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ARTICLE INFO ABSTRACT
Keywords: Hydrogen production via solar light-driven water dissociation has been regarded as an artificial and effective
2D Janus Aluminum Oxysulfide process to overcome the environmental problem as well as solving the current energy crisis. In this regard,
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numerous works have mainly been devoted to developing the appropriate photocatalyst which satisfies the
conditions for water splitting and understanding the photocatalysis process. In this study, we propose for
o the first time the potential application of the two-dimensional Janus aluminum oxysulfide Al,0S as an
External electric field . . . . . .. .
Bi-axial strain efficient photocatalyst material for hydrogen-production H, through the first-principles calculations. Janus
Density functional theory Al,0S monolayer has been designed from the parental binary aluminum sulfide AlS by substituting one sub-
layer of sulfide atoms (S) to oxygen atoms (O). The electronic properties of the pristine AlS and the derived
Janus Al,O0S were computed using GGA-PBE and HSEO06 functionals. According to the band structure, AlS
monolayer shows a semiconductor behavior with an indirect bandgap of 2.14 eV whereas, the Janus Al,OS
exhibits a direct bandgap of 1.579 eV. Motivated by the desirable bandgap of the Janus Al,OS, the absorption-
coefficient of Janus Al,OS shows strong visible light harvesting compared to the parental AlS. Furthermore,
the photocatalytic performance of Al,OS has been investigated. Our calculations demonstrate that the band
edge position of Al,OS is suitable for the hydrogen evolution reaction (HER). More importantly, based on the
reaction coordinate, it was found that the Gibbs free-energy AG . of Al,OS is 0.97 eV which is smaller than
of the two-dimensional Janus Ga,XY (X, Y = S, Se, Te with X # Y) reported recently. Moreover, this value
decreases from 0.97 eV to 0.69 eV under 0.5 V/A of an external electrical field. Our results indicate that Janus
Al,OS fulfills the fundamental requirements for efficient photo-catalyst under visible light and provides new
guidance for hydrogen-production via water splitting.

1. Introduction renewable, ecological, and affordable energy source has been the sub-
ject of several researches during the last decades [5,6]. In this regard,

Regardless of the source of energy, global energy needs have sky- hydrogen has been considered as an ideal energy carrier especially
rocketed dramatically due to the industry sectors, transportation, because it can be produced and stored from any energy source with
and population growth. Today, human activities rely mainly on non- different techniques, emits little or no pollutants during its use, and
renewable resources such as natural gas, oil, and coal known as fossil possesses high energy density [7-10]. Over the decades, photocatalysis
fuels [1-3]. So, the availability of these resources is declining very has been recognized as an innovative and promising way to produce
rapidly and their consumptions generate considerable carbon dioxide =~ hydrogen from renewable energies [11,12]. Indeed, the dissociation
which is the main cause of greenhouse gas responsible for global of water (water-splitting), demonstrated by Fujishima and Honda in
warming [4]. Thus, to address these concerns, the development of a a photo-electro-catalytic cell has opened a promising way to produce
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hydrogen from a light source [13]. Generally, photocatalytic Water-
Splitting is a technique that uses light activation (photons) for the
decomposition of water. This technique has the simplicity of using a
photocatalyst (semiconductor), a light source (photons), and water to
produce hydrogen and oxygen cleanly without having harmful effects
on the environment or producing greenhouse gases. The mechanism
of dissociation of water, in an aqueous medium, follows two half-
reactions electrochemical: oxidation of water by photogenerated holes
and reduction of protons by electrons (e~) photogenerated. To bring
about these reactions, the choice of the photocatalyst is crucial and
should require some properties, such as a conduction band BC with an
electrochemical potential lower than that of the redox couple H* /H, to
reduce hydrogen and have a valence band BV with an electrochemical
potential higher than that of the redox couple O,/H,0O to oxidize
water, but also have a bandgap allowing the absorption of wavelengths
corresponding to the solar spectrum to take advantage of this important
energy source [14-18]. Consequently, several efforts have been devoted
to developing suitable semiconductors for photocatalysis [19-21].

