular to the monolayer plane, significantly enhancing photogenerated charge carrier separation.
While pristine monolayers show poor hydrogen evolution reaction (HER) activity with Gibbs free energies of
1.937-2.371 eV, strategic introduction of metal vacancies dramatically improves performance, reducing 4G,
values to —0.371 to +0.607 eV and approaching optimal catalytic conditions. These findings demonstrate the

potential of defect-engineered 2D Janus AIXY, materials for efficient photocatalytic hydrogen production.

1. Introduction

Increasing global energy demand and environmental concerns have
driven extensive research into sustainable and clean energy alternatives
to fossil fuels [1,2]. Hydrogen, as a carbon-free energy carrier with
high energy density, represents one of the most promising candidates
for future energy systems [3,4]. Among various hydrogen production
methods, photocatalytic water splitting has emerged as an attractive
approach due to its potential to directly convert abundant solar energy
into chemical energy without carbon emissions [5,6]. However, the
development of efficient photocatalysts remains a key challenge for
practical implementation. An ideal photocatalyst requires: (i) a suitable
band gap for effective solar light absorption, (ii) band edge positions
aligned with water redox potentials, (iii) efficient charge carrier sepa-
ration and transport to reduce recombination, and (iv) numerous active
sites for surface reactions [7,8]. Traditional photocatalysts such as
TiO, and other metal oxides often suffer from wide band gaps, rapid
charge carrier recombination, and insufficient active sites for catalytic
reactions [9,10].

To address these limitations, two-dimensional (2D) materials have
attracted considerable attention in photocatalysis research due to their

unique properties, including high specific surface areas, abundant ac-
tive sites, and tunable electronic structures [11,12]. Following the
successful exfoliation of graphene, numerous 2D materials have been
explored for photocatalytic applications, including transition metal
dichalcogenides (TMDs), metal oxides, nitrides, and carbon nitride [13—
16]. Despite significant progress, most conventional 2D materials face
limitations in photocatalytic efficiency due to rapid charge carrier
recombination and suboptimal band edge positions [17,18]. A break-
through in this field came with the emergence of Janus structures, a
novel class of 2D materials characterized by their asymmetric compo-
sition and broken mirror symmetry [19,20]. Named after the two-faced
Roman god, Janus 2D materials feature different atomic species on their
top and bottom surfaces, creating an inherent structural asymmetry.
This asymmetry induces an intrinsic out-of-plane electric field, which
can significantly enhance photocatalytic performance by facilitating
the separation of photogenerated electron-hole pairs and reducing
recombination losses [21,22].

The first experimental realization of a 2D Janus structure was
achieved with MoSSe monolayer in 2017 through chemical vapor de-
position, synthesized by either selenization of MoS, or sulfurization of

* Corresponding author at: Department of Materials Science and Engineering, Faculty of Mechanical Engineering, Delft University of Technology, 2628 CD

Delft, The Netherlands.
E-mail address: t.zafer@tudelft.nl (T. Zafer).

https://doi.org/10.1016/j.apsadv.2025.100851

Received 20 June 2025; Received in revised form 3 September 2025; Accepted 8 September 2025

Available online 18 September 2025

2666-5239/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.sciencedirect.com/journal/applied-surface-science-advances
https://www.sciencedirect.com/journal/applied-surface-science-advances
https://orcid.org/0000-0001-6023-7235
https://orcid.org/0000-0003-4679-1752
mailto:t.zafer@tudelft.nl
https://doi.org/10.1016/j.apsadv.2025.100851
https://doi.org/10.1016/j.apsadv.2025.100851
http://creativecommons.org/licenses/by/4.0/

