Applied Surface Science 638 (2023) 157982

Contents lists available at ScienceDirect

Applied
Surface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full length article ' )

Check for

Promising anisotropic mechanical, electronic, and charge transport o
properties of 2D InN alloys for photocatalytic water splitting

Dogukan Hazar Ozbey ?, Mehmet Emin Kilic >*, Engin Durgun ®"

a3 UNAM-National Nanotechnology Research Center and Institute of Materials Science and Nanotechnology, Bilkent University, Ankara 06800, Turkey
b Computational Science Research Center, Korea Institute of Science and Technology, Seoul 02792, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) materials with unique physical properties lead to new possibilities in future nanomaterial-
InN based devices. Among them, 2D structures suitable to be the solar-driven catalyst for water-splitting reactions
2D materials have become excessively important since the demand for clean energy sources has increased. Apart from
Photocatalytic water splitting the conventional crystals with well-known symmetries, recent studies showed that materials with exotic
Nanoelectronics . . . . . .

Optoelectronics decorations could possess superior fe'atures in these kinds of applications. In this respect, we' 'report novel ?D
tetrahexagonal (th-) InN crystal and its ordered alloys In 33X ¢;N (X = Al, Ga) that can be utilized as effective
catalysts for water splitting reactions. Proposed structures possess robust energetic, dynamical, thermal, and
mechanical stability with a versatile mechanical response. After a critical tensile strain value, all monolayers
exhibit strain-induced negative Poisson’s ratio in a particular crystal direction, making them half-auxetic
materials. The examined materials are indirect semiconductors with desired band gaps and band edge positions
for water-splitting applications. Due to their structural anisotropy, they have direction-dependent mobility that
can keep the photogenerated charge carriers separated by reducing their recombination probability, which
boosts the photocatalytic process. High absorption capacity in the wide spectral range underlines their potential
performance. The versatile mechanical, electronic, and optical properties of 2D th-InN and its alloys, together
with their remarkable structural stability, indicate that they can appropriately be exploited in the future for
water splitting applications.

1. Introduction carrier mobility, and auxetic mechanical response, namely sign-tunable

Poisson’s ratio [14,15]. The exciting properties resulting from this new

In condensed matter physics, graphene can be viewed as the most
celebrated material after its first successful exfoliation [1,2] and paved
the way for a remarkable scientific research area called two-dimensional
(2D) materials. Since its isolation in 2004, many other 2D materials,
often called “post-graphene crystals”, have been discovered and thor-
oughly investigated [3-7]. In addition to these materials, numerous
2D carbon allotropes have been examined by intensive theoretical and
experimental studies since it is known that alteration in the configura-
tion of existing structures can bring about novel or superior features
that could be practically utilized in nanoscale applications [8-11].
One of the very recent examples of these allotropes is tetrahexagonal
carbon (th-C), which is obtained by performing Stone-Wales transfor-
mation to penta-graphene [12]. The suggested structure, which has an
anisotropic buckled configuration with periodically arranged tetragonal
(t) and hexagonal (h) rings, has been confirmed to be dynamically
and thermally stable [13]. Furthermore, the th-C has been revealed
to be a direct band gap (2.63eV) semiconductor with high charge
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2D arrangement of carbon atoms have prompted significant attention
from the scientific community and paved the way for studies extending
to other carbon-based 2D systems. For instance, th-CN, monolayer
has been predicted to be an insulating, stiff material with in-plane
Young’s modulus of 340N m™! similar to that of graphene (340 +
50N m~1[16]) and exhibits negative Poisson’s ratio (NPR) [17]. With
their comprehensive study, Kilic et al. have theoretically investigated
the robustness of 2D group-IV th-carbide structures and have under-
lined their remarkable anisotropic mechanical, electronic, and optical
properties in the scope of photocatalytic water-splitting application [18,
19]. Moreover, following the prediction of monolayer and bilayer of
th-GeC, that possess high-anisotropic mobility and thermodynamic
stability [20], their electronic properties and carrier transport charac-
teristics in the ballistic regime (sub-10 nm) have been revealed to be
utilizable in nanoelectronics applications [21]. Considering the exciting
results suggested in mentioned studies, it can be inferred that unique th-
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morphology can evoke the emergence of unexpected properties absent
in existent forms of the well-known monolayers.