Since the realization of graphene nanosheet in 2004, various families
of two-dimensional compounds have been demonstrated considerable
potential for exploitation in photocatalytic water splitting [16,22-25].
Among these families, Transition metal dichalcogenides (TMDs), phos-
phorene, g— C;N,, CdS, ZnO, SrTiO;, and WO; [26-32]. Recently,
group III-VI monochalcogenides with the chemical formula MX(M =
Ga, In and Al, X = S, Se, and Te) have been shown high photo-
catalytic performance owing to their appropriate bandgap, high sur-
face area, suitable band alignment, and high absorption in the ul-
traviolet and the visible regions [17,33,34]. Furthermore, the pho-
tocatalytic efficiency can be enhanced by several methods including
extrinsic/intrinsic defects, external field, heterostructures, and hetero-
junctions [35,36]. More recently, Janus MoSSe monolayer has been
prepared experimentally by breaking the structural symmetry in MoS,
nanosheet, leading to a new degree of freedom that the performance
of the photocatalyst can be improved [37]. Compared to the pristine
counterpart, Janus Mosse monolayer revealed superior and distinct
physical properties such as large Rashba spin splitting, strong piezo-
electric effects, also it has been investigated as a promising semi-
conductor photocatalyst for water-splitting [38]. Importantly, derived
Janus monolayers of group III monochalcogenides have been shown
to fulfill the criteria of an ideal photocatalyst. For example, Huang
et al. theoretically demonstrated that Janus M, XY (M = Ga and In,
X/Y =S, Se, and Te) monolayers are promising photocatalysts for
hydrogen evolution reaction (HER) [39,40]. Yu et al. studied the active
sites of Janus Ga,XY (X/Y= O, S, Se, and Te) by evaluating Gibbs
free-energy [41]. In addition, Demirtas et al. have predicted Janus
aluminum monochalcogenides AL, XY (X/Y= O, S, Se, and Te) starting
from the binary AlX (X = O, S, Se, Te) compounds [42].

Intriguingly, the intrinsic dipole moment, which is created by the
structural asymmetry along the z-direction in Janus Al,OS offers an
extra degree of freedom in order to ameliorate the spacial separation
between the photo-induced charge (electrons and holes) into different
surfaces and subsequent could enhance the photocatalytic conversion
efficiency. Motivated by this strategy to improve the HER and the
unique properties of the Janus structures, we have investigated the pho-
tocatalytic activity of Janus Al, XY monolayer and rigorously compared
with the parental AIS by means of the density functional theory. Our
present study not only demonstrates the superior properties of Janus
Al,0S monolayer but also highlights the efficiency of Janus structure to
prevent the carrier recombination and improve the hydrogen evolution
reaction.

2. Computational frameworks
In this study, electronic, optical as well as photocatalytic perfor-

mance of the pristine AIS and the derived Janus Al,OS were investi-
gated on the basis of Density Functional Theory (DFT) implemented
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in the Vienna Ab Initio Simulation Package (VASP) [43] code. The
Projector Augmented Wave (PAW) was used to describe electron—
ion interactions. The exchange correlation functional was computed
using the generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof (PBE) functional with a kinetic-energy cutoff
of about 600 eV. Geometry optimizations were performed by setting the
convergence criteria for energy and force at 1076 ¢V and 10~* eV/A,
respectively. In addition, to obtain an accurate bandgap value of our
materials and understand the electronic trend, we used the Heyd Scuse-
ria Ernzerhof (HSE) exchange correlation functional with parameters
of (¢ = 0.25 and x = 0.20) which provides an optimal band gap for
a variety of semiconductors [44,45]. To avoid the interaction between
stacked layers and periodic pictures, the vacuum layer was set to 20 A
in the c-direction during geometry optimization. A Monkhorst Pack K-
Point grid of 11 x 11 x 1, 24 x 24 x 1, and 32 x 32 x 1 is used in the
reciprocal space during geometrical optimization, electronic density of
states, and optical properties, respectively [46]. The Grimme dispersion
correction DFT-D3 approach [47] was implemented in order to involve
the wide range van-der-Waals (vdW) interaction for the Hydrogen ad-
sorption on the Janus Al,OS lattice. The dipole correction is employed
during our calculation in order to remove the artificial electric-field in
the vacuum-region [48]. The lattice dynamical stability was checked
by the phonon dispersion calculation using Phonopy code with density
functional perturbation (DFPT) method [49-51] with (5 x 5 x 1)-super-
cell in order to ensure the convergence and yield accurate output.
Additionally, the thermal stability was checked with ab-initio molecular
dynamics (AIMD) simulations [52,53] at 600 K for 9ps using DFT/GGA
theory and the PBE exchange correlation functional within canonical
ensemble (NVT). Our recent publications provide more information
about the computational methods [25,54].