T. Zafer et al.

MoSe, monolayers [23]. This breakthrough has stimulated extensive
research into various Janus TMDs, including WSSe, MoSTe, and WSeTe,
revealing their promising properties for photocatalytic applications [24,
25]. Ju et al. demonstrated that Janus WSSe monolayers exhibit su-
perior photocatalytic performance compared to their parent materials
(WS, and WSe,) due to the enhanced charge carrier separation enabled
by the intrinsic electric field [24]. Beyond TMDs, another important
family of Janus 2D materials comprises Group-IIl metal chalcogenides
with the chemical formula M,XY (M = Al; X = Ga, In; Y = S, Se,
Te; X # Y) which represent promising candidates due to their unique
electronic, optical, and catalytic properties arising from their intrinsic
dipole moments and asymmetric electron distribution [26,27]. Among
them, Janus Ga,SSe and In,SSe monolayers have been theoretically
predicted to exhibit promising photocatalytic properties for water split-
ting [28,29], while 2D Janus ALXY (X = Ga, In; Y = S, Se, Te)
monolayers demonstrate suitable band gaps and favorable band edge
positions for photocatalytic applications [30,31]. Most recently, Wan
et al. have systematically investigated the photocatalytic properties
of pristine Janus XYZ, monolayers reporting band gaps of 1.60-3.11
eV and enhanced charge separation driven by built-in electric fields,
making them suitable for water splitting across various pH ranges [32].

Building on these insights, we present a comprehensive investiga-
tion of 2D Janus group-III metal chalcogenides (AlXY,, where X =
Ga, In and Y = S, Se, Te) as potential photocatalysts for water split-
ting, with a particular focus on hydrogen evolution reactions (HER).
Through systematic density functional theory (DFT) calculations, we
explore their structural stability, electronic properties, and band edge
alignments relative to water redox potentials. Our analysis reveals that
the intrinsic electric field generated by the asymmetric Janus struc-
ture fundamentally enhances photocatalytic performance by promoting
efficient charge carrier separation and creating optimal band edge
positions for both hydrogen and oxygen evolution reactions. The built-
in electric field not only reduces electron-hole recombination rates
but also modulates the work function and surface reactivity, leading
to improved catalytic efficiency. Furthermore, we systematically in-
vestigate how point defects, particularly metal vacancies, modify the
electronic structure and catalytic activity of these materials. Our defect
analysis demonstrates that controlled metal vacancy introduction can
serve as an effective strategy for fine-tuning the electronic properties
and enhancing the density of active sites for hydrogen evolution.
Our findings reveal that these 2D Janus group-III metal chalcogenides
exhibit exceptional characteristics for efficient photocatalytic hydrogen
production, with several compositions showing superior performance
metrics compared to conventional photocatalysts, offering new oppor-
tunities for the development of high-performance photocatalysts for
clean energy applications.

2. Results and discussion
2.1. Geometry and structural stability

The 2D Janus AIXY, (X = Ga, In; Y = S, Se, Te) monolayers adopt a
hexagonal crystal structure with space group P3m1 (No. 156), as illus-
trated in Fig. 1. The structure exhibits a four-layer atomic arrangement
where each unit cell contains one aluminum atom, one group-III metal
atom (Ga or In), and two chalcogen atoms, with the metal atoms form-
ing the inner bilayer sandwiched between identical chalcogen layers
on both surfaces. This asymmetric metal distribution—with Al and X
occupying distinct sublattices within the central bilayer—creates the
characteristic Janus geometry that distinguishes these materials from
conventional symmetric 2D systems. The resulting structural asym-
metry fundamentally breaks the vertical mirror symmetry, establish-
ing a permanent electric dipole moment perpendicular to the basal
plane and generating an intrinsic built-in electric field of several V/nm
that drives efficient spatial separation of photogenerated electron—
hole pairs, thereby significantly enhancing photocatalytic efficiency by
suppressing charge recombination processes.

Applied Surface Science Advances 30 (2025) 100851

The structural parameters of all six AIXY, systems (AlGaS,, AlGaSe,,
AlGaTe,, AlInS,, AllnSe,, and AlInTe,) exhibit systematic trends that
directly correlate with their electronic and catalytic properties. The
optimized lattice parameters and key structural properties are summa-
rized in Table S1. The lattice constants (a = b) systematically increase
with the atomic radius of the chalcogen atoms, ranging from 3.592 A
for AlGasS, to 4.220 A for AllnTe,, reflecting the progressive expansion
of the crystal lattice. Similarly, the bond lengths between metal atoms
(Al-X) and metal-chalcogen bonds (Al-Y, X-Y) follow predictable trends
based on atomic radii, with these geometric variations playing a critical
role in determining the electronic band structure and surface reactivity
for hydrogen evolution. The monolayer thickness (h), defined as the
distance between the outermost chalcogen atoms, ranges from 4.673 A
for AlGaS, to 5.360 A for AllnTe,, with this structural parameter
directly influencing the strength of the built-in electric field and the
resulting photocatalytic efficiency.