The ongoing research in this area led to a question of whether other
materials can also be obtained in the th-form. To answer this question,
the stability of various 2D materials that are iso-structural to th-C has
been examined and reported to possess a wide variety of properties. For
instance, 2D th-BN has been revealed to be a stable and semiconducting
material with a wide band gap that can be tuned by strain engineering
and hydrogenation [22]. Additionally, the th-BN has been predicted
to have high optical absorption in the ultraviolet region rendering it
a promising material for optoelectronic applications. Furthermore, it
has been reported that 2D AIN is also stable in th-form and exhibits
remarkable properties such as high, anisotropic carrier mobility with
suitable band edge positions, which makes it an ideal catalyst for visible
light water-splitting reactions [23]. In contrast, efforts to find a stable
conformation have been restricted to the h-structure among the three
possible arrangements of 2D-InN since the tetragonal and V-shaped
structures have been revealed to have imaginary frequencies in their
phonon spectra, indicating a lack of stability [24].

Mentioned theoretical findings have strengthened the possibility
of the existence of stable 2D th-InN crystal and made an essential
contribution to our motivation to investigate its pristine and alloyed
derivatives. In this work, we design th-InN monolayer and its or-
dered alloys (th-Iny 33X, ;N (X =Al, Ga)) and unveil their effective
photocatalytic performance in the framework of ab initio calculations.
Following the determination of ground-state configurations, we obtain
their dynamical, thermal, and mechanical stability with phonon spec-
trum analysis, ab initio molecular dynamics (AIMD) simulations, and
elastic stability criteria, respectively. Next, we show the anisotropic
and auxetic mechanical responses of these materials. Subsequent to
examining the electronic properties, we evaluate their photocatalytic
water-splitting capacity in terms of unstrained and strain-dependent
band edge positions. Finally, we explore the optical response of the
proposed systems.

2. Methods

All the calculations throughout this computational study were based
on density functional theory (DFT) implemented in the Vienna Ab initio
Simulation Package (VASP) [25-28]. To define the potentials of all
the constituent elements of th-Ing 33X, 4N (X =Al, Ga, In) structures,
the projector augmented wave (PAW) [29,30] method was employed.
The exchange—correlation potential was approximated within the gen-
eralized gradient approximation (GGA) using the Perdew, Burke, and
Ernzerhof (PBE) functional [31]. The correction to the underestimated
electronic band gaps resulting from the GGA-PBE was assured by
the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [32,33], con-
structed by 25% of nonlocal Fock exchange, 75% of PBE exchange, and
100% of PBE correlation energy. The energy cutoff value of 520eV
was taken for the plane-wave basis set. The Brillouin Zone (BZ) was
sampled by the I'-centered 24 x 24 x 1 uniform k-point mesh. To
hinder any artificial interactions, a vacuum space of 20A was placed
along the non-periodic z-axis, and periodic boundary conditions were
applied for the x- and y-axis. The atomic positions were optimized
until the force on each atom was less than 0.01 eV/A. The convergence
criteria for electronic and ionic steps were set to 107 eV and 10~ eV,
respectively. The dynamic stability of the examined monolayers was
determined by the phonon spectrum analyses, and the calculations were
performed using the finite displacement method implemented in the
PHONOPY package for 4 x 3 x 1 supercell [34] with increased accuracy
(i.e., 1078 eV and 10~ eV/A for energy and force convergence, respec-
tively). The thermal stability of the structures was tested throughout
AIMD calculations with 4 x 3 x 1 supercell for 6 ps of total simulation
time with a time step of 1fs using Nose-Hoover thermostat [35].
To reveal the optical response of the monolayers, the random-phase
approximation [36] (RPA) on top of single-shot GW (GyW,)) [37] with
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8 x 8 x 1 k-point mesh, 480eV cutoff energy, and 160 total number
of bands was adopted. For the optical response including many-body
effects, the Bethe-Salpeter equation (BSE) [38,39] was solved within
the Tamm-Dancoff approximation following the GyW,, step.