3. Results and discussion
3.1. Structural and electronic properties

The atomic structure of the optimized two-dimensional aluminum
sulfide AlS is depicted in Fig. 1(a) AlS monolayer is one of the binary
group III-V compounds, which has a honeycomb crystalline struc-
ture with Dj; point-symmetry group similar to the GaS and GaSe
nanosheets [55]. The primitive cell of aluminum sulfide AlS is made by
four atomic sublayers stacking as AI-S-S—Al. The structural parameters
reveal that at the equilibrium, the Bravais vectors of AIS monolayer is
a = b = 3579 A, and Al-S interatomic distance is dy_g = 2.325 A.
(see Table 1). Our findings are very close to the previous theoretical
reports [34,56]. Based on the structure of AlS monolayer, Demirtas
et al. have designed a new structure known as Janus Al,OS by sub-
stituting one sub-layer of sulfide atoms (S) to oxygen atoms (O) [42].
The top and side views of the derived Janus Al,OS are presented in
Fig. 1(a) and (b). It is worth mentioning that the Janus Al,OS shares
a hexagonal crystalline structure similar to the pristine AlS in which
the double layer of aluminum Al-Al is sandwiched between the sulfide
and the oxygen layers leading to a sequence of S—Al-Al-O. The com-
puted structural parameters of the Al,OS monolayer are summarized in
Table 1. One can notice that the lattice parameter of the Janus Al,OS
(a=0b=23.776 ;\) is larger than of the parental AIS (a = b = 3.579 ;\)
. The thermal and dynamic stability of the considered structure were
confirmed by ab-initio molecular dynamics (AIMD) simulation at 600
K with a time scale of 9 fs and phonon dispersion, respectively. By the
appearance of all positive frequency modes with a complete absence
of negative values over the full symmetry of the Brillouin zone, the
Al,OS monolayer demonstrates excellent dynamic stability as shown
in Fig. 2(a). Furthermore, Fig. 2(b) shows the variation of the total
energy as a function of dynamic steps in the simulations for the Janus
monolayer, with the corresponding screenshot taken at the end of the
dynamic simulations. One can notice that there is no significant de-
formation after the dynamic simulations indicating that our compound
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Fig. 1. (a)-(b) Top and side view of the parental AIS and Janus Al,OS monolayers respectively. (c) Side snapshot of electron charge density of Janus Al,OS nanosheet. The dashed

lines refers to the hexagonal unit cell.
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Fig. 2. (a) Phonon dispersion spectra and (b) the change in total energy with average force at 600 K as a function of time for Al,0S monolayer.

keeps the initial structure without any bond distortion. Meanwhile,
the total energy variation remains almost unchanged throughout the
dynamic simulations. This confirms the exceptional dynamic stability
of the Al,OS monolayer. In addition, due to the difference of elec-
tronegativity and the atomic radius between the sulfide and oxygen
atoms, the structural symmetry of the parental AlS is broken resulting
to inequivalent Al-O and Al-S bond lengths (see Table 1). Moreover,
an intrinsic dipole moment in the out-of-plane direction is constructed
with a value of 0.432 D (see Table 1), which gives rise to an internal
electric field. Subsequently, from Fig. 3(a) no electrostatic potential
difference is observed in the pristine AIS monolayer between two
sulfide atoms. Contrary to AlS, a potential energy difference is observed
in the Janus Al,OS between the vacuum levels at the two respective
surfaces as illustrated in Fig. 3(b) and Table 1.