Thermodynamic stability assessment through formation energy cal-
culations demonstrates that all six AIXY, systems are energetically
favorable for experimental synthesis and possess sufficient thermody-
namic driving force for stable formation. The formation energy (E)
per atom was calculated using the equation [33]:

E(AIXY,) — [E(A]) + E(X) + 2E(Y)]

Ef = 4 B (1)
where E(AIXY,) represents the total energy of the fully relaxed AIXY,
monolayer, and E(Al), E(X), and E(Y) are the energies of isolated Al, X
(GaorIn), and Y (S, Se, Te) atoms in their ground state configurations,
respectively. The denominator of 4 accounts for the total number
of atoms in the formula unit, providing the formation energy per
atom for direct comparison across different compositions. All systems
exhibit substantially negative formation energies (Table S1), ranging
from —0.360 eV for AlGaSe, to —0.894 eV for AlGaS,, unambiguously
confirming their thermodynamic stability and synthetic feasibility. No-
tably, sulfur-containing compounds demonstrate the highest thermo-
dynamic stability (—0.894 eV for AlGaS, and —0.709 eV for AlInS,),
attributed to the formation of stronger Al-S and X-S bonds arising from
sulfur’s smaller atomic radius (1.04 A) and higher electronegativity
(2.58) compared to selenium and tellurium. This enhanced bonding sta-
bility not only facilitates synthesis but also suggests superior structural
integrity under photocatalytic operating conditions, making sulfur-
based systems particularly attractive for practical hydrogen evolution
applications.

2.2. Lattice dynamic stability and thermal stability

Dynamic stability assessment through comprehensive phonon dis-
persion analysis confirms the structural viability of all six AlXY, sys-
tems for experimental synthesis and long-term photocatalytic opera-
tion. Phonon dispersion calculations performed using the finite dis-
placement method [34] reveal the absence of imaginary frequencies
throughout the entire Brillouin zone for all systems, providing unam-
biguous confirmation of their dynamic stability—a critical prerequisite
for practical device applications (Figure S1). The calculated phonon
spectra along high-symmetry paths (I'-M-K-I') exhibit characteristic
features that directly impact their photocatalytic performance. All sys-
tems display three acoustic branches, including the out-of-plane acous-
tic (ZA) mode with the quadratic dispersion typical of 2D materials. A
systematic decrease in vibrational frequencies occurs with increasing
chalcogen atomic mass, with the highest optical modes reaching 14
THz for AlGaS,, 12 THz for AlGaSe,, and 11 THz for AlGaTe,. This
mass-dependent frequency scaling directly influences electron-phonon
coupling strength and thermal transport properties, both crucial factors
determining photocatalytic efficiency through their effects on charge
carrier lifetimes and heat dissipation during catalytic reactions.

The inherent Janus asymmetry fundamentally modifies the vibra-
tional characteristics compared to conventional symmetric 2D mate-
rials [35,36], creating distinct phonon polarization patterns that can



T. Zafer et al.

Unit cell

\/ (001)

~~ (00-1)
o
o o
. P4 —<o—<( —’\o—o\
<o o
b 0_4(

o 0o
o

o o<

o<

§ONANANER R

Applied Surface Science Advances 30 (2025) 100851

b) 2D Layered III-VI Metal Chalcogenides ABX>

o IV V VI VII
=
! />f = |
Y- *-

0.9990
0.8925
0.7860
0.6795
0.5730
0.4665
0.3600
0.2535
0.1470

0.0405

Fig. 1. (a) Fully relaxed structure of AIXY2 monolayer with top view and side view (b) Periodic table highlighting the constituent elements: Al (group III), Ga/In
(group III), and S/Se/Te (group VI chalcogens).(c) Charge density distribution map.