3. Results and discussion
3.1. Atomic structures

We began by presenting the structural properties of th-InN mono-
layer and its ordered alloys (th-Ing33X,¢;N (X = Al, Ga)). In 2D
materials, alloying can significantly affect the material’s overall prop-
erties and performance, making them useful for various applications.
Alloyed monolayers can exist in a variety of configurations, each with
its own set of properties and characteristics. While they have in general
random configurations, they can also include clusters with distinct
shapes (e.g., triangular, square, and circular), as well as lines in various
forms. Here, we are inspired by an experimental study in which ordered
alloys of the MoS, monolayer have been obtained by substituting the S
atoms directionally with Se atoms under electron irradiation [40]. As
the unit cell of the th-InN crystal consists of six In and six N atoms,
we designed a specific alloy configuration (depicted in Fig. 1(a)) by
substituting four In atoms with Al and Ga atoms, resulting in an ordered
alloy with a distinct pattern that imposes a particular concentration of
elements. For the sake of convenience and to facilitate the comparisons,
we abbreviate all the structures as th-Ing 33X ;N (X = Al, Ga, In) where
X =1In refers to the pristine th-InN monolayer. While the geometry of th-
InN belongs to the Pccm space group (point group of D,;), it transforms
to the Pma2 (point group of C,,) for alloys. Pristine and alloyed struc-
tures possess a conventional orthorhombic lattice with a and b lattice
constants. The unit cell comprises sp?> hybridized 3-fold coordinated
(N3 and X3), and sp® hybridized 4-fold coordinated atoms (N* and In*)
as shown in Fig. 1(a). The combination of trigonal pyramidal geometry
consisting of N and X atoms and tetrahedral geometry consisting
of N* and In* atoms give rise to a buckled configuration with three
sublayers. The middle layer is only occupied by 4-coordinated atoms,
while 3-coordinated ones form the top and bottom layers. We define
two buckling thicknesses which are the vertical distance between N°
atoms (h;) and between X 3 atoms (h,). In addition bond lengths of
N3-Xx3, X3-N4, and N3-In* are identified by d;, d, and d3, respectively.
The optimized structural parameters for th-Ing 33 X, ;N monolayers a,
b, hy, hy, d;, d; and d; are summarized in Table 1. It can be noted
that the increasing atomic number of X atoms results in larger lattice
constants a and b. Correspondingly, bond lengths and buckling heights
of the structures show elongation in the same manner.

3.2. Stability

To check the energetics and stability of th-InN monolayer, we
started with determining the corresponding local minima on the po-
tential energy surface of the 2D and 3D InN materials with the same
stoichiometry. We calculate total energy per atom with respect to
normalized unit cell area (4/A;) for 2D and unit cell volume (V/V,))
for 3D allotropes as given in Fig. 1(b). Here, A, and V|, denote the
equilibrium lattice area and volume, respectively. As expected, all of
the 2D structures have higher total energies compared to their 3D
counterparts. On the other hand, while th-InN has higher total energy
than h-InN, it is calculated to be more energetic than t-InN, which has
been shown as unstable in the literature [24]. The energy lowering can
be regarded as the first indicator of the stability of th-InN. In addition,
the formation energy difference between a 2D material and its reference
bulk structures can be another preliminary test for the stability of the
monolayers. A low formation energy implies that realizing the proposed
2D system is plausible. To calculate the difference in formation ener-
gies, we use the expressions of AE, = E;’Il) — ES,, for 3D cubic zinc blend

and, AE, = E! - E;'D for 3D hexagonal systems, where EZ', E5, and
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Fig. 1. (a) Top and side views of th-In 33X, ;N (X =Al, Ga, and In) monolayers. (b) The total energy per atom with respect to normalized unit cell area (4/A,) for 2D and unit
cell volume (V/V,) for 3D allotropes. (c) The formation energy difference of th-InN with respect to its cubic zinc blende (c-InN) and hexagonal (h-InN) bulk forms (painted by

pink and blue colors, respectively).
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Fig. 2. Calculated phonon dispersions and phonon density of states (PhDOS) of (a) th-Iny 33Al, ;N (b) th-Inj 33Ga, ¢;N, and (¢) th-InN monolayers.

Table 1

Calculated lattice parameters a and b, bond lengths d, for X3-N3, d, for X3-N*, and d, for N3-In*, thickness (or buckling height) h, and h,,
the electronic band gap energy E?SE with HSE06 functional method, and the type of electronic band (Type).

a A b () d; Q) d, Q) d; (&) h, &) h, (&) EASE (eV) Type
th-Ing 53Al5 67N 5.83 8.18 1.74 1.94 2.18 2.05 1.05 2.19 Indirect
th-Ing 33Gay 6N 6.00 8.26 1.82 2.03 2.19 2.18 1.24 1.90 Indirect
th-InN 6.35 8.98 2.04 2.23 2.21 2.15 1.44 1.08 Indirect

ES;, denotes energy per atom for 2D th-InN, 3D c-InN and 3D h-InN
structures, respectively. The calculated values of AE, (455 meV/atom)
and AE;, (599 meV/atom) are illustrated in Fig. 1(c). Comparing with
the AE =823 meV/atom of already-synthesized 2D graphdiyne [41], it
can be inferred that 2D th-InN has the potential to be fabricated by
experimental techniques.