On the basis of the optimized AIS and Al,OS structures, the com-
puted electronic band structures of the pristine AlS and the derived
Janus Al,OS along the highly symmetric I' — M — K — I'" path in the
first Brillouin zone are presented in Figs. 4 and 5 using GGA — PBE
and HSEO06 functionals. Fig. 4 reveals that the aluminum sulfide is
an indirect semiconductor with a bandgap of 2.10 eV/2.88 eV using
GGA — PBE/HSEOQ6 functionals. These results are very close to the
previous theoretical reports [34]. The Janus Al,OS preserves the semi-
conductor characteristic with a direct bandgap of 1.579 eV/2.111 eV
using GGA — PBE/HSEQ6 (see Fig. 5 and Table 1). More precisely,

Table 1

Selected geometrical and electronic parameters of the parental AlS and the derived
Janus Al,OS monolayers: lattice parameters a (A), bond lengths d,,_y (A), thickness h
(A), electronic band gaps using PBE and HSE06 exchange—correlation functionals, and
Work Function (WF).

Materials a=b NN dai-o/s) h EPBE EJ/SE0
A A& A& @A) (eV) (eV)

AlS 3.579 2.598 2.325 4.731 2.106 2.887

Al,OS 3.776 2.586 1.951/2.237 4.378 1.579 2.111

the Valence band maximum of the parental AlS is located at the valley
K — I', whereas the conduction band minimums is located at M point.
For completeness, the total density of states and the partial density of
states for AIS and Al,OS are calculated to further clarify the electronic
properties of our compounds as well as elucidating the contribution of
each orbital. As we can see from both Figs. 4 and 5, the conduction
band minimum is mainly formed by S (2p) and O (2p), S (2p) orbitals
for AIS and Al,OS respectively whereas, the valence band maximums
are consisted of hybridization between Al (2p), S (2p), and O (2p)
orbitals for both monolayers.

It is widely known that two-dimensional nanosheets including Janus
monolayers are sensitive to strain engineering and can tune their
electronic properties. In this context, we have investigated the effect of
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Fig. 3. (a,b) The planar average electrostatic potential for the pristine AlS and the Janus Al,OS respectively.
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Fig. 4. The calculated band structure with corresponding density of state for the pristine AlS using PBE functional.

a biaxial strain ¢, on the electronic properties of the two-dimensional
Janus Aluminum Oxysulfide Al,OS. It is worth to mention that a biaxial
strain is defined as ¢, % Here, a, and a refer respectively to the
lattice parameter of Janus Al,OS before and after strain. In this study,
we have applied a biaxial strain from 0 to +10% where the plus and the

minus signs indicate the tensile and the compressive strain respectively.

The computed band structure of the Janus Al,OS under different
values of bi-axial strain ¢, is shown in Fig. 6. Our detailed findings
reveal that the band structure of Janus Al,OS is remarkably influenced
by biaxial strain. Thereby, the electronic properties are significantly
tuned, especially in the compressive strain (¢, < 0). From Fig. 6a, a
transition from direct to indirect band gap is observed up to +2% of
the tensile strain. In addition, the valence band minimum is located at
the valley K — I', whereas the conduction band maximum is located
at I' point for different levels of tensile strain. However, in the case
of compressive strain as illustrated in Fig. 6b, a transition from semi-
conductor to metal is found up to —6% and a direct to indirect band
gap is observed at —2% and —4%. For completeness, the variation of
the band gap under different values of the biaxial strain are calculated
using PBE and H S E(6 functionals as depicted in Fig. 7.

3.2. Optical properties of the pristine AlS and the derived Janus Al,0S

One of the crucial steps of water-splitting is the optical response of
materials to light. In this section, we present the optical properties of
the pristine AlS as well as the derived Janus Al,OS monolayer. Interest-
ingly, the optical parameters such as the absorption-coefficient, the ex-
tinction coefficient, reflectivity, and the energy loss function are deter-
mined from the frequency-dependent complex dielectric function [57,
58].

@

Particularly, the imaginary part of the dielectric tensor indicates
all the transitions from the valence band (occupied states) to the
conduction band (unoccupied states) whereas the real part is computed
by the help of Kramers-Kronig transformations.

Obviously, the expression of the real and the imaginary parts of the
dielectric tensor are detailed in our last works [59-61].

