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The exploration of novel and stable two-dimensional (2D) materials holds considerable significance in the
development of optoelectronic devices and photocatalytic water splitting. Herein, MNXY (M/N = Al, Ga, X/Y =
N, P, As) monolayers are constructed based on 2D double-layer honeycomb structures. Six stable semiconductor
types were screened through first-principles calculations, and their mechanical, electrical, optical, and transport
properties as well as their applications in photocatalytic water splitting were investigated. We found that the
six stabilized MNXY monolayers had band gaps of 0.846-3.806 eV. The mechanical properties indicate that
AlGaN,; has a Young’s modulus exceeding 100 N/m, whereas the remaining five monolayers exhibit values
below this threshold. The hole carrier mobility of the AlIGaN, monolayer along the armchair direction reaches
an ultrahigh value of 3649.21 cm? V~!s~!; thus it has the potential for application in optoelectronic devices.
Furthermore, we observed that AlGaP, monolayers exhibit band-edge potentials spanning the redox potential of
water, a considerable difference in electron-hole carrier mobility, strong visible light absorption, and a high solar
to hydrogen efficiency (17.51%) in the absence of strain, making them suitable for photocatalytic water splitting.
We expect that our results will pave the way forward for material selection for next-generation optoelectronic

devices and photocatalysts.
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I. INTRODUCTION

Two-dimensional (2D) materials constitute an immensely
diverse group that encompasses several classes, such as
graphene [1], black phosphorus [2], transition metal dichalco-
genides [3], and gallium nitride (GaN) [4]. These materials
have very thin structures because they comprise only a single
layer or a few layers of atoms, giving them an advantage
in application in micro- and nanoscale devices. The result-
ing wide range of applications includes the manufacture of
high-mobility transistors [5], flexible electronics [6], high-
performance integrated circuits [7], efficient catalysts [8], and
solar cells [9]. Several attempts have been made to search
for new types of 2D materials to explore the potential for
new physical phenomena and applications, thus driving the
frontiers in the field of 2D materials. Typically, 2D materials
are derived from van der Waals—layered materials, where the
bonding between layers can be easily broken due to the weak-
ening of van der Waals interactions. Thus the corresponding
2D materials can be prepared via physical or chemical strip-
ping [10,11]. The research and development of 2D materials
can help achieve advancements in the field of materials sci-
ence while providing compelling opportunities for the design
and application of novel materials.

In 2018, Lucking ef al. theorized a 2D material with a two-
layer hexagonal-like structure and named it a double-layer
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honeycomb (DLHC) structure [12]. Its formation energy was
theoretically calculated and confirmed to be lower than that of
truncated bulk and other 2D materials, such as AlSb [13,14],
CdTe [15], and InAs [16]. After extensive study, this class
of 2D materials was experimentally successfully prepared
[17,18]. Theoretical studies have shown that the configuration
of DLHCs from conventional three-dimensional (3D) semi-
conductors, such as the III-V, II-VI, and I-VII families, is
stable, thus possessing a new group of 2D material families
[12]. Notably, few other structures have been previously re-
alized as stable 2D materials of the I-VII family. Thus the
emergence of DLHC structures has broadened the scope of 2D
materials, attracting numerous scholars to study their novel
physicochemical properties.

Precisely substituting atoms in semiconductors is cru-
cial for semiconductor devices and electronics. This enables
adjusting its electronic energy level structure, carrier con-
centration, and band structure, thereby altering electrical
conductivity, photovoltaic properties, and magnetic proper-
ties [19-22]. This modification method helps to improve the
performance of semiconductor devices (e.g., transistors and
photodiodes) and enables the creation of semiconductor ma-
terials with specific properties, such as solar cells, to optimize
photovoltaic conversion efficiencies and optical communica-
tion devices for achieving high-speed signal transmission.
MoSH was experimentally prepared by replacing S atoms on
one side with H. The transformation of MoS, semiconduc-
tors into metallic MoSH has been realized, which has a very
high intrinsic carrier concentration (~2x10'3cm=2) [23].
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Inspired by the successful preparation of Ga,S; with five
atomic layer structures [24,25], Hieu et al. formed a Janus
structure by replacing one S atom of the protocell with X = O,
S, Se through first-principles calculations and thoroughly in-
vestigated the electronic, mechanical, and carrier mobility of
the replacement structure [26]. Similarly, Qi et al. replaced
the atoms of this Janus structure with ALXYZ (X/Y/Z = S,
Se, Te, X # Y # Z) and found that Al,XYZ is highly efficient
in the photocatalytic decomposition of water and Al,SeTeS
has good piezoelectric properties [27]. Liu et al. constructed
a monolayer Sn,S, Py structure based on 2D SnP3 [28], which
possesses an indirect band gap of 1.77 eV and well spans the
redox potential of water; the hydrogen production efficiency is
as high as 17.51%, making it a highly efficient photocatalyst
[29]. Lu et al. prepared Janus MoSSe by controlled vulcan-
ization of a monolayer of MoSe; by replacing the upper layer
of Se atoms with S atoms while the lower layer remained
unchanged [23]. Subsequently, the researchers found that the
2D MXY (M = Mo, W; X, Y =S, Se, Te) is an efficient cat-
alyst due to the built-in electric field through first-principles
calculations [30].