The investigation of phonon modes can provide a hint about the dy-
namical stability of crystals. Additionally, the phonon density of states
(PhDOS) calculated from the phonon dispersion gives insight into the
distribution of phonon frequencies. To inspect these, we calculated the
phonon dispersion spectra of th-Ing 33X ;N monolayers by the frozen-
phonon technique, which uses the quadratic dependence of the total
energy to the displacement of ions. Phonon dispersion curves through-
out the BZ and related atom-projected PhDOS of examined monolayers
are given in Fig. 2. It is found that all phonon modes of th-Inj 33X, 7N
crystals have real frequencies, which points out the structural integrity.
The PhDOS results show that, in all of the monolayers, the vibrations of
N3 atoms give rise to the highest frequencies, which can be attributed
to their atomic mass being the lightest. Similarly, the second-highest
phonon frequencies are caused by the vibrations of N* atoms. The

maximum of the vibrational frequencies, which is also related to the
mechanical properties of a crystal, tend to increase when the atomic
radius of the X element decreases. This trend is generally seen as an
indication of an improvement in bond strength. Going down in group-
111, the distance between atoms in the crystal lattice decreases, leading
to stronger bonding and higher vibrational frequencies. On the other
hand, since realistic experimental conditions such as lattice mismatch
between two structures, substrate effects, or bending can induce a
strain on 2D materials, their endurance under the mentioned effects
should be tested. To examine that, we performed phonon dispersion
calculations while equi-biaxial tensile strain (up to 10%) was imposed
on the monolayers. The resulting vibrational frequencies of strained
structures are also real, which can be seen in Figure S1. These findings
show that th-Ing 33X 47N crystals maintain their robustness even they
are subjected to a high degree of strains.

High-temperature stability of 2D th-Ing 33X 4;N crystals was in-
vestigated through AIMD simulations at elevated temperatures up to
900K. The variation of the total energy of the monolayers during
the total simulation time of 6 ps is given in Fig. 3, and snapshots
of the structures at the end of the calculation are displayed as inset.
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Fig. 3. The evolution of total energy during the AIMD simulations (lower part) and the snapshots of the structure from top and side views at the end of the simulation time (inset)
for (a) th-Ing 33Al)¢,N (b) th-In; 33Gay 6, N, and (c) th-InN monolayers. The maximum temperature used for simulations is indicated in the corresponding plots for each structure.

Minute fluctuations of total energy with respect to equilibrium value in
conjunction with the ultimate configuration of the structures confirm
the thermal stability of th-Inj 33X, ¢;N monolayers. Apart from the
overall integrity, the evolution of total energy without any distinct drop
signifies that no phase transition occurred during the entire simulation.
To validate strain-induced mechanical stability, we utilized Born-
Huang elastic stability criteria [42] by using the in-plane elastic con-
stants C;; of a given material and relations C“CZZ—CIZ2 > 0and Cgq > 0.
The values of C;; can be determined from strain energy per unit area
(E,), which corresponds to the difference between the total energy of
the strain-free crystal and its axially strained variations. The E of th-
Ing 33X ;N monolayers is calculated by the following expression of
in-plane strains:
1
2
where €,, ¢, and ¢, are the values of uniaxial strain in x-, y-directions
and biaxial strains, respectively. To obtain the strain energy plots for
uniaxial, biaxial, and shear strains (given in Figure S2), we applied
different types of strains with values ranging from —2% to +2% with
0.5 increments. It should be noted that the atomic positions are relaxed
after implementing strain. According to the calculated C;; values, the
Born-Huang criteria are found to be fulfilled, and mechanical stability
of th-Ing 33X 47N structures is confirmed in addition to dynamical and
thermal stability.

1
E (e) = 5c“eﬁ + 5Cpe) + Cpee, +2Csen, (€))

3.3. Mechanical properties

After revealing the structural stability of proposed monolayers, we
explored their mechanical response in terms of angle-dependent in-
plane stiffness (Y2P(0)) and Poisson’s ratio (v(0)). Since the structural
anisotropy in 2D materials leads to different behavior in distinct crystal
orientations, the study of angle-dependency of mechanical properties is
of great importance. To reveal that, the mechanical response of mono-
layers was determined through the use of the calculated nonzero elastic
constants C;;, as revealed by the corresponding relations [43,44]:

2D _ A
Yo = C s* + Cpc* + (B —2Cp) 2 s2 @
(Ciy + Cp — B)c?s? — Cpp (¢* + 5%
O s+ Cpct + (B-2Cp) RS2

v(0) = 3

where ¢ = cos(0), s=sin(0), A= (C;;Cy, — C2), and B= A/C.
Y2P(@) is a measure of elasticity that is governed by the crystalline
structure, which is analogous to Young’s modulus of bulk materials.
For th-Ing 33X, ;N monolayers, the variation of calculated Y?P as a
function of in-plane angle © is given in polar diagrams in Fig. 4.

