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Abstract
Through a density functional theory-driven survey, a comprehensive investigation of
two-dimensional (2D) Janus aluminum-based monochalcogenides (Al2XY with X/Y= S, Se, and
Te) has been performed within this study. To begin with, it is established that the examined phase,
in which the Al-atoms are located at the two inner planes while the (S, Se, and Te)-atoms occupy
the two outer planes in the unit cell, are energetically, mechanically, dynamically, and thermally
stable. To address the electronic and optical properties, the hybrid function HSE06 has been
employed. It is at first revealed that all three monolayers display a semiconducting nature with an
indirect band gap ranging from 1.82 to 2.79 eV with a refractive index greater than 1.5, which
implies that they would be transparent materials. Furthermore, the monolayers feature strong
absorption spectra of around 105 cm−1 within the visible and ultraviolet regions, suggesting their
potential use in optoelectronic devices. Concerning the photocatalytic performance, the
conduction band-edge positions straddle the hydrogen evolution reaction redox level. Also, it is
observed that the computed Gibbs free energy is around 1.15 eV, which is lower and comparable to
some recently reported 2D-based Janus monolayers. Additionally, the thermoelectric properties are
further investigated and found to offer a large thermal power as well as a high figure of merit (ZT)
around 1.03. The aforementioned results strongly suggest that the 2D Janus Al-based
monochalcogenide exhibits suitable characteristics as a potential material for high-performance
optoelectronic and thermoelectric applications.

1. Introduction

Following the successful discovery and synthesis of single-layer graphene in 2004, a large number of
two-dimensional (2D) materials have been synthesized experimentally and predicted computationally owing
to their attractive chemical and physical properties as well as their versatile fields of application, such as
thermoelectricity, optoelectronic and photocatalysis [1–5]. Most recently, a new family of 2D materials,
known as the Janus phase, has been at the forefront of research owing to their inherent out-of-plane
polarization and lack of mirror symmetry that differentiates them from other 2D monolayers counterparts
[6–8]. With this background, the MoSSe Janus monolayer was successfully synthesized through chemical
vapor deposition using two distinct techniques: the selenization and sulfidation of the MoSe2 and MoS2
monolayers, respectively [9]. Accordingly, several publications have highlighted the potential and unique
features of the Janus MoSSe monolayer over their parental configurations. It has been also predicted that
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Janus MXY (with M=Mo, W; X/Y= S, Se and Te with X ̸= Y) monolayers can serve as promising
photocatalyst materials due to their appropriate electronic band gap, high carrier mobility, large-surface area,
strong sunlight harvesting in the visible region and low-carrier recombination of electrons and holes
[10–15]. Additionally, it has been revealed that Janus WSSe possesses a low thermal conductivity compared
to the pristine WS2 and a high value of the figure of merit ZT, which makes the Janus WSSe a potential
candidate material for thermoelectric conversion [16, 17].

The search for 2D Janus monolayers has recently gained increasing attention, and several research efforts
have been devoted to the design and exploration of new Janus phase structures. In particular, Janus
monolayers based on group III monochalcogenides with the chemical formula MX (M= Al, Ga and In; X=
S, Se, and Te) and a symmetry group P3m1 have been extensively investigated [12, 18]. 2D MX monolayers
comprising four sub-layers, where the M-atoms are sandwiched between the X-atoms and can be converted
into Janus phase through the substitution of Y-atoms at the top/bottom of the layers, yielding M2XY (M=
Ga, In; X, Y= S, Se, Te) monolayers [15, 19–24]. Moreover, owing to the intrinsic dipole moment as well as
the lack of mirror symmetry, these 2D monolayers were predicted theoretically to show superior potential
application in fields of thermometric, piezoelectric, optoelectronic and photocatalysis [22, 25, 26].