Herein, we constructed 2D MNXY (M, N = Al, Ga, X,
Y =N, P, As) monolayers based on DLHC structures and
screened six stable semiconductors using first-principles cal-
culations. We also investigated the mechanical, electrical,
intrinsic carrier mobility, optical properties, and applications
of photocatalytic water splitting. Our results provide theoreti-
cal guidance for broadening the family of DLHC structures.
Moreover, these results represent an important advance in
our understanding of the structural features of these honey-
combs. We expect our findings will point the way forward
for these structures in optoelectronic devices and efficient
photocatalysts.

II. CALCULATION METHOD

All calculations in this paper were carried out using the
projector augmented wave (PAW) method based on den-
sity functional theory (DFT) with a plane wave basis set.
The computations are executed using the Vienna ab ini-
tio simulation software [31,32]. The generalized gradient
approximation according to the Perdew-Burke-Ernzerhof
(PBE) scheme is chosen for geometric structure optimization,
while the Heyd-Scuseria-Ernzerhof (HSEQ6) functional with
mixing parameters o« = 0.25 is employed to acquire more
precise electronic band structures [33-35]. A cutoff energy
of 450 eV and a vacuum region with a thickness of 20 A are
employed to avoid cyclic interactions in the C direction, and
a k mesh of Gamma 11x11x1 and 21x21x1 is applied for
Brillouin-zone integration in the structure optimization and
electronic structure calculation, respectively. The convergence
values for energy and force are set at 107% eV and 0.01 eV/A,
respectively. The dipole moment correction is applied to all
structures [36]. To achieve more accurate calculations of opti-
cal properties, the dielectric constant was computed using the
HSEO6 functional based on the independent-electron approxi-
mation, thereby obtaining the optical absorption coefficient.
Phonon spectra are derived through the implementation of
density functional perturbation theory (DFPT) within the
PHONOPY code [37,38] using a 4x4x1 k mesh and 4x4x1
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FIG. 1. Top and side views of MNXY (M, N = Al,Ga, X,Y =N,
P, As). The diamond and rectangular boxes represent the unit cell and
supercell, respectively.

supercell containing 64 atoms. Ab initio molecular dynamics
(AIMD) simulation was performed using a 4x4x 1 supercell
at 300 K under the NVT ensemble with the temperature con-
trolled by the Nosé-Hoover method; a time step of 2 fs was
employed for a duration of 8 ps to assess the structural thermal
stability.

III. RESULTS AND DISCUSSIONS

A. Geometric properties and stability

The atomic structures of MNXY (M/N = Al, Ga/X, Y = N,
P, As) are shown in Fig. 1. The structure consists of a bilayer
hexagonal arrangement, and the side view presents it in a
zigzag shape. When M equals N and X equals Y, MNXY
can be abbreviated as MX. However, since Faraji et al. have
already discussed the specific electronic properties of MX
[39], this study will not delve into it further, resulting in
15 distinct structural forms. The structural models obtained
after conducting structural optimization using different atomic
substitutions are illustrated in Fig. S1 in the Supplemental
Material [40]. We found that the side containing N atoms
tended to form a planar shape, whereas the side containing
P and As atoms tended to form a zigzag shape. The unit cell
of the MNXY monolayers contains four atoms, and its lattice
constant varies from 3.245 to 4.03 A. The lattice constant of
MNXY increases as the element radius increases. All com-
puted lattice constants are presented in Table L.

The main aim of this study is to investigate the semicon-
ductor properties of monolayer MNXY. Initially, we conducted
band structure calculations for all structures using the PBE
functional. The resulting band structures are shown in Fig. S2
in the Supplemental Material [40]. A more detailed analysis
of the electronic structure is elaborated upon in the following
sections. As a preliminary screening, we observed that seven
structures, such as AI,NAs, exhibited metallic properties.
These structures will not be considered further in subsequent
analyses. Notably, while the PBE functional tended to under-
estimate band gaps, some structures obtained might fall into
the semiconductor category, but the resulting band gaps could
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TABLE I. Lattice constant a, band gap E, under PBE and HSEO06 functional, type, phonon spectra without imaginary frequency, and the
structure to remain stable during an 8 ps relaxation at 300 K is labeled as stable; otherwise, it is considered unstable. Cohesive energy E.on,

work function Wy.