Table 2

Calculated in-plane Young’s modulus (Y?” and Y}?D) in N/m, Poisson’s ratio (v, and v,),
and threshold values of negative Poisson’s ratio (NPR, and NPR}.) in x- and y-directions
for th-Ing 33X, N monolayers. Y2°, Y?°, v,, and v, values were determined at small
strain region range from —2 to +2% while the NPR, and NPR, were calculated at
relatively large strain range from —2% to +10%.

Y (N/m)  YP (N/m) v, Vi NPR,  NPR,
th-Ing 33Al ;N 85 61 0.03 003 - 2%
th-Ing 35Gag ;N 75 53 0.08 005 - 5%
th-InN 59 41 0.04 006 - 4%

The resulting plots show that the mechanical behavior of the ex-
amined materials is strongly direction-dependent. The corresponding
in-plane stiffness values of examined monolayers along x- (© =0) and
y- (©=90) directions (given as YD and YyZD, respectively) are sum-
marized in Table 2. ®=0 and © =90 cases correspond to zigzag and
armchair directions, respectively. Considering the recently reported
Y2 of th-C [14] (¥?P =286 N/m and Yy2D=279 N/m) and group-IV
th-carbides [18] (ranging between 99 to 143N/m for Y?? and 66 to
107 N/m for Y?2P), th-Iny 33 X, ;N monolayers have lower values which
indicate their relative flexibility. Furthermore, the results also indicate
the influence of alloying on the mechanical properties, which can be
seen through the variations in the calculated Y?P values in Table 2. It
can be observed that as the atomic radius of the X elements increases,
the stiffness values alter in descending order, aligning with previous
vibrational results, indicating that the monolayers with shorter bonds
are more robust [45].

Next, the Poisson’s ratio (v), which can be defined as the ratio of
the transverse deformation to the deformation perpendicular to that
specific direction, is calculated, v(©) of th-Ing 33X ;N is given in Fig. 4
(lower panel). Although a similar anisotropic behavior is observed in
the v profile, it takes the lowest values in the x- and y-directions as
opposed to Y?P(@). In these directions, small values of the v indicate
that all the monolayers are brittle [46] and not able to allow huge
dislocations in their atomic arrangements. On the other hand, v values
of all monolayers increase and become more ductile at median angles
with respect to principal axes. The physical mechanism behind the
anisotropic mechanical response can be correlated to the two inequiva-
lent atomic sites with 3- and 4-fold coordinated atoms (Figure S3-S5).
The 3-fold coordinated atoms (X3 and N?) only lie in the y-direction as
shown in Fig. 1, resulting in strong anisotropy. Similar characteristics
are also noticed in monoatomic th-systems [13,14].

Solid materials that possess negative Poisson’s ratio (NPR) are rarely
found in nature and are introduced as auxetic materials [47]. The
uniqueness of materials with NPR emerges from their counter-intuitive



D.H. Ozbey et al.

@ thn Al N

» 0.67

3 90° 80

s 8 135° 45°

B —4 40

s £ 180 . 18
) 0 ()}

»w Z

ccn 4 40

s 8 2258 15°

>‘2 270° 80

2 90°

S0 1355 45° 8'2

o 0.2 0.1

S o 18 0° 0

® 0.2 0.1

o 225¢ 15° 02

o . .

0 270° 0

Applied Surface Science 638 (2023) 157982

(b) th'lno.33Gao.67N (c) th-InN

90° 7 90°
45° 1358 45°
3
0° o184 0°
3
15° 7 22 15°
270° 270°
0.40 90°
0.3 135° 45°
0.15
0.0 18¢ 0°
0.15
030 2253 15°
2700 0-40 2700

Fig. 4. The angle-dependent in-plane stiffness (upper panel) and Poisson’s ratio (lower panel) of (a) th-In,33Al, ;N (b) th-In, 33Gay ¢, N, and (c) th-InN monolayers.