Motivated by all the aforementioned insights regarding this new member in the family of 2D group-III
metal monochalcogenides, we shall explore in this work different possibilities to implement 2D Janus
aluminum monochalcogenide monolayers with the chemical formula Al2XY (X ̸= Y|X, Y= S, Se, Te) as a
promising medium for optoelectronic, thermoelectric and photocatalytic applications. Within the
framework of density functional theory (DFT) and Boltzmann transport equation, we fully optimized the
three considered Janus monolayers and confirmed their dynamical, thermal, and mechanical stability
through the finite displacement approach for the phonon dispersion, first-principle molecular dynamic
(FPMD) simulations, and Young’s modulus with Poisson’s ratio, respectively. Also, the electronic properties
along with the charge density differences, work function, and Bader charge analysis are performed based on
two exchange-correlation functionals (i.e. GGA-PBE and HSE06). The optical performance features are
further explored based on HSE06. The hydrogen evolution reaction (HER) activity in the presence and
absence of a positive transverse electric field are also studied. Furthermore, the thermoelectric characteristics
of the considered systems are systematically discussed. Our research offers an in-depth understanding of the
physical behavior of 2D Janus aluminum monochalcogenide monolayers with respect to optoelectronic and
thermoelectric applications as well as improved photocatalytic efficiency of these new 2D materials and also
suggests appropriate guidelines for the realization and fabrication of advanced Al2XY-based monolayers.

2. Computational frameworks

2.1. Structural and electronic properties
All the calculations are performed based on DFT framework as implemented on the Vienna Ab-initio
Simulation Package [27]. Generalized gradient approximation in the form of Perdew–Burke–Ernzerhof
(GGA-PBE) [28] are used self consistently within the framework of the projector augmented wave through
the plane wave basis ensemble along with an energy cutoff of 600 eV and the convergence criteria during the
geometry optimizations were set to 10−6 eV and 10−4 eVÅ−1 for energy and force, respectively. In addition,
to accurately understand the electronic behavior as well as derived accurate bandgap values, the
Heyd–Scuseria–Ernzerhof (HSE-06) exchange-correlation hybrid functional was employed with a mixing
constant of 25% [29]. During the geometry relaxations of all Janus structures, the vacuum was set to 20Å
along the c-direction to prevent the interaction between stacked layers and periodic pictures. The Monkhorst
Pack K-point of the 24× 24× 1 grid was used in the reciprocal space during the geometrical optimizations
[30]. The charge transfer is evaluated on the basis of the Bader charge algorithm [31]. The thermodynamic
stability of the freestanding Janus structures is investigated, and the force constants are computed through
the finite displacement method as implemented in Phonopy package [32–34] and the variation of the
potential energy of large cell at 300K in NVT scheme up to 10 ps through the FPMD simulations. More
computational details can be found in our recent works [35, 36].

2.2. Optical properties
In addition, the optical properties of the three systems are reported, and the optical absorption spectra are
derived directly through the imaginary part associated with the complex dielectric constant:

ϵ= Re(ϵ)+ Im(ϵ) (1)
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where Re(ϵ) and Im(ϵ) refer respectively to the real- and imaginary-part of the optical dielectric function
[37–39]. On the other hand, the optical absorption spectra (α(ω)) were computed based on the formula:

α(ω) =
√
2ω

√
[| ϵ(ω) | −ϵ1(ω)], (2)

where,

| ϵ(ω) |=
√
[ϵ21(ω)+ ϵ22(ω)]. (3)

The real and imaginary parts of the optical refractive index n(ω) are explored based on the formula:

n(ω) =
1√
2
{[ϵ21(ω)+ ϵ22(ω)]

1/2+ ϵ1(ω)}1/2. (4)

And, the electron energy loss function is given as follows:

L(ω) =
ϵ2(ω)

[ϵ21(ω)+ ϵ22(ω)]
. (5)

2.3. Thermoelectric transport properties
Additionally, the thermoelectric characteristics of the considered monolayers are investigated and described
by the semi-classical Boltzmann transport theory in the context of the constant diffusion time and the
rigid-band approaches. Initially, the transport distribution tensors through the electronic band structure is
calculated using the formula below [40, 41]:

σαβ(ε) =
e2

N

∑
i,k

τi,kνα(i,kνβ(i,k)
∂(ε− εi,k)

∂ε
. (6)