Structure ad) E . (eV)/PBE  E, (eV)/HSE06 Type Phonon dispersion spectra AIMD E.on (eV/iatom) — Wy (eV)
Al,NAs 3.581 — — Metallic — — —

Al NP 3.567 0.786 1.529 Direct Stable Unstable — —
Al PAs 3.982 1.301 1.972 Indirect Stable Stable 4.697 5.295
Ga,NAs 3.597 — — Metallic — — — —
Ga,NP 3.579 — — Metallic — — — —
Ga,PAs 3.971 — — Metallic — — — —
AlGaN, 3.245 2.560 3.806 Indirect Stable Stable 6.403 5.395
AlGaP, 3911 1.048 1.884 Direct Stable Stable 4.566 5.549
AlGaAs, 4.030 0.181 0.895 Direct Stable Stable 4.158 5.003
AlGaNAs  3.619 — — Metallic — — — —
AlGaNP 3.650 0.188 0.846 Direct Stable Unstable — —
AlGaPAs 3.972 0.351 1.132 Direct Stable Stable 4.342 5.195
GaAINAs  3.551 — — Metallic — — — —
GaAINP 3.533 — — Metallic — — — —
GaAlPAs 3.966 0.543 1.287 Direct Stable Stable 4.371 4.964

be too small for practical semiconductor device applications
[41].

Further, we computed the phonon spectra of the MNXY
monolayers to assess their dynamic stability as shown in
Fig. 2. If their phonon spectra has no imaginary frequency, the
structure is dynamically stable. Owing to the presence of four
atoms in the MNXY unit cell, the phonon spectra comprises 12
vibrational branches. Longitudinal acoustic, transverse acous-
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tic, and zigzag acoustic modes occur only at low frequencies,
whereas optical modes occur at high frequencies [42]. For
AlGaPAs monolayers [Fig. 2(g)], there is almost no gap be-
tween the optical and acoustic branches, which can result in
considerable photoacoustic scattering [26]. The MNXY mono-
layers exhibit crystal symmetry within the C;, group. Atthe I'
point, the vibrational modes of MNXY undergo decomposition
into C3, = 4A; ® 4E . Within the optical phonon modes, the
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FIG. 2. The phonon spectra of the MNXY monolayers. (a) Al,NP, (b) ALLPAs, (c) AlGaN,, (d) AlGaP,, (e) AlGaAs,, (f) AlIGaNP, (g)

AlGaPAs, (h) GaAlPAs.
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TABLE II. The elastic constants, Young’s modulus, and Poisson’s ratio values of the six monolayers.

Structure C11/Cy (N/m) C,/Cy; (N/m) Ces (N/m) Young’s modulus (N/m) Poisson’s ratio
Al,PAs 86.259 27.467 29.396 77.513 0.318
AlGaN, 193.538 67.653 62.942 169.889 0.350
AlGaP, 91.311 24.458 33.427 84.760 0.268
AlGaAs, 80.916 22.393 29.262 74.719 0.277
AlGaPAs 84.292 23.077 30.608 77.975 0.274
GaAlPAs 89.464 25.799 31.833 82.024 0.288

nondegenerate and doubly degenerate phonon modes man-
ifest at the high-symmetry point. The nondegenerate and
doubly degenerate phonon modes correspond to the A; vibra-
tional and £ modes, respectively. The A; vibrational modes
encompass the nondegenerate phonon modes, whereas the
doubly degenerate phonon modes align with the £ modes.
In particular, the nondegenerate phonon modes denoted as A
correspond to the out of plane optical (ZO) modes. Moreover,
the doubly degenerate phonon mode occurring at the I' point
arises as a blend of the in-plane transverse optical (TO) and
in-plane longitudinal optical (LO) modes. Sohier et al. also
presented an approach to rectifying the LO-TO splitting in 2D
structures using the DFPT method [43]. The lack of imaginary
frequency in the phonon spectra confirms the dynamic stabil-
ity of the structures of the eight monolayer semiconductors.

To validate the thermodynamic stability of the eight struc-
tures, we employed AIMD to run simulations at 300 K under
NVT ensembles using the Nosé-Hoover thermostat method for
8 ps (4x4 supercell) to evaluate their stability. The results are
depicted in Fig. S3 in the Supplemental Material [40]. We
observed energy drops at around 4 and 2 ps for the Al,NP
[Fig. S3(a)] and AlGaNP [Fig. S3(f)] monolayers, respec-
tively, accompanied by notable structural distortion and bond
breaking (see Fig. S4 in the Supplemental Material [40]), indi-
cating the thermodynamic instability of these two structures.
The temperature and energy profiles of the remaining six
structures maintain regular oscillations and gradually decrease
in amplitude, and the structures do not undergo considerable
deformation or phase transition. Hence, for 2D materials,
relying solely on phonon spectra to determine the structural
stability of materials in previous research is insufficient. Thus
we identified six monolayer structures that meet the dynamic
and thermodynamic stability criteria.