influence charge carrier scattering mechanisms. The separation be-
tween acoustic and optical phonon branches becomes progressively
more pronounced in heavier chalcogen systems, reflecting the increased
mass contrast within the unit cell and potentially affecting the electron—
phonon interaction strength that governs charge carrier mobility and
recombination rates. Notably, the acoustic modes near the I' point
exhibit clear anisotropic behavior, with phonon group velocities show-
ing directional dependence that correlates with the elastic anisotropy
of these materials. Thermal stability validation through extensive ab
initio molecular dynamics (AIMD) simulations demonstrates excep-
tional structural robustness under realistic operating conditions. Sim-
ulations conducted at 300 K and 600 K over 10 ps trajectories using 1
fs timesteps with appropriate thermostats reveal remarkable stability
across the entire series. Representative systems AlGaS, and AlGaSe,
exhibit minimal energy fluctuations (+30 meV/atom) and maintain
stable temperature profiles throughout the simulation period, while the
remaining systems (AlGaTe,, AlInS,, AlInSe,, and AllnTe,) demonstrate
comparable thermal stability (Figure S2).

To evaluate the stability of catalytically active defective structures,
additional AIMD simulations were performed on vacancy-containing
AIXY, systems. The results demonstrate that single metal vacancies —
which serve as active sites for hydrogen adsorption and evolution — do
not compromise the overall thermal stability of the host lattice. While
localized atomic fluctuations around defect sites exhibit enhanced am-
plitudes compared to pristine regions, the fundamental crystallographic
framework remains intact throughout extended simulation periods.
This finding validates the practical viability of defect-engineered AIXY,
materials for sustained high-performance hydrogen evolution under
realistic operating conditions, confirming that the enhanced catalytic
activity achieved through vacancy engineering does not come at the
expense of structural stability. These results establish that all six AIXY,
systems possess the thermal resilience required for sustained pho-
tocatalytic operation under both ambient and elevated temperature
conditions typical of solar-driven hydrogen production processes.

2.3. Mechanical properties

Comprehensive mechanical characterization reveals that the 2D
Janus AIXY, monolayers possess excellent mechanical stability and
tunable elastic properties suitable for diverse technological applica-
tions. The mechanical properties were investigated through elastic

constant calculations, which provide fundamental insights into their
structural integrity, deformation resistance, and potential for strain
engineering in photocatalytic devices. For 2D hexagonal structures, the
elastic tensor is characterized by three independent elastic constants:
Ciy, Cy, and Cg, as presented in Table 1. All six systems satisfy the
necessary mechanical stability criteria (C;; > 0, Cg¢¢ > 0, and C; >
C|,), confirming their structural integrity under mechanical stress and
validating their suitability for practical device applications. The layer
modulus (y = (C;;+C},)/2), which quantifies resistance to area changes
under biaxial stress, exhibits a systematic decrease from 76.20 N/m
for AlGaS, to 47.63 N/m for AlInTe,, directly correlating with the
progressive weakening of interatomic bonds as atomic radii increase
and electronegativity decreases across the series.

The in-plane Young’s modulus (Y,;) demonstrates similar composi-
tional trends, systematically decreasing from 107.554 N/m for AlGaS,
to 67.532 N/m for AlInTe,, reflecting the fundamental relationship
between chemical bonding strength and mechanical stiffness. These
values are competitive with other technologically relevant 2D materials
such as phosphorene, while remaining more flexible than ultra-stiff
materials like graphene and MoS, [37-39], positioning them favorably
for applications requiring moderate mechanical flexibility combined
with structural stability. The calculated Poisson’s ratios (v) range from
0.271 to 0.325, falling within the typical range for 2D semiconductors
and indicating balanced elastic response under uniaxial stress [40].
Notably, the Janus asymmetry does not significantly compromise the
mechanical isotropy, as evidenced by the nearly circular polar diagrams
of Young’s modulus and Poisson’s ratio (Fig. 2), suggesting uniform
mechanical response across different crystallographic directions despite
the structural asymmetry.