Therefore, one can derive other thermoelectric properties, namely, the Seebeck coefficient, the electrical
conductivity, and the electronic thermal conductivity from the σαβ(ε) which can be further simplified as:

σαβ(ε) =
1

Ω

ˆ
σαβ(ϵ)

[
−∂f0(T, ϵ,µ)

∂ϵ

]
dϵ. (7)

The Seebeck coefficient is given as follows:

Sαβ(T,µ) =
1

eTΩσαβ(T,µ)

ˆ
σαβ(ε)(ε−µ)

[
−∂f0(T,ε,µ)

∂ε

]
dε (8)

and, the thermal electronic conductivity by:

κ0αβ(T,µ) =
1

e2TΩ

ˆ
σαβ(ε)(ε−µ)2

[
−∂f0(T,ε,µ)

∂ε

]
dε. (9)

Herein, α, β, and e refer to the tensor indices and the charge of a single electron, N denotes the number
of K-points mesh, Ω denotes the primitive cell volume of Al2XY monolayers,

Through our calculations, a constant optimization time was set to τ = 10−14 s and several thermoelectric
features such as electrical conductivity (σ/τ ), thermal electronic conductivity (κ/τ ), Seebeck coefficient (S),
power factor (PF) as well as the figure of merit (ZT) were calculated at three temperatures (300, 600 and
900K) with respect to the chemical potential µ.

3. Results and discussion

3.1. Structural stability of 2D Janus Al2XYmonolayers
The top and side views of fully optimized Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers are illustrated in
figure 1 with the primitive unit-cell indicated by a dashed black hexagonal. Table 1 summarized the
geometrical parameters including the lattice constants, thickness (h), and bond length between the atoms
Al–Al, Al–X/Y, and X–Y which are in good agreement with the previously published studies. The charge
density difference with corresponding electron-charge transfer between Al- and (X/Y)-atoms in the case of
2D Janus Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers are studied as depicted in the figure 1 and the Bader
charge are summarized in the table 2. One can distinctly observe a charge accumulation zone around
(X/Y)-atoms and a depletion region around the Al atoms. A great electron-charge transfer is produced by the

3
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Figure 1. Geometrical structures of Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers with the primitive unit-cell indicated by a dashed
black hexagonal. Difference charge density is indicated in the same panel. The gray and blue regions represent charge
accumulation and depletion, respectively.

Table 1. Summary of geometrical and electronic properties of the three systems using GGA-PBE and HSE06, the lattice parameter (a),
bond lengths, thickness (h), electronic bandgap (Eg), and work function (WF).

a= b dAl−Al dAl−X/Y dAl−Y h EPBEg EHSE06g WF
Materials (Å) (Å) (Å) (Å) (Å) (eV) (eV) (eV)

Al2SSe 3.677 2.591 2.355 2.444 4.821 2.053 2.799 6.379
Al2STe 3.853 2.580 2.413 2.631 4.919 1.182 1.823 5.314
Al2SeTe 3.951 2.577 2.526 2.655 5.022 1.686 2.348 5.750

Table 2. The Bader charge transfer Q (|e|) between Al and X in Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers.

Materials QAl|e| QS|e| QSe|e| QTe|e|

Al2SSe +1.371 −1.371 −1.371 —
Al2STe +0.808 −1.371 — −1.371
Al2SeTe +0.650 — −0.650 −0.650

strong electronegativity towards the weak electronegativity. Eventually, the work function (W) is also
investigated using the HSE06 functional and summarized in table 1 for the three 2D monolayers. Typically,
the higher work function values imply the difficulty of an electron escaping from the surface of the
monolayer. In this regard, it is expected that the 2D Janus Al2STe material will provide a promising
performance in terms of easy electron emission owing to its smallest work function of about 5.314 eV
compared to Al2SSe and Al2SeTe monolayers. The Janus working functions are similar to the C2N nanosheet
(5.21 eV) [42] and the MoS2 monolayer (5.15 eV) [43], and higher than those of graphene (4.60 eV) [1] and
the InSe monolayer (4.50 eV) [44].