Cohesive energy serves as an indicator to determine
whether a structure is energetically favorable. Its expression
is given by [44]

NyEy + NyvEy + NxEx + NyEy — Eynxy
Ny + Ny + Ny + Ny '

ey

Ecoh =

Here, N represents the number of atoms for the respec-
tive element, and E represents the energy. The calculated
cohesive energies for the six structures are presented in
Table I. It can be observed that the cohesive energy val-
ues have a range of 4.158-6.403 eV. The cohesive energies
of the six monolayer structures maintain energy stability.
Moreover, AlGaN, (6.403 eV/atom) exhibits a relatively
more energetically favorable behavior than 2D Janus Ga,SX,
(3.77-5.24 eV /atom) [26], phosphorene (3.30 eV/atom) [45],

Sn,S,P4 (4.72 eV/atom) [29], and silicene (3.91 eV/atom)
[46].

B. Mechanical properties

The mechanical properties of materials are crucial param-
eters to consider in device applications. For 2D materials, the
elastic constants and moduli were acquired through Hooke’s
law, considering the plane-stress conditions [47],

Oxx Cll C12 0 Exx
oy|=[Ca Cn O &y | (2)
Oxy 0 0 C66 28xy

where Cyy, Ci2, Cy1, Can, and Cgg represent the elastic stiff-
ness constants. The calculated elastic stiffness constants for
the six structures are presented in Table II. All structures
fulfill the Born-Huang stability criteria: Cy; > |Ci2|, C11Con—
C122 > 0, Cg¢ > 0, indicating the mechanical stability of these
six structures. With the elastic stiffness, we can calculate
the Young’s modulus and Poisson’s ratio using the following
expressions [48]:

C11Cy — C?

Y(0) = —— n2 i NG
Cy1sin*0 + Psin26cos20 + Cyrcos6
Cppsin*6 — Qsin%0cos26 + C 49

0(0) = 281N Qsin“fcos6 + Cjrcos @)

C}1sin*0 + Psin26cos26 + Cyycost0’

where P = (Cy; Con — C122)/C66 —2Cpand Q =Cy; 4+ Cypp —
(C11Crpp — C122)/C66; 6 is the angle within the plane. The spe-
cific values of the calculated Young’s modulus and Poisson’s
ratio are also presented in Table II. Among these, AlGaAs;
(74.719 N/m) and AlGaN; (169.889 N/m) exhibit the smallest
and largest Young’s modulus, respectively, whereas AlGaP,
(0.268) and AlGaN, (0.35) display the smallest and largest
Poisson’s ratios, respectively. Notably, the calculated Young’s
modulus for the six structures are lower than those widely
studied 2D materials, such as graphene (342.2 N/m) [49], h-
BN (275.8 N/m) [50], and MoS, (130 N/m) [51]. This reduced
Young’s modulus suggests its applicability to various strains.
The Young’s moduli as polar plots against different directions
are shown in Fig. 3. It is evident that the mechanical behavior
exhibits isotropic characteristics. The exceptional mechanical
properties indicate that stable MNXY monolayers have poten-
tial applications in flexible electronics. Owing to the structural
similarity, we only take the Al,PAs monolayer as an example
(see Fig. S5 of the Supplemental Material [40]). Monolayer
Al,PAs can achieve an ultrahigh strain of 23% under biaxial
tensile strain and up to 14% under compressive strain.
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FIG. 3. Polar plots of Young’s modulus ¥(0) of six monolayers.

C. Electronic properties

We investigate the electronic structural properties of the six
stable MNXY monolayers. To unveil the bonding information
among the four categories of atoms M, N, X, and Y, we

constructed the electron local functions (ELFs) as shown in
Fig. S6 of the Supplemental Material [40]. ELF is a tool often
employed to study electronic structures. When ELF = 1, it in-
dicates complete electron localization; ELF = 1/2 represents
the paired probability for the corresponding electronic-gas-
like behavior; and ELF = 0 corresponds to complete electron
delocalization, indicating the absence of electrons [52]. The
deep purple regions are predominantly situated around the X
and Y atoms, whereas the red regions are primarily located
near the M and N atoms. We find that the primary chemical
bonding in the MNXY monolayer is ionic.