mechanical behavior in that the external load in one direction causes
the same type of deformation (extension or tension) in another di-
rection. The auxeticity in 2D materials can also be categorized into
various classes. For instance, some structures possess this property
along different crystal orientations [48,49] while others only show
auxetic response in a particular direction [50]. Furthermore, materials
can exhibit half-auxetic function, which means they always expand in
one direction irrespective of whether they are compressed or pulled in
the perpendicular direction [51,52]. More interestingly, some crystals
can show a transition from positive to negative Poisson’s ratio when
a critical value of strain is induced [53]. As it is discussed above, th-
Ing 33X ;N monolayers do not have intrinsic auxeticity. In order to
inspect the possible auxetic phenomena under strain, we systematically
investigated the proposed monolayers in the range of —2% to +10%
strain levels. We use the finite-difference method [54,55], and the non-
linear lattice behavior due to the imposed axial strain is considered.
In this context, v,, represents the ratio of extension or tension in the
x-direction to the applied axial strain in the y-direction (in a similar
manner, v,, denotes the reciprocal case) and is calculated by the
following expression [43,44]:

gitl _ gi-l
y y
Vay = [—m ] “@

—gi-l
£y ek

where i = 1, 2, ...denotes the successive increment of the applied
strain. The alteration of transverse strain and Poisson’s ratio with
respect to the imposed longitudinal (uniaxial-x or uniaxial-y) tensile
strain is plotted in Fig. 5. We found that the examined monolayers
show NPR under axial strains only in the y-direction, given in blue
colors in Fig. 5. Furthermore, they exhibit a transition from normal to
a half-auxetic phase when a critical value of strain (NPR, in Table 2)
is induced. Similar extraordinary direction-dependent, half-auxetic be-
havior is also observed in graphene [56,57].

3.4. Electronic and photocatalytic properties for water splitting

To inspect the electronic properties of 2D th-Inj 33X ¢;N, we ex-
amined the electronic band structure, related partial density of states
(pDOS), and charge distributions at conduction band minimum (CBM)
and valence band maximum (VBM). The obtained electronic band gap
energies are listed in Table 1, and band dispersions are illustrated with
their corresponding charge densities in Fig. 6. th-InN, th-Inj 33Gag g7 N
and th-Ing 33Alg ;N crystals are found to be indirect semiconductors

with 1.08, 1.90 and 2.19eV band gaps which widen as going up in
the X-group, respectively. It means alloying shifts the band gap of the
pristine th-InN monolayer from the infrared to the visible range. While
the CBM of all structures is located at I point, VBM’s are positioned
amid X-I" direction. The highest valence band is nearly flat in the band
structure of pristine and alloyed monolayers, which indicates that the
holes in that structures have low mobility. The charge density contour
plots belonging to VBM and CBM can be seen in the lower panel, which
shows that localization of the charge density is much more pronounced
on N? and X3 atoms. In addition, the calculated pDOS results (given
in Figure S6) validate that a significant contribution to the electronic
states arises from p, orbitals of these 3-folded N and X atoms.

2D materials and their heterostructures are intrinsically advanta-
geous in photocatalytic water-splitting applications [58-63]. However,
a 2D semiconductor should fulfill certain conditions which render it
an efficient photocatalyst. The ability to generate free charge carriers
and their migration capacity determines the suitability of 2D materials
for solar water-splitting applications. In this manner, the electronic
properties of 2D materials play a decisive role. Firstly, the semiconduc-
tor’s band gap should be larger than 1.23 eV, which is the minimum
Gibbs free energy that is essentially required to split the water into its
constituents. Considering the 2D th-Inj 33X ;N structures, while the
th-InN does not meet the band gap criterion, its alloyed derivatives
are convenient to be a prospective catalyst. Additionally, band edges
of proposed materials should straddle the redox potentials of water,
which is determined by Nerst equations [64] given as: Ey+ /H, = (—4.44
+ pH x 0.059) eV and Eo, /0 =(-5.67+ pH x 0.059) eV. To explore
the suitability of the monolayers regarding this condition, we aligned
the band edges determined by the HSE functional to the vacuum level
(which is obtained from the planar-averaged potential of the 2D system
plotted along its surface normal), given in Fig. 7. The redox potentials
of water splitting are depicted in green dashed lines for pH=7, con-
sidered to be the pH level of neutral water. The results indicate that
th-Ing 33Gag 6N monolayer satisfies the band gap criterion and can be
used in oxygen evolution reactions (OER), but can only take part in
hydrogen evolution reactions (HER) in acidic mediums. On the other
hand, the most significant improvement is obtained by the inclusion of
Al in th-InN since th-Ing 33Al, ¢;N monolayer becomes operable for both
OER and HER in a practical pH range (i.e., pH = 5-9). This makes 2D th-
Iny 33Alj 67N photocatalytically active for the simultaneous production
of hydrogen and oxygen under ambient conditions.