Based on the structural anisotropy, the real and the imaginary parts
of the complex dielectric function are split in xx and zz directions
as depicted in Fig. 8 using HSE06 functional. The static dielectric
constants in the xx direction are found to be 3.5 and 3 for Janus
Al,OS and AIS respectively. Moreover, the first peak in the imaginary
part is occurred at 3 eV and 3.8 eV respectively for Janus Al,OS

e(w) = €;(w) + iey ()
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0 to +10% using PBE and H.SEO06 functionals.

and AlS. In order to assess the light harvesting capability of AIS and
Al,OS monolayers, the absorption-coefficient is calculated using HSE06

3.3. Photocatalytic activity of Al,OS monolayer

In this section, we aim to provide the photocatalytic efficiency
of the 2D Janus Al,OS monolayer. It is worth to mention that no
electrostatic potential difference is observed in the pristine AlS due to
the same atoms in the top and the bottom layers of the monolayer.
On the contrary, the Janus Al,OS with the intrinsic dipole moment
possesses an electro-static potential difference which generates an elec-
trical field inside the structure along the out-plane direction. The
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computed electro-static potential difference AV between the .S and O
layers is 1.83 eV. Notably, the electrostatic potential difference in the
Janus Al,OS not only acts as an additional booster for the separation
of the photogenerated carriers, but also violates the band gap criteria
for traditional photocatalysts [27]

More importantly, the efficiency of both electron- and hole-transfer
along a selected orientation is very crucial in order to get an effective
charge-separation and thereby decrease the recombination efficiency,
leading to an enhancement of the water-splitting activity performance.
Although, the carrier mobility is commonly recognized to be inversely
correlated with the effective mass, and thus a smaller effective mass of
charge carriers leads to a larger carrier mobility. Consequently, for this
purpose we focus in this part on the effective masses of electron and
hole. The computed effective masses of both electrons and holes for
the Janus Al,OS monolayer are listed in Table 2, in which the effective
mass of electrons (0.569 along I'— M and 0.578 along I — K) and holes
(—0.962 along I' — M and —0.907 along I" — K). The obtained effective
mass of the electrons is relatively small as compared to the holes.

Table 2
The electrostatic potential difference AV, the intrinsic dipole moment y, Work Function
(WF), and the effective Mass of Electron and Hole for the Janus Al,OS.

Materials AV u WF m}/m, mj /m,,

(eV) (Debey) (eV) r-M (I'-K) I'-M (I'-K)
AlS 0 0 6.749 - -
Al,08 1.83 0.432 6.752 0.569 (0.578) —-0.962 (-0.907)

Therefore, the large effective mass difference between the electrons and
the holes is advantageous to restrain their recombination rate [64].

For completeness a promising photocatalyst for hydrogen evolution
reaction should have the suitable energy alignment of VBM and CBM. In
this direction, the valence band minimum energy should be lower than
the reduction potential of H* /H, (Ey+ /4, = 0 eV at pH = 0), whereas
the conduction band maximum should be higher than the oxidation
potential of Oy/H,0 (Eq,/H0 = 1.23 eV at pH = 0). In our previous
theoretical work, we have shown that the pristine AlS monolayer
is a candidate photocatalyst with appropriate band edge positions.
However, based on the Yang’s theory and taking into consideration
the electrostatic potential difference 4V, the reduction potential H* /H,
will define as follows [65]:

EH+/H2—t0p = EH‘*/HZ +4V 3

In this regard the CBM is calculated based on the Mulliken electroneg-
ativity as follows:

Ecpy = % = E.— E['SF%/2 (€]

Where y, E, and EHSE-% indicate the electronegativity of Janus
Al,0S, the total energy of a free-electrons which is about 4.5 eV and
the band gap of our monolayer using H.S E06 functional respectively.

Moreover, the conduction and valence bands, respectively, generate
electrons and holes when solar light is irradiated. Following that,
guided by the intrinsic electric field, these photogenerated electrons
transfer to the top surface, contributing to the hydrogen evolution
reaction. The redox potentials of H* /H, and H,0/O, are also altered,
expanding the photogenerated carriers’ over-potentials (AE; and AE,),
due to the differing vacuum levels on the two sides of the Janus Al,OS
as shown in Fig. 10. More intriguingly, the AV of the Janus Al,0S
monolayer is greater than 1.23 eV (V= 1.83 eV), above the traditional
band gap limit for total water splitting.