Additionally, the phonon dispersion curve is studied to recheck the dynamical stability of the 2D Janus
Al2SSe, Al2STe and Al2SeTe monolayers. The computed phonon dispersion curves are depicted in
figures 2(a)–(c). One can clearly notice that the three systems present only the positive frequency mode
without any negative mode in the entire Brillouin zone, which confirms the dynamical stability of the
considered monolayers. Additionally, the ab-initiomolecular dynamics simulations at 300K for 10 ps were
performed to confirm their thermal stability. Figures 2(d)–(f) shows the change in total energy and average
force of all the three considered monolayers as a function of the time-steps for 2D Janus Al2SSe, Al2STe and
Al2SeTe monolayers, respectively. It can be noticed that for the three systems, the fluctuations in energy and
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Figure 2. (a)–(c) Phonon dispersion spectra, (d)–(f) the fluctuation of total energy and average force at 300K as a function of
time for three considered 2D Janus Al2SSe, Al2STe and Al2SeTe monolayers, respectively. The inserts present the optimized
structures before and after the different dynamic simulations.

Table 3. The calculated elastic stiffness constants (GPa) of the 2D Janus Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers.

Materials C11 = C22 C12 C44 C66 ν

Al2SSe 42.105 11.267 15.397 0.040 0.230
Al2STe 36.718 10.131 13.224 0.037 0.241
Al2SeTe 34.744 9.419 12.635 0.025 0.240

Figure 3. The computed mechanical properties of Young modulus and Poisson ratio of (a) and (b) Al2SSe, (c) and (d) Al2STe and
(e) and (f) Al2SeTe monolayers.

average force are very slight with no breaking of the Al–Al, Al–X/Y, and X–Y bonds which confirms the high
degree of thermal stability.

Additionally, the mechanical properties were explored in order to check the flexibility of 2D Janus Al2SSe,
Al2STe, and Al2SeTe monolayers. In this context, the elastic constants, the in-plane Young’s modulus, and the
Poisson ratio along different θ-directions as a function of the positive x-direction were investigated. As listed
in table 3, the computed elastic constants C11, C12, C44, and C66, suggest a strong bonding between the Al-
and X/Y-atoms by satisfying the required conditions needed for good mechanical stability, namely C11 > 0,
C22 > 0, C66 > 0 and (C11C22-C2

12 > 0) [45].
In order to gain a deeper understanding of mechanical properties, The in-plane Young’s modulus E(θ)

and the Poison’s ratio ν(θ) were computed and illustrated in figure 3. The results show that in-plane Young’s
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Figure 4. The computed electronic band structure, with corresponding total and projected density of state using PBE and HSE
functionals for Al2SSe (top figure), Al2STe (middle figure), and Al2SeTe (bottom figure) monolayers.

modulus of 2D Janus Al2XY monolayers is highly an-isotropic (see figures 3(a), (c) and (e)). The maximum
values of Young’s modulus along x-directions are 264GPa, 276GPa, and 224GPa for Al2SSe, Al2STe and
Al2SeTe monolayer, respectively. whereas, its values along the y-directions are found to be 470GPa, 500GPa,
and 400GPa for Al2SSe, Al2STe and Al2SeTe monolayer, respectively. It was seen that the minimal and
maximal Young’s modulus of Janus monolayers are very close to each other. It is clear that Young’s modulus
of the considered 2D Janus monolayers is proportional to the atomic radius of X/Y-atoms. Compared to
some other 2D materials, Young’s modulus values of these three considered materials are smaller,
e.g. compared to graphene monolayer which exhibits a maximum Young’s modulus values equal to 1000GPa
[46]. Furthermore, all the considered 2D Janus monolayers present only positive Poisson’s ratio along the 45◦

and 135◦ as along x- and y-directions. The maximal Poisson ratios are 0.13, 0.168, and 0.22 along the
y-direction while in the x-direction, its values are relatively low i.e. 0.07, 0.092, and 0.12 for Al2SSe, Al2STe
and Al2SeTe monolayers, respectively.