D.H. Ozbey et al.

Applied Surface Science 638 (2023) 157982

(a) . th-In, , Al ;N =
T T o 2.0 T T 4 T T T T
- - Al
o= 0.4 ; o~ x 2r ¢ +PR 1
&or\ipr | S| PRI G I Gl W
0.0 1 B - |+PR-P =
0.2 © x 2k _ < 2+ 'PR-
e “V.L _ m N m
>-0.4- 1 !0 1 % 0 4l 4
7] - - -
£.0.6 {1 € c1 g
£ 9 = o r T
w -0.8 1 8°° 1 W of 1 @0
A1.0F { © S 1
.20 ¥ e E—— Al 10 L
0 10 0 10 0 10 0 10
(b) th'lno.aseao.mN
— —
2F T ] o T T 15 T T o 8 T T
4 S 51 -
o * 8 —_ +PR -PR| x 6| ,
— = +PR |& 10- {1 =
- of +PR1 © 7} 19 0 4t .
» T 0.5 1 ®
~ X of 1 X 2 T
= 2 1 w =~ 0.0- 1 o *PR
! - 0 - 0_
g c sl 1 2.os 1 e -PR]|
N 3 : o\
w o 4 1w 1 24 1
-6 1 0 A1.5- 4 0
1 1 m 3 1 1 1 1 m _e 1 1
(1] 10 0 10 0 10 0 10
(c) th-InN _
T T 2 7 T T T T 8 5 T T
1+ 4 1.0 4 b X
—_ +PR X ol +PR = PR-PR1 X% o |
> oF 1 8 = 2
-— -t < 0.5 - -
© 5| - © 2| .
x T 1 & X C 4p
~ oL 1 v 4 4 0.0 4 o oL J
> -2 - 4 x - 0
& c & c -PR
= [e] = [e]
s 3f 1 @ 3t 1 £S5 1 o-2r .
W 2 3 1]
-4r 1 0 , i o 4l i
5 1 sl o 1 1 A0, L1 o P B |
0 10 0 10 0 10 0 10
o, o, o, 0,
£axi:-ll-x (A)) £axial-x (A) £axial-y (A) £axial-y (A))
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It is noted that the position of the VBM of th-InN, and its alloyed
structures is much lower than the oxidation potential of O,/H,0, indi-
cating that they have an adequate driving force for the OER reaction.
However, the CBM energies are not more negative (only 0.16/0.57 eV
higher at pH=0/7 for th-Ing 33Al, ¢,N)) than the hydrogen reduction
potential, which may result in a low catalytic activity. To evaluate the
hydrogen evolution reaction, we investigated the Gibbs free energy of
hydrogen adsorption (4Gy-). For an ideal catalyst, the AGy« should be
close to zero [65], and defined as

AGy: = E,y + AE,pg — TASy:

ads

(5)
where E, g is the hydrogen binding energy, which is calculated relative

to the hydrogen molecule as

E

ads

1
'monolayer+H Emonolayer - EEHZ (6)

where E,onoiayer+n 80d Epononayer are the total energy of the monolayer
with and without H, respectively. Ey, is the total energy of H, molecule
in the gas phase. Here, AE,p; is the change in zero-point energy
between the adsorbed state and gas phase. ASy. is the difference of
entropy between the adsorption state of hydrogen and gas phase. The
predicted AE;pp — TASy. value at T =300K is about 0.24 eV [66].

To examine the AGy«, we first calculated the hydrogen adsorption
energy on different sites of InN and its alloyed structures. The total

energy calculations reveal that the top sites of N° are energetically most
favorable for the hydrogen adsorption. The obtained binding energy
values are —0.92, —1.16, and —1.68¢eV for In, 33Al4;N, Inj33Gaj 7N,
and InN monolayers, respectively. The high negative adsorbed energy
values mean that the hydrogen molecule will be adsorbed sponta-
neously over the corresponding structures. Next, we calculated the
AGy- as 0.75, 0.89, and 1.42eV. The AGy: of 0.75eV for Ing33Al, 4N
is lower than that of PdSe, [67] and comparable to that of Janus
WSSe [68]. Although the AGy: of In( 33Al) ;N is not close to zero, the
external potential of 0.16/0.57 eV supplied by photoexcited electrons
induces a lower free energy, which tends to spontaneously trigger the
HER.