The directional analysis reveals remarkably isotropic mechanical
behavior, with polar diagrams showing nearly circular patterns for
both Young’s modulus and Poisson’s ratio across all compositions.
This mechanical isotropy, despite the inherent structural asymmetry of
Janus materials, indicates that the out-of-plane electric field responsible
for enhanced photocatalytic performance does not compromise the in-
plane mechanical uniformity. The systematic compositional effects are
clearly evident: Ga— In substitution (involving larger atomic radius
and lower electronegativity) consistently reduces mechanical stiffness,
while S— Te progression similarly decreases elastic moduli due to
weaker bonding interactions. These tunable mechanical properties en-
able targeted applications: stiffer compositions like AlGaS, are ideal
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Fig. 2. Polar diagrams of in-plane Young’s modulus Y (6) and Poisson’s ratio v(f) along an arbitrary in-plane direction 6 (angle relative to the x-direction) for

Janus chalcogenide AIXY, (X: Ga, In; Y: S, Se, Te) monolayers.

Table 1
Elastic constants (C; s
Janus chalcogenide AIXY, monolayers.

AlGaS,
AlGaSe;

— AlGaTe;

AlInS,

—— AlInSe;
—— AlinTe,

v(6) (N/m)
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N/m), Layer modulus (y, N/m), Young’s modulus (Y,,, N/m), Poisson’s ratio (v) of six 2D

Materials Cy Ciy Ces y Y.p v
(N/m) (N/m) (N/m) (N/m) (N/m)

AlGaS, 117.749 34.647 41.551 76.20 107.554 0.294
AlGaSe, 99.112 28.376 35.368 63.74 90.988 0.286
AlGaTe, 80.879 21.940 29.469 51.41 74.927 0.271
AlInS, 106.606 34.628 35.989 70.62 95.358 0.325
AlInSe, 90.226 28.134 31.046 59.18 81.454 0.312
AlInTe, 73.782 21.474 26.154 47.63 67.532 0.291

for structural reinforcement and high-stress environments, while more
flexible systems like AllnTe, are suitable for flexible electronics and
strain-sensitive applications. The combination of mechanical stability,
tunable stiffness, and directional uniformity makes these materials par-
ticularly attractive for strain-engineered photocatalytic devices where
controlled mechanical deformation can be used to optimize electronic
band structures for enhanced hydrogen evolution performance.

2.4. Electronic properties and chemical bonding analysis

The computed electronic structure of 2D Janus AlXY, monolayers
reveals optimal characteristics for photocatalytic water splitting, com-
bining suitable band gaps with intrinsic charge separation mechanisms
that address the fundamental challenge of rapid electron-hole recom-
bination in conventional photocatalysts. Electronic properties were
systematically investigated using both PBE and HSE06 functionals, with
the hybrid HSE06 functional providing more accurate band gap values
by correcting the well-known DFT underestimation of semiconductor
band gaps through inclusion of exact exchange interactions. The calcu-
lated band structures (Fig. 3) reveal indirect band gap semiconductors
with strategically positioned band edges: the conduction band mini-
mum (CBM) consistently appears near the M point, while the valence
band maximum (VBM) undergoes a systematic shift from the K-I
region for sulfur-containing compounds to the I" point for selenium and
tellurium systems. This indirect nature facilitates longer charge carrier
lifetimes compared to direct gap materials, as the momentum mismatch
reduces radiative recombination rates and enhances the probability of
charge carriers reaching catalytically active surface sites. The HSE06
band gaps span from 2.029 eV (AlInTe,) to 2.969 eV (AlGaS,), system-
atically decreasing with increasing chalcogen size and decreasing with
Ga— In substitution, reflecting the progressive weakening of metal-
chalcogen bonding interactions and reduction in orbital overlap as
atomic radii increase.