3.2. Electronic properties and band alignments of 2D Janus Al2XYmonolayers
3.2.1. Electronic properties
In order to understand the behaviors of the 2D Janus Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers, the
electronic properties through the band structure and density of state were investigated by means of both
exchange-correlation PBE and HSE-06 functional. Figure 4 displays the electronic band structures for the
three considered monolayers, It can be clearly observed that all the 2D Janus Al2SSe, Al2STe, and Al2SeTe
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Figure 5. Electrostatic potentials and the band edge positions for (a) Al2SSe, (b) Al2STe, (c) Al2SeTe along the Z-direction.

monolayers exhibit a semiconducting nature with indirect band-gaps which is in line with recently reported
studies. The computed electronic band gaps through PBE/HSE06 are 2.053/2.799, 1.182/1.823, and
1.686/2.348 eV for the Al2SSe, Al2STe, and Al2SeTe monolayers, respectively (see table 1). It can be clearly
confirmed that the band gap energy of our monolayers is intricately linked to the atomic radius, which is in
good agreement with previous work [15]. atomic radius is from these findings. Also, the conduction band
minimum (CBM) for the three considered Janus monolayers are located in the M-point of the
Brillouin-zone, and the valence band maximum (VBM) moves from the K-Γ valley to the Γ-point with
respect of the atomic-radius of (S, Se, Te)-atoms. Similar trend has been observed in the case of 2D
Al-chalcogenides AlX (X=O, S, Se, and Te) monolayers [25]. To get a deeper insight into the contribution of
electronic states in both VBM and CBM, the total and projected density of states were computed as shown in
figure 4 for 2D Janus Al2SSe, Al2STe, and Al2SeTe monolayers. For the three considered systems, a great
contribution from p-Al and p-(X/Y) orbitals on the valence band, while a relatively slight contribution from
the p-(X/Y) orbitals on the conduction band.

3.2.2. Band alignments
Apart from the band gaps, band edge alignment is another condition for water redox reactions. In this case,
the CBMmust be more than−4.44 eV (which is the hydrogen reduction potential of H+/H2), while the
VBMmust be less than−5.67 eV (the water oxidation potential of O2/H2O). To get an in-depth overview,
the band edges of Al2SSe, Al2STe, and Al2SeTe were aligned to the vacuum levels in order to identify the
thermodynamic possibilities for water splitting and oxidation that each system possesses at both pH= 0 and
pH= 7.

Since Janus structures lack vertical mirror symmetry, electric dipoles are created by charge transfer
between their top and bottom surfaces. The consequence is that the vacuum levels on each side have unequal
energies as shown in figure 5. In particular, the Janus structures have the potential to overcome the band gap
limitations of traditional photocatalysts by allowing for a shift in the alignment of water splitting potentials
with regard to the locations of their band edges. As a result of calculation of the electrostatic potentials and
band structures, we find the VBM and CBM locations for Al2SSe, Al2STe, and Al2SeTe,−6.601 and
−3.798 eV,−5.229 and−3.337 eV, and−5.645 and−3.224 eV, respectively. Based on figure 6, all three of
these monolayers have CBM locations greater than−4.44 eV at both pH= 0 and pH= 7, suggesting they
may act as promising photocatalysts for hydrogen production via water splitting.

3.3. Optical properties
The optical response of materials to light is an essential feature in photocatalytic activity. Here, we explore
the light-gathering characteristics of the considered Janus monolayers. The frequency-dependent complex
dielectric function is utilized to obtain various optical parameters, including absorption coefficient, and

7
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Figure 6. Calculated conduction and valence band-edge position of 2D Janus Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers.