In addition to the band alignments energy, the hydrogen adsorption
energy of the reaction intermediate Ey. is computed for different
adsorption sites, such as on the bridge, hollow and on the top to further
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Fig. 10. A schematic representation of the Janus Aluminum Oxysulfide Al,OS monolayer energy levels and photocatalytic process.

explore the photocatalytic-activity of the Janus Al,OS. The hydrogen
adsorption energy is obtained as follows:

AEy: = EAleS+H - EAIZOS - % EH2 (5)

Where Ejp o5 and Eyjos are respectively termed to the total
energy of the Janus Al,0S with and without H atom, whereas H, refers
to the energy of single H,-molecule in the gas phase. Based on the
hydrogen adsorption energy AEy:, Gibbs free-energy AG - is a deter-
minant descriptor for the hydrogen evolution reaction. Subsequently,
according to the Sabatier rule, a good photocatalyst for water-splitting
should verify the thermoneutrality criterion (i.e AGy« close to zero).
The Gibbs free-energy of 2D Janus Al,OS is given by [54]:

AGy» = AEy. —TASy + AE,pp 6

Where AE,pr and ASy are respectively the zero-point energy
variation and the entropy change between the adsorbed dihydrogen
(H,) molecule site and the gas phase. Thus, the contribution of AE, py—
TASy is 0.24 eV for the hydrogen adsorption on the Janus Al,OS
monolayer. Therefore, the equation could be re-defined as follows:

AGy. = AEy, +0.24 @

The obtained Gibbs free-energy for the Janus Al,OS is listed in
Table 3. It is obvious that the derived Janus has the smallest value
of AGy- (0.97 eV) compared to the parental AIS monolayer (1.24
eV) and to the gallium based Janus chalcogenides Ga, XY. However,
this measure of AGy« for Janus Al,OS is still large to the optimal (0
eV) (see Fig. 11). In order to decrease the value of AGy., we have

Table 3

A comparative summary of Gibbs free energy profile AG,. [34].
2D materials Als AL, 08 AL, 0S8 (with E, = 0.5V /A)
AGy. (eV) 1.24 0.97 0.69

systematically applied an external electrical field along the z-direction.
From Fig. 12, AGy- for Al,OS decreases from 0.97 eV to 0.69 eV
under 0.5 V/A of the electrical field. Furthermore, this value is still
a giant gap with the optimal 0 eV and offers a new challenge to tune it
using several methods such as strains and defects. Intriguingly, Janus
structures are commonly possessed ferroelectric properties. However,
an in-depth investigation on the paraelectric phase could offer new
guidance to improve the photocatalytic performance as demonstrated
recently by Lin’s group [66].

4. Conclusion

In summary, we have carefully presented an in-depth study to
examine the photocatalytic performance for the two-dimensional Janus
aluminum Oxysulfide Al,OS along with the parental Aluminum Sulfide
AlS monolayer based on the binding energy and Gibbs free-energy
through DFT computations. The band structure analysis indicates that
the Janus Al,OS is a direct semiconductor with an appropriate bandgap
of 2.11 eV using HSEO06 functional. Motivated by the suitable bandgap,
the absorption-coefficient and the band edge alignments of Janus Al,OS
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Fig. 12. The variation of Gibbs free energy under different levels of electrical field ranging from 0.1 V/A to 0.5 V/A.

are depicted. It is found that our material shows a strong absorption-
coefficient in the visible region indicating its ability to harvest sunlight.
In addition, the calculated band alignments energy of Janus Al,OS
straddle the oxidation and the reduction potentials of the water. By
virtue of the reaction coordinate, the Gibbs free-energy of Janus Al,O0S
is found to be 0.97 eV which is smaller than of the pristine AlS
(1.24 eV) monolayer. To enhance the value of the hydrogen absorption
energy, an external electrical field is applied along the z-direction E,.
Sub-consequently, the Gibbs free-energy decreases from 0.97 eV to
0.67 eV under 0.5 V/A of the electrical field. Our results demonstrate
that the Janus Al,OS satisfies the fundamental conditions as a promis-

ing semiconductor photocatalyst for hydrogen-production via water
splitting.
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