Figure 4 shows the band structures of the six MNXY mono-
layers under the PBE and HSEQ6 functionals. The variations
in the curves are nearly identical under both functionals, and
the positions of the high-symmetry points remain consis-
tent. The HSEO6 functional yields larger band gaps. Notably,
Al,PAs and AlGaN, function as indirect band gap semicon-
ductor materials. In particular, AI,PAs has its valence band
maximum (VBM) located at the high-symmetry point I,
whereas the CBM is at point M. Meanwhile, for AlGaN,,
the conduction band minimum (CBM) occurs at point [,
and the VBM lies between points K and I'". The remaining
four structures exhibit the characteristics of direct band gap
semiconductors, with the CBM and VBM located at point I". It

AlGaN
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FIG. 4. Band structures of the six monolayers. The solid green and dotted purple lines represent the results obtained using the PBE and

HSEO6 functionals, respectively.
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FIG. 5. Density of states of the six monolayers. (a) Al,PAs, (b) AlGaN,, (c) AlGaP,, (d) AlGaAs,, (¢) AlGaPAs, (f) GaAlPAs.

is noteworthy that the minimum values of the conduction band
at points I" and M for Al,PAs and AlGaP; are relatively close.
Similarly, for AlIGaN,, the energy difference between points
I' and M and VBM is also slight. Thus these structures might
undergo changes in the CBM and VBM under minor external
stress or electric fields, potentially influencing the semicon-
ductor type. Under the PBE functional, the band gap values of
the eight semiconductor materials fluctuate between 0.181 and
2.56 eV (0.846-3.806 eV under the HSEO6 functional). The
work function range under the HSEO6 functional is 4.964—
5.549 eV, as illustrated in Table I. These band gap values,
comparable to those of well-established semiconductors, such
as silicon (1.1 eV) [53] and GaN (3.4 eV) [54], indicate con-
siderable potential for the application of the MNXY monolayer
in electronic devices. Direct band gap semiconductors are
more suitable for light-emitting applications because of their
efficient photon emission, whereas indirect band gap semicon-
ductors are commonly used in electronic applications where
charge carrier mobility and conductivity are crucial [55].

Figure 5 shows the projected density of states for the six
MNXY monolayers. It can be observed that except for AlGaN,
[Fig. 5(b)], the valence bands of the other five structures are
primarily contributed by the Y element (considered Y element
if X =Y), whereas the conduction bands are predominantly
influenced by M (or N) elements, with their contribution
being greater than that of the X (or Y) elements. For AlGaN,,
the conduction and valence bands are mainly influenced by
the N element.

D. Intrinsic carrier mobilities

The intrinsic carrier mobility of a semiconductor is a cru-
cial metric for assessing electron and hole mobility within
the material. Computing intrinsic carrier mobility primarily
relies on the theory of deformation potential developed by
Bardeen and Shockley. We developed a rectangular supercell
based on the primitive cell, with the b, direction labeled as the

armchair and the b, direction labeled as the zigzag direction,
as depicted in Fig. 1. The calculation of intrinsic carrier mo-
bility is given as follows [56]:

_ €h3C2D
 kgTm*mE?’

% &)

where e represents the elementary charge, / is the reduced
Planck constant, C,p denotes the elastic constant, kg is the
Boltzmann constant, 7 is the temperature at 300 K, m* rep-
resents the effective mass, m represents the average effective
mass in the armchair and zigzag directions, and E,; represents
the strain potential energy. It is worth noting that Cpp, m*,
and E, are the values for calculating directionality and are
not orientationally averaged. The effective mass represents
the proportionality coefficient between electrons or holes and
acceleration when subjected to external forces. It is obtained
by fitting a quadratic function to the CBM and VBM after
applying strain. The specific formula is given as follows:

2

m = ©)
PEK)
K’

The Cyp, E4, m*, and intrinsic carrier mobility u values
for the six structural calculations are presented in Table III.
Apart from AlGaN,, the electron mobility of the other five
structural configurations is consistently higher than the hole
mobility in the armchair and zigzag directions. For instance,
in the case of AlGaP,, the electron mobility is approximately
4.4 times that of the hole mobility in the armchair direction,
while in the case of GaAlPAs, the electron mobility is roughly
3.2 times that of the hole mobility in the zigzag direction.
Along the armchair direction, the hole mobility of AlGaN,
reaches 3649.21 cm?V~! s~!, surpassing the electron mobility
of 1055.54cm?V~!s~!. Similarly, in the zigzag direction,
the hole mobility reaches 2898.91cm? V~!s~!, surpassing
the electron mobility of 903.598 cm? V~! s~!. This disparity
arises because the deformation potential energy for holes in
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TABLE III. The values of Cyp (elastic constant), E, (deformation potential constant), m* (carrier effective masses), and p (carrier

mobilities) of the six structures.