Figure 7. The comparisons of (a), (b) real and imaginary parts of the complex dielectric function, (c), (d) real and imaginary part
of the complex refractive index of Al2SSe, Al2STe, and Al2SeTe monolayers.
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Figure 8. The comparisons of (a) absorption spectra and (b) electron-energy loss function of Al2SSe, Al2STe, and Al2SeTe
monolayers obtained using the HSE06 hybrid functional.

energy loss function. The dielectric constant in both parts (imaginary and real) versus photon energy is
shown in figures 7(a) and (b). The estimated static dielectric constant of Janus monolayers Al2SSe, Al2STe,
and Al2SeTe, which occur at zero photon energy, are respectively 3.5, 4.0, and 4.1, which indicate the high
electronic polarizability of these Janus monolayers. Nevertheless, the static dielectric functions are well
comparable to that of Janus Al2OS reported recently [3]. Additionally, the first peaks of the imaginary part
appear in the visible region at 3 eV, 3.5 and 3.8 eV for Janus Al2SSe, Al2STe, and Al2SeTe, respectively. The
studied Janus monolayers were evaluated for their light-harvesting performance, by calculating the
absorption coefficient spectrum, which describes how light decays over a unit distance in an absorbing
material and loss function. In figures 8(a) and (b), it can be clearly seen that the absorption coefficient
spectrum presents many peaks within the considered energy level. Since we are interested in the visible-water
splitting photocatalytic activity, the studied Janus monolayers have significant light harvesting in the visible
region, particularly around 3 eV and the absorption values reach over 1.5×105 cm−1. Similar trends were
obtained in the case of 2D Janus Ga2SSe, Ga2STe, and Ga2SeTe monolayers [47] and 2D Janus transition
metal oxides MXO (M= Ti, Hf and Zr; X= S and Se) monolayers [48].

In a solid, electrons can be activated by absorbing photons, which carry energy. Additionally, when a
high-speed electron moves within a medium, it can transfer energy to other electrons, leading to their
excitation. Furthermore, electron excitation in solids can occur collectively, not just individually. This
collective excitation can be detected by analyzing the energy loss spectrum L(ω), which is related to the
inverse of the imaginary dielectric function. In the case of intraband and interband transitions, L(ω) can
reveal plasmonic excitations. The higher peak in the L(ω) spectrum indicates the feature related to plasma
resonance, and the corresponding higher frequency represents the plasma frequency to which the electrons
can respond. Further, one can notice from a close examination of the electron energy-loss function that
Janus monolayers Al2SSe, Al2STe, and Al2SeTe show important peaks. As shown in figure 8(b), the maximum
peaks of the studied monolayers are located at high energy, as the loss function occurs in the UV region.

The real and imaginary parts of the complex refractive index for the three systems under consideration
were calculated with respect to photon energy, and the results are plotted in figures 7(c) and (d). It can be
clearly noticed that the static refractive index values are 1.8, 2, and 2.1 eV for the Al2SSe, Al2STe, and Al2SeTe
monolayers, respectively.

3.4. Photocatalytic activity of 2D Janus Al2XYmonolayer
The production of hydrogen by means of the photocatalytic water splitting method has proven to be a
significant alternative to tackle cost and resource issues related to new hydrogen production approaches. In
this regard, in order to further develop our understanding of the HER process, the binding energy of a single
hydrogen atom on the surface of the materials can provide perhaps the clearest indicator of the HER
performance of a variety of catalysts [25, 49]. The adsorption energy for a single hydrogen-atom adsorbed on
Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers is given by the following formula:

∆EH∗ = EAl2XY+H− EAl2XY−
1

2
EH2 , (X ̸= Y|X,Y= S,Se,Te) (10)
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Figure 9. (a)–(c) Top views of fully optimized Al2XY (X ̸= Y|X, Y= S, Se, Te) systems with a hydrogen-atom adsorbed at the
most suitable binding site and (d) illustrate their corresponding computed Gibbs free energy for the hydrogen evolution reaction
(HER).

in which, EAl2XY+H and EAl2XY refers to the total energy of Al2XY monolayers after and before the adsorption
of single hydrogen-atom, respectively, while the EH2 refer to the total energy of H2-molecule.