Considering the practical applications, a catalyst that preserves its
functionality under strain conditions is of great importance, as imposed
strain can alter the band edge positions and band gap energies of the
semiconducting systems. To elucidate the effect of strain on electronic
properties, we investigated strain-imposed band edges and band gaps
of 2D th-Inj 33X ¢;N structures, as shown in Fig. 8. It is found that
all the monolayers possess tunable band gaps under different types of
applied strain (uniaxial-x, uniaxial-y, and biaxial). The band gap nar-
rows (widens) with tensile (compressive) strain and the effect is more
significant for the tensile case. Considering the band edge positions, it
can be inferred that th-Ing 33Gag ;N crystal maintains its performance
in a reasonable strain range and additionally can be utilized in HER
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Fig. 7. Location of band edges (CBM and VBM) of 2D th-In, 33X, ;N with respect to
vacuum level calculated with HSE06 functional. The redox potentials of water splitting
are shown in the green dashed line for pH = 7.

under compressive strain for pH < 7. The same situation also holds for
th-Ing 33Al; ¢;N monolayer, where it can still be employable for both
HER and OER reactions within extended strain levels with additional
photocatalytic capability in basic environments (pH > 7).

Due to their 2D composition, semiconducting monolayers reduce
the distance that photogenerated electrons and holes must travel before

reaching the solid/water contact, lowering the chance of electron-hole
recombination and potentially improving photocatalytic efficiency. As
electrons and holes participate in the photocatalytic operation sepa-
rately by the hydrogen reduction, 2H* + 2e~ — H, and oxidation,
H,0 + 2h* — 1/2 O, + 2H" reactions, any mechanism inhibiting the
recombination of these charge carrier particles and ensuring a suffi-
ciently long lifetime is highly desirable. One of the mechanisms utilized
in this manner can be anisotropy in electronic transport properties. The
different characteristics of electronic band dispersions of VBM and CBM
between particular directions indicate that th-In; 33X, ;N monolayers
possess anisotropic transport features, which increase their potential to
be a suitable catalyst. To quantitatively investigate the anisotropy in
electron and hole transport, we estimated the effective mass (m*) and
carrier mobility (u) of the proposed systems. Using the conventional
definition [69], the m* of electrons and holes are predicted by the
quadratic fitting of the electronic band structure with the following ex-
pression: m* = h(d? E(k)/dk*)~! where £ is the reduced Planck constant,
k is wave-vector and E(k) is the energy with respect to k. Considering
the dissimilarity in dispersion throughout the I'-X and I'-Y, m* values
of electrons and holes are calculated for x- and y-directions and listed in
Table 3. The resultant values exhibit a high degree of anisotropy in m*,
which is compatible with the difference in electronic band dispersions
along with both directions. In general, electrons have smaller values of
m* compared to holes, which allows electrons and holes to be spatially
discretized. On the other hand, the direction-dependent differences in
the m* values are also favorable for efficient carrier transport. Further,
we calculated y in the deformation potential theory (DPT) framework,
which is based on the fact that atomic displacement caused by a long-
wavelength acoustic phonon perturbs the crystal and modulates the
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Table 3

Carrier effective mass m* (m, is the mass of free electrons) along I'-X and I'-Y directions, deformation potential constant E, in eV, and carrier
mobility u in (cm?/(V.s)) of th-Ing 33X, N (X = Al, Ga, In) monolayers along the x- and y-directions.

m; /mg m;/mo m:;/m0 C, C, Ej; Ej 1 (X10%) ;4,,()(103)
th-In; 33Al) 6, N electron 0.33 0.78 0.51 88.14 60.41 0.38 3.39 3.51 0.67
hole 2.18 1.81 1.98 88.14 60.41 1.59 1.33 0.17 0.21
th-In; 33Gag ¢, N electron 0.23 0.79 0.43 75.40 53.53 0.93 2.29 6.68 1.19
hole 8.16 1.77 3.80 75.40 53.53 5.38 0.17 ~0.01 0.03
th-InN electron 0.25 0.84 0.46 59.46 41.83 0.29 0.41 86.85 19.98
hole 2.72 0.84 1.52 59.56 41.83 4.03 0.93 0.03 0.16

electronic band dispersion [70,71]. DPT can therefore be used to reflect
the fundamental charge-transport features of semiconducting devices
adequately. u of electrons and holes can be predicted along with both
directions according to the given formula by taking into account the
anisotropy in deformation potential [71]:

5C;+3C
eh3( !8 J

Hi = @)

et e e e

where C;; is the elastic constant of corresponding direction (x- or
y-directions), kg is the Boltzmann’s constant, T is the room temper-
ature (300K), and E, ; is the deformation potential constant. E,
is determined by imposing minute tensile and compressive strains in
both directions to simulate lattice deformation driven by phonons. It