E; (eV) w(em?V-ls™h
Structure Direction Cop Im~?) Electron Hole Electron Hole Electron Hole
Al,PAs Armchair 77.358 —11.18 —7.46 0.175 —1.145 168.720 57917
Zigzag 77.358 7.12 —7.36 0.364 —1.038 145.690 47.812
AlGaN, Armchair 201.19 —-5.22 1.60 0.292 —0.899 1055.54 3649.21
Zigzag 201.19 —5.16 1.50 0.305 —1.125 903.598 2898.91
AlGaP, Armchair 102.065 —8.84 —6.56 0.122 —-0.974 663.216 150.853
Zigzag 102.065 —10.46 —6.58 0.122 —0.946 480.658 156.645
AlGaAs, Armchair 85.863 —12.2 —17.36 0.098 —0.882 427.932 130.646
Zigzag 89.297 —12.06 —7.32 0.098 —0.838 466.547 54.560
AlGaPAs Armchair 84.814 —9.38 —6.27 0.108 —0.979 586.971 144.920
Zigzag 88.349 —10.2 —17.56 0.107 —0.883 552.511 121.877
GaAlPAs Armchair 95.714 —12.68 —8.44 0.104 —0.744 440.069 138.846
Zigzag 95.714 —12.66 —8.42 0.104 —0.748 439.878 138.263

AlGaN, is quite small in both transport directions. Notably,
AlGaN, also possesses a significant band gap (3.806 eV),
which consequently signifies substantial potential applica-
tions in high-power and optoelectronic devices. Although the
intrinsic carrier mobility of the other five structures may not
be as outstanding as that of AlGaN,, it remains comparable
to well-known 2D monolayer materials, such as MoS, [57],
Ga,S3 [47], Ga,SSe, [26], and SnP5 [28].

E. Photocatalytic water splitting properties
of the M NXY monolayer

1. Optical properties and band-edge potential
under different strains

To enable photocatalytic water splitting, a material must
satisfy the following criteria [58]. (1) The band gap of the
semiconductor material should be greater than the redox
potential difference of water, which is 1.23 eV. (2) The
edge potential should span the potentials of reducing H™ /H,
(—4.44 eV) and oxidizing O*/H,O (—5.67 eV). (3) There
should be a notable difference in the mobility of electrons
and holes, facilitating efficient electron-hole separation. (4)
The material should exhibit strong visible light absorption
capabilities. Based on the previous state, materials with band
gaps greater than 1.23 eV under the HSEO6 functional include
Al,PAs, AlGaN,, AlGaP,, and GaAlPAs. Note that recent
discovery has revealed that Janus materials exhibit a potential
difference across their two ends because of the disruption
of structural symmetry, leading to the presence of a dipole
moment [59]. This characteristic enables materials with band
gaps of less than 1.23 eV to exhibit highly efficient catalytic
reactions. Regarding the electrostatic potential of the six struc-
tures in Fig. S7 of the Supplemental Material [40], all the
structures except AlGaN, exhibit nearly identical potentials
at both ends. Additionally, except for AlGaN,, which has
a dipole moment of 0.153 D, the remaining five structures
have dipole moments smaller than 0.03 D, indicating their
very limited magnitude. Hence, we disregard the impact of
potential differences. Although AlGaN, possesses a band gap
greater than 1.23 eV, its gap is relatively large (3.806 eV). We
calculated the optical absorption coefficients of six different

structures under the HSE06 functional using the independent-
electron approximation method [Fig. 6(a)]. This coefficient is
calculated using the following formula [60]:

(@) = fzg\/ Ver@? +ex@? —e@, (1)

where w is the light frequency; ¢ represents the speed of
light; &1(w) and &;(w) are the real and imaginary parts of the
dielectric function, respectively. AlGaN, exhibits almost no
absorption peak in the visible light region. Thus its efficiency
in absorbing visible light is limited. The intrinsic carrier mo-
bility of Al,PAs is relatively low, with a maximum value of
only 168.72 cm? V™! S~!. Likewise, it is also not suitable
as a photocatalytic water splitting material. We need to fo-
cus solely on determining whether the band-edge potentials
of AlGaP, and GaAlPAs meet the second condition men-
tioned above. The standard reduction potentials for H*/H?
and O%/H,0 oxidation are given below [61]:

EjfN, = —4.44eV + pHx0.059¢V, ®)