The HER catalytic activity for the three considered materials is computed based on the hydrogen
adsorption Gibbs free energy that is yielded through the formula:

∆GH∗ =∆EH∗ −T∆SH+∆EZPE (11)

where∆EH∗ ,∆SH, and∆EZPE denotes the hydrogen adsorption energy, the variation of H2-molecule
entropy between the adsorbed and gas-phase system, and the change in zero-point energy, respectively. The
Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers yield a relatively insignificant contribution towards∆SH and
∆EZPE. Thus,∆SH =− 1

2SH2 , with SH2 denote the H2-molecule entropy at ambient conditions in its
gas-reference state. Additionally, the term T∆SH is approximately equal to−0.21 eV. As a result, the formula
becomes simplified and can be written as follows:

∆GH∗ =∆EH∗ + 0.24. (12)

In accordance with Sabatier’s principle [50], an effective and optimal catalytic activity of the HER can be
characterized as a thermally neutral hydrogen binding on the materials, indicated by the∆GH∗ close to the
zero value [51, 52]. Furthermore, the HER catalyst material with negative values of∆GH∗ implies that the
reaction kinetics of H2 release is relatively low, and the HER catalyst with a positive value leads to a rather low
kinetic of hydrogen adsorption. Initially, the binding free energy of H-atom adsorbed at the most stable site
on the considered monolayers was explored and depicted in figures 9(a)–(d). Based on our study, different
adsorption sites are identified and explored for H-adsorbed on the surface of Al2XY (X ̸= Y|X, Y= S, Se, Te)
monolayers. Figures 9(a)–(c) illustrate the full optimized structures of the most stable site of H-adsorbed on
the Al2SSe, Al2STe, Al2SeTe systems, respectively. One can clearly notice that the hydrogen atom prefers to be
adsorbed relatively on the hollow site bonded to Al atoms in the three considered systems. Also, figure 9(d)
illustrates the corresponding calculated Gibbs free energy∆GH∗ for the three considered systems. Based on
our results, the HER activity of Al2STe material is more significant than that of Al2SSe and Al2SeTe systems
with a Gibbs free energy of about∆GH∗ = 1.15 eV for Al2STe which is slightly lower than those of Al2SSe and
Al2SeTe monolayers with a Gibbs free energy of approximately 1.28 eV. The Gibbs free energy found within
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Figure 10. The computed Seebeck coefficient of the 2D Janus (a) Al2SSe, (b) Al2STe, and (c) Al2SeTe monolayers depending on
the charge carrier concentration at different temperatures.

this work are either higher or comparable to many other 2D materials recently reported such as Janus
Gallium monochalcogenide monolayers Ga2SSe (X ̸= Y|X, Y= S, Se, Te) with Gibbs free energy ranging
between 1.55 and 2.31 eV [53].

3.5. Thermoelectric transport properties of 2D Janus Al2XYmonolayers
In this section, we will discuss thermoelectric transport properties of 2D Janus Al2XY (X ̸= Y|X, Y= S, Se,
Te) materials by taking into consideration the relaxation-time constant approximation through the
semi-classical Boltzmann approach. In this framework, we calculate and evaluate the relaxation
time-dependent parameters such as the electrical conductivity (σ/τ ) and the electronic part of the thermal
conductivity (Ke/τ ). Since chemical potential plays an important role in equilibrium chemistry, this is a
reason to explore the thermoelectric properties of Al2XY as a function of chemical potential. The positive
chemical potentials reflect n-type doping with an upward shift of the Fermi level, while the negative chemical
potentials reflect p-type doping with a downward shift of the Fermi level. The Seebeck coefficient versus the
chemical potential at selected temperatures (T = 300, 600, and 900K) is shown in figure 10. Accordingly, the
highest values of the Seebeck coefficient are derived for chemical potentials ranging around the Fermi level.
Above this interval, the curves tend towards 0. The highest Seebeck coefficient values are 2981.2µVK−1

(2807.7µVK−1), 2693.4µVK−1 (2772.3µVK−1), and 1900.9µVK−1 (1916.5µVK−1) for Al2SSe, Al2SeTe,
and Al2STe, respectively, at room temperature for p-type (n-type) dope. The negative value indicates that
electrons are spread from the hot extremity to the cold one, making the cold extremity slightly more
electron-concentrated than the hot one. As one can see from the figures, the values of the Seebeck
coefficients diminish as the temperature rises due to the increase in a hole and electron conductivities caused
by thermal energy. The Seebeck coefficients of Al2XY exhibit higher values compared to pristine AlX. For
instance, the Seebeck coefficient (S) for n-type AlS is measured at 322.89µVK−1 (at 300K). Similarly, other
well-known thermoelectric materials such as SiAs, SiSb, SiBi, phosphorus, among others, also demonstrate
noteworthy Seebeck coefficients [20, 54–56].