Orbital-resolved band structure analysis reveals highly favorable
characteristics for photocatalytic charge separation and surface reac-
tivity. The projected density of states (Figure S4-5) demonstrates that
the VBM originates predominantly from chalcogen p-orbitals, while the
CBM involves hybridized metal and chalcogen p-states, creating spatial

charge separation upon photoexcitation where holes localize primarily
on chalcogen atoms while electrons distribute across both metal and
chalcogen sites. This orbital distribution is particularly advantageous
for water splitting, as the hole-rich chalcogen surfaces can facilitate
oxygen evolution reactions while the electron-enriched metal sites
promote hydrogen evolution, effectively creating spatially separated
redox active regions that minimize back-reactions and enhance over-
all catalytic efficiency. The electronic structure also exhibits strong
covalent-ionic character, as evidenced by comprehensive Bader charge
analysis (Table 2), which reveals substantial charge transfer from metal
to chalcogen atoms with Al consistently donating 0.322-1.017 |e|
and chalcogens accepting electrons according to their electronegativity
hierarchy.

The calculated electrostatic potential differences (4¢) range from
5.391 V for AlGaTe, to 6.437 V for AlGaS,, corresponding to electric
field strengths of several V/nm that create powerful driving forces for
charge carrier separation. This intrinsic electric field acts as a per-
manent internal bias that spatially separates photogenerated electrons
and holes, dramatically reducing recombination rates and extending
charge carrier lifetimes for enhanced surface reaction kinetics. The
electric dipole moments range from 0.154 D to 0.408 D, with In-
containing systems showing systematically higher values due to greater
asymmetry in charge distribution, indicating stronger built-in fields
that could translate to superior photocatalytic performance. While the
calculated HSEO6 band gaps of 2.029-2.969 eV correspond primarily
to UV-blue light absorption, these values are comparable to estab-
lished photocatalysts like TiO, and fall within the range suitable for
solar-driven water splitting. The exceptionally strong intrinsic electric
fields (5.391-6.437 V) provide significant advantages for addressing
charge recombination—often the primary limiting factor in photocat-
alytic efficiency. Future optimization strategies could include band
gap engineering through alloying, strain application, or heterostructure
formation to extend visible light absorption while preserving the ben-
eficial Janus-induced charge separation properties, potentially yielding
photocatalysts with both optimal light harvesting and superior charge
dynamics.
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Fig. 3. Electronic Properties and Band Alignments of 2D Janus AlXY, Monolayers (a—f) Band structures (left panels) and band edge positions relative to water
redox potentials (right panels) for AlGaS,, AlGaSe,, AlGaTe,, AlInS,, AlInSe,, and AlInTe,, respectively. The dashed gray line represents the Fermi level (set to O
eV). The green horizontal lines indicate the redox potentials for hydrogen evolution (H*/H,) and gray horizontal lines for oxygen evolution (H,0/0,). Red-blue
color gradients represent the electrostatic potential difference across the monolayers, illustrating the intrinsic electric field that enhances charge carrier separation.

Table 2

Electronic properties and charge states of 2D Janus AlXY, monolayers (X = Ga/In, Y = S/Se/Te). EPBE and EHSE06
are band gaps from PBE and HSE06 functionals (eV); u is the electric dipole moment (D); 4¢ is the electrostatic
potential difference (V); Q,;, Qy, Q, are average Bader charges on Al, X, and Y atoms (e).

AIXY, Electronic properties Average Charge State
EfPE B SE-00 " A Qu Qx Qo

AlGaS, 2.161 2.969 0.236 6.437 -1.017 —-0.413 +0.715
AlGaSe, 2.068 2.824 0.194 6.003 —-0.765 -0.269 +0.517
AlGaTe, 1.816 2.507 0.154 5.391 —-0.630 +0.005 +0.312
AlInS, 1.928 2.622 0.408 6.402 —-0.322 —-0.468 +0.395
AlInSe, 1.706 2.390 0.308 5.703 —-0.608 —-0.364 +0.486
AlInTe, 1.439 2.029 0.219 5.603 -0.371 —0.268 +0.319

2.5. Defect-mediated hydrogen evolution

The electronic structure analysis revealed a fundamental limitation
of pristine 2D Janus AIXY, monolayers for hydrogen evolution catal-
ysis, despite their favorable charge separation properties, the pristine
surfaces exhibit prohibitively weak hydrogen binding with Gibbs free
energy changes (4G ) ranging from 1.937 eV to 2.371 eV—far from
the thermoneutral value (~0 eV) required for efficient HER catalysis.
This poor intrinsic activity stems from the fully coordinated surface
atoms that lack the electronic flexibility necessary for optimal hydrogen
adsorption and desorption, creating a critical bottleneck that prevents
these materials from realizing their photocatalytic potential. To ad-
dress this fundamental challenge, we systematically investigate how
metal vacancy introduction can transform the catalytic landscape by
creating undercoordinated active sites with modified electronic envi-
ronments that facilitate efficient hydrogen evolution while preserving
the beneficial Janus charge separation properties.