EQ™ 0 = —5.67eV + pHx0.059eV, )

herein, HER and OER stand for hydrogen evolution re-
action and oxidation evolution reaction, respectively, when
pH=0, Ejf}, = —4.44eV, and EQY, = —5.67eV. The
strain-dependent band-edge potentials of AlGaP, and GaAl-
PAs are shown in Figs. 6(c) and 6(d). Strain can induce a
transition from direct band gaps to indirect band gaps in
both monolayer structures. Under no strain, AlIGaP; spans the
standard oxidation-reduction potential range, and even with
applied compressive strain up to —4%, it remains within this
range [Fig. 6(c)]. The optical absorption coefficients under
compressive strain of 0% to —4% are shown in Fig. 6(b).
The optical absorption coefficient of AlGaP, in the visible
region is greater than 10*cm~'. As the compressive strain
increases to —3%, the absorption peaks in the visible light
region intensify and gradually undergo a blueshift. However,
with a further increase in strain to —4%, the absorption peaks
transitioned from the visible light region to the ultraviolet
region. When subjected to biaxial tensile or compressive
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between band gap and strain. (c), (e) AlGaP,, (d), (f) GaAlAs.

strain, GaAlPAs is unable to effectively span the standard
oxidation-reduction potential range [Fig. 6(d)]; despite being
similar to AlGaP,, the band gap gradually increases as the
lattice constant decreases [Figs. 6(e) and 6(f)]. Therefore,
AlGaP; emerges as a more promising candidate for photo-
catalytic materials, satisfying all the aforementioned criteria.

2. Solar to hydrogen (STH) efficiencies of A1GaP, monolayer

Improving the energy conversion efficiency of solar light
is essential to achieving photocatalytic water splitting. We

consider the parameter known as the solar to hydrogen (nsty)
efficiency. To achieve meaningful large-scale applications, the
nsta value should exceed 10% [60]. We computed the light
absorption efficiency 1,5, charge carrier utilization efficiency
New, and hydrogen production efficiency nsty under different
strains. These are evaluated using the following formulas, as
outlined in previous research [62,63]:

S5 Pio)d (o)

Jo” P(hw)d (hw)’ (10

Nabs =
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AG [ 299 4 (he)
T Py (hw)

1)

NSTH = Mabs X Tcu- (12)

Here, P(hw) represents the AM1.5G solar flux at the pho-
ton energy hw, E, represents the band gap of the monolayer,
E represents the energy of photons that are effectively utilized
for water splitting, and AG represents the oxidation-reduction
potential difference of water at 1.23 eV. In Eq. (10), the

J

Eg,
E,+ 0.2 — x(Hy),

E,+0.6 — x(02),

E; +0.8 — x(Hy) — x(O2),

Here, x(H,) and x(O;) represent the potential energy of
the hydrogen and oxygen evolution reactions, respectively.
The results of our calculations under varying strains are illus-
trated in Table IV. Notably, under no strain, nsty reaches an
impressive 17.51%, surpassing the previously reported values
of GeN3 (12.63%) [64], SiGeH, (13.22%) [65], AgBiP,Ses
(10.3%) [66], and InSe (12.59%) [59]. As compressive strain
intensifies, the values of 7,s, Neu, and nsty decrease. With
a strain of —4%, nsty drops to 8.2%. However, under strain
values ranging from 0% to —2%, nsty remains consistently
above 10%.

3. Changes in Gibbs free energy of HER and OER

The determination of adsorption sites begins with the cal-
culation of free energy. We have considered the adsorption
energies of water molecules at five sites: the Al site, Ga site,
P site, the center of the hexagon on the Al atomic plane
(labeled H1), and center of the hexagon on the Ga atomic
plane (labeled H2). Figure S8 of the Supplemental Material
[40] illustrates the configuration diagrams of the adsorbed
water molecules at different sites before and after structural
optimization. Our results reveal that the structure of a H,O
molecule adsorbed on the H1 site is almost identical to that
of the molecule adsorbed on the Al site after structural opti-
mization. The adsorption energy of H2 is 2.82 eV, indicating
an endothermic reaction and making spontaneous adsorption
on the H2 site difficult. The adsorption energies for the Al,
Ga, and P sites are shown in Fig. 7(a): Ga site (—0.018 eV)
> P site (—0.066 eV) > Al site (—0.593 eV). Thus AlGaP,

integral from O to oo in the denominator signifies the total
power density of the AM1.5G. Meanwhile, the integral from
E, to o0 in the numerator accounts for the power density that
can be absorbed by the materials, while the integral from E
to oo in the numerator represents the effective photocurrent
density in Eq. (11). Taking into account the energy losses
associated with charge carrier migration within the material,
the assumed overpotentials for HER and OER are set at 0.2
and 0.6 eV, respectively. E is determined according to the
following formula [59]:

[x(H2) = 0.2, x(Oy) = 0.6]

[x(Hz) < 0.2, x(Oz) = 0.6]
[x(Hy) > 0.2, x(02) < 0.6]
[x(Hy) < 0.2, x(Oy) < 0.6]

13)

(

exhibits favorable conditions for the energetic adsorption of
H,0O molecules; the Al site exhibits the lowest adsorption
energy.