The electrical conductivity versus the chemical potential for the three temperatures is depicted in
figures 11(a)–(c). Within the range of−0.5–0.5 eV, the value of electrical conductivity appears to be zero.
However, beyond this interval, the electrical conductivity values increase with chemical potential.
Furthermore, the changes in electrical conductivity with chemical potential are similar at different
temperatures. Figures 11(d)–(f) displays the electronic thermal conductivity variation as a function of
chemical potential at different temperatures. From these curves, it is evident that increasing the chemical
potential and temperatures improve electronic thermal conductivity. The power factor is one of the most
important parameters influencing the thermoelectric performance of the materials. The power factor
variations as a function of chemical potential at the various temperatures are depicted in figures 12(a)–(c).
For n-doping at 900K, the high-power factor value is reached, i.e. 2.7× 1011W(m sK2)−1, 2.85×
1011W(m sK2)−1, and 3.1× 1011W(m sK2)−1 for Al2SSe, Al2STe, and Al2SeTe respectively. Our analysis of
the different transport coefficients ultimately led to the computation of the electronic thermoelectric figure
of merit of Al2XY. Figures 12(d)–(f) represents the variation of ZT as a function of chemical potential for
different temperatures. In each system, two apparent peaks are observed in the vicinity of the Fermi level.
The high values of ZT up to one for all three systems are observed. An exception is Al2STe for which ZT is as
high as 1.03 for the p-type. Therefore, the high ZT values of Al2XY make them attractive candidates for
thermoelectric applications.
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Figure 11. (a)–(c) The calculated electrical conductivity (σ/τ ) and (d)–(f) electronic thermal conductivity (Ke/τ ) of Al2SSe,
Al2STe, and Al2SeTe, respectively.

Figure 12. (a)–(c) The calculated power factors (PFs) and (d)–(f) figure of merits ZT of the three considered Al2SSe, Al2STe, and
Al2SeTe monolayers, respectively.

4. Conclusion

We have carried out in-depth comprehensive studies of the structural, electronic, and optical properties of
the 2D Janus aluminum monochalcogenide Al2XY (X ̸= Y|X, Y= S, Se, Te) monolayers as well as their
possible use as a promising and efficient medium for photocatalytic and thermoelectric applications by
means of ab-initiomolecular dynamics and first principle calculations based on DFT. To begin with, our
findings confirm the dynamical and thermal stability of the considered structures, showing the promising
prospect of experimental realization of these materials. Besides, we established that the 2D Janus Al2SSe,
Al2STe, and Al2SeTe monolayers show a semiconducting nature with indirect gaps of about 2.799, 1.823, and
2.348 eV obtained respectively through the HSE06 hybrid functional, which induces systems to absorb light
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at varying frequency modes. Additionally, based on the computed valence and conduction band edge
positions versus the redox potentials of water, it is found that the Al2XY monolayers provide good
photocatalytic activities, and could be implemented as catalysts for hydrogen production. The computed
thermoelectric transport properties show a great efficiency of Al2XY monolayers owing to the obtained wide
figure of merit values. Furthermore, the thermoelectric transport parameters are observed to improve
significantly as a function of temperature from 300 to 900K. Finally, our outcomes not only provide
information on the high dynamical and thermal stability of 2D Janus aluminum monochalcogenide
materials in ultra-thin reflectors and absorbers for optoelectronic based technologies but provides a useful
insight into the identification of new features for photocatalytic and thermoelectric based technologies, as
well as proposing a new approach for the implementation of a wide range of light emission/detection and
processing capabilities in selected frequency modes.
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