Strategic metal vacancy engineering dramatically transforms the
HER activity through localized electronic structure modification and
creation of highly reactive coordination-unsaturated sites. Fig. 4
demonstrates this remarkable transformation, while pristine surfaces
show uniformly poor hydrogen binding (Fig. 4a), vacancy introduc-
tion reduces AGy. values to a competitive range of —0.371 eV to
+0.607 eV (Fig. 4b). The most active configurations emerge from
Ga/In vacancy formation, particularly in selenium-containing systems

where AlGaSe,@GaV achieves AGy: = —0.221 eV and AlInSe, @InV
reaches AG .« = —0.371 eV, approaching optimal thermoneutral condi-
tions. These dramatic improvements — representing energy reductions
exceeding 2 eV compared to pristine surfaces — arise from vacancy-
induced creation of undercoordinated chalcogen atoms with enhanced
reactivity due to unsaturated dangling bonds and localized electronic
states within the band gap that facilitate efficient charge transfer to
adsorbed hydrogen intermediates.

Systematic structure-activity analysis reveals clear design princi-
ples, Ga/In vacancies consistently outperform Al vacancies due to
their larger atomic radii creating more significant structural distortion
and electronic perturbation, while selenium-containing systems achieve
optimal performance by balancing hydrogen binding strength with acti-
vation energy requirements. Benchmarking against established 2D cat-
alysts positions these defect-engineered systems competitively within
the broader materials landscape—dramatically outperforming pristine
graphene (4G = 1.81-1.90 eV) [41] and the inactive basal plane
of MoS, (4Gy = 1.4-2.2 eV) [42,43], while approaching the activity
of MoS, edge sites (4G = 0.08-0.2 eV) and optimized borophene
phases (AGy =~ 0.02 eV) [44]. Most significantly, the best-performing
defect-engineered compositions rival the benchmark Pt(111) catalyst
(AGy =~ 0.09 eV) [45], demonstrating that rational defect engineering
can achieve noble metal-comparable HER activity while maintaining
the advantages of earth-abundant materials, cost-effectiveness, and
seamless integration with the inherent photocatalytic charge separation
properties of Janus structures.
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Fig. 4. Defect-Mediated Hydrogen Evolution in 2D Janus AIXY, Monolayers. Al, X (Ga, In) and Y (S, Se, Te) are in blue, gray and green colors respectively.
(a) Free energy profiles for HER on AlGaS,, AlGaSe,, AlGaTe,, AlInS,, AllnSe,, and AllnTe,. (b) Free energy diagrams with defects, where @AIV denotes Al
vacancies, @GaV denotes Ga vacancies, and @InV denotes In vacancies, showing the Gibbs free energy change (4G.) for the H* intermediate.

3. Conclusions

This comprehensive first-principles investigation establishes 2D
Janus AIXY, monolayers (X = Ga, In; Y = S, Se, Te) as a promising
new class of photocatalysts for hydrogen evolution, demonstrating how
asymmetric structural design can overcome fundamental limitations in
conventional 2D materials. All six systems exhibit exceptional struc-
tural, dynamic, and thermal stability combined with suitable band
gaps (2.029-2.969 eV) and intrinsic electric fields (5.391-6.437 V)
that effectively suppress charge recombination—a critical advantage
for photocatalytic applications. While pristine surfaces show poor HER
activity (AG - = 1.937-2.371 eV), strategic defect engineering through
metal vacancy introduction transforms these materials into highly
active electrocatalysts, with AllnSe,@InV achieving AGy- = —0.371
eV that approaches the performance of noble metal catalysts. The
combination of built-in charge separation, earth-abundant composition,
and defect-tunable catalytic activity positions these Janus materials as
compelling candidates for sustainable hydrogen production, offering

a rational design framework for developing next-generation photocat-
alysts that simultaneously address the challenges of light harvesting,
charge transport, and surface reactivity in a single material platform.