The feasibility of the thermodynamics of the HER and
OER can be determined based on the changes in the Gibbs free
energy for each reaction step, as illustrated in Fig. 7(b). The
expression for calculating the Gibbs free energy is as follows
[67]:

G=E + Ezg — TS, (14)

where E represents the total adsorption energy of the system,
Eypr represents the zero-point vibrational energy, and TS rep-
resents the entropy correction term. For the HER process in
an aqueous solution, the chemical equation is as follows:

* + HY + 7 - H*, (15)

H*+ H' + ¢ — %+ H(g). (16)

Here, “*” represents the adsorption site on the monolayer
catalytic material. The reaction process involves the catalytic
adsorption of H* on the catalyst to form an intermediate H*,
which reacts with HT + e~ in water to form H,. This reaction
step requires the photon energy absorbed by the material to
be greater than the reduction potential of HT. In Fig. 7(c),
under conditions without illumination (U = 0), the AGysx
is 1.077 eV, indicating that the HER process cannot pro-
ceed spontaneously. However, when illumination is applied
(U =1.23 V), the AGy, for both steps becomes downhill,
thereby enabling the reaction to proceed spontaneously.

TABLE IV. The values of x (H,), x(O,), light absorption efficiency n,ys, charge carrier utilization efficiency 7.,, and hydrogen production

efficiency nsty under compressive strains 0% to —4%.

Strain x(Hy)/eV x(0)/eV Nabs (%0) New (%) nsta (%)
0 0.07 0.59 41.96 41.72 17.51
—1% 0.31 0.52 33.80 42.26 14.28
—2% 0.50 0.45 29.13 37.23 10.85
—3% 0.60 0.35 28.90 32.97 9.53
—4% 0.71 0.25 28.90 28.38 8.20
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For the OER process, the steps are as follows:

H,0()+ * — OH* 4+ H" + ¢, (17)
OH* — O*+ HT + ¢, (18)
H,O() + O* — OOH* + H" + ¢, (19)
OOH* — %+ Os(g)+ H + ¢™. (20)

Here, OH*, O*, and OOH* are the radicals involved in
the reaction process. The catalyst * adsorbs water molecules,
generating OH* and releasing a proton (H") and an electron
(e™) pair. Subsequently, OH* further dissociates to form O*
while continuing to release H™ + e~. O* reacts with another
water molecule on the catalyst, forming OOH*, eventually
releasing a proton-electron pair to form O,. The change in the
Gibbs free energy for the OER process is shown in Fig. 7(d).
Under dark conditions, the oxidation of O* to OOH* requires
3.339 eV. Upon illumination with an applied potential of
U = 1.23 V, this energy requirement decreases to 2.023 eV.
As U increases to 3.35 'V, all Gibbs free energy values exhibit
a descending trend. These results suggest that AlIGaP, is an
excellent photocatalytic material for water splitting.

IV. CONCLUSIONS

Herein, we conducted a screening of six monolayers with
semiconducting properties from 15 novel MNXY monolayers
using PBE generalization and verified the stability of these
structures by phonon spectra, AIMD, and cohesive energy.

Despite the absence of imaginary frequencies in the phonon
spectra of ALNP and AIGaNP, the AIMD simulations re-
vealed structural instability. Subsequently, we investigated the
mechanical properties of the six structures. AlGaN, exhibited
the largest Young’s modulus and Poisson’s ratio of 169.889
N/m and 0.35, respectively. The remaining five displayed
a Young’s modulus of <90 N/m and a Poisson’s ratio of
<0.32. This not so large Young’s modulus may allow for
the stabilization of the MNXY monolayers with good strain
capacity. The band gaps of the six monolayers were calculated
from the electronic structures in the range of 0.846-3.806
eV. Furthermore, we calculated the intrinsic carrier mobility
of the six structures. Thus we obtained that the mobility
of holes in the armchair direction of AlGaN; is as high as
3649.21 cm?V~'s~!, which exceeds that of electrons by
1055.54 cm? V~!s~!. We also consider six monolayers for
applications in the photocatalytic decomposition of water.
Among the six monolayers, AlGaP; has a suitable band gap to
span the band-edge potential of water, larger intrinsic carrier
mobility, stronger light absorption, and a high hydrogen pro-
duction efficiency of 17.51%. Additionally, it can maintain a
hydrogen production efficiency of 10.85% with the enhance-
ment of the intensity of light absorption at a compressive
strain of —2%. The Gibbs free energy shows that the OER
and HER processes can achieve superiority simultaneously
under light conditions. Thus it is a candidate material for the
efficient photocatalytic water splitting. These findings provide
understanding for broadening the range of 2D semiconductor
materials for preparing optoelectronic devices and selecting
efficient catalysts.
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