4. Computational methods

All first-principles calculations were performed using density func-
tional theory (DFT) as implemented in the Vienna Ab Initio Simula-
tion Package (VASP) [46]. Structural optimizations and total energy
calculations employed the Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) [47], while
electronic properties and band gap calculations utilized the Heyd—
Scuseria-Ernzerhof (HSE06) hybrid functional with 25% exact ex-
change mixing [48] to correct the well-known DFT underestimation of
semiconductor band gaps. A plane-wave basis set with a kinetic energy
cutoff of 600 eV was employed, ensuring convergence of total energies
to within 1 meV per atom. Geometry optimizations were performed
with stringent convergence criteria of 107® eV for total energy and
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10~ eV/A for atomic forces. To eliminate spurious interactions be-
tween periodic images, a vacuum layer of 20 A was introduced along
the c-direction, and Brillouin zone sampling was performed using a
high-density 24 x 24 x 1 Monkhorst-Pack k-point grid [49]. Charge
transfer analysis was conducted using the Bader charge partitioning
algorithm [50].

Structural stability was rigorously assessed through multiple com-
plementary approaches. Thermodynamic stability was evaluated via
formation energy calculations using total energies of the optimized
AIXY, monolayers and isolated constituent atoms. Dynamic stability
was confirmed through phonon dispersion calculations using the finite
displacement method as implemented in the Phonopy package [51-53],
ensuring the absence of imaginary frequencies throughout the Bril-
louin zone. Thermal stability was validated through extensive ab initio
molecular dynamics (AIMD) simulations using 5 X 5 x 1 supercells
containing 100 atoms for each AIXY, system. The simulations employed
the canonical (NVT) ensemble with a Nosé-Hoover thermostat (time
constant of 0.5 fs) and 1 fs timesteps over 10 ps duration at tempera-
tures of 300 K and 600 K to assess stability under ambient and elevated
temperature conditions [54,55].

Hydrogen evolution reaction (HER) calculations employed 2 x 2 x 1
supercells (16 atoms) to minimize artificial hydrogen-hydrogen in-
teractions, while defect studies utilized larger 4 x 4 x 1 supercells
with single metal atom removal, corresponding to a vacancy concen-
tration of approximately 1.56%. The hydrogen adsorption energy was
calculated as:

AEy. = E(AIXY, + H) — E(AIXY,) — %E(Hz) @)

where E(AIXY,+ H) represents the total energy of the AIXY, monolayer
with an adsorbed hydrogen atom, E(AIXY,) is the total energy of
the pristine monolayer, and E(H,) is the total energy of an isolated
hydrogen molecule.

The Gibbs free energy of hydrogen adsorption, which determines
HER activity, was computed incorporating temperature-dependent cor-
rections [42,56]:

AGy+ = AEy. + AZPE —TAS 3

where AZPE represents the zero-point energy difference, T is the tem-
perature (298.15 K), and AS is the entropy change upon hydrogen
adsorption. Following established protocols for hydrogen adsorption
thermodynamics on metal surfaces [57], the entropic contribution
(T AS) and zero-point energy correction (4ZPE) approximately cancel,
yielding the commonly used approximation:

AGy. = AEy. +0.24eV “

Vacancy defects were modeled by removing individual metal atoms
(AL Ga, or In) from 4 x 4 x 1 supercells, with defect formation energies
calculated as [58,59]:

E¢orm = E(defect) — E(perfect) + pieral ()

where E(defect) and E(perfect) are the total energies of the defective
and pristine systems, respectively, and .y represents the chemical
potential of the removed metal atom referenced to its bulk metallic
phase.

Band edge alignments were determined through rigorous electro-
static potential analysis, with absolute band positions calculated by
aligning the electrostatic potential in the vacuum region with the
computed eigenvalues. The electrostatic potential difference across the
monolayer (4¢), which quantifies the strength of the intrinsic electric
field arising from Janus asymmetry, was computed as the difference
between asymptotic electrostatic potentials on opposite surfaces of the
slab model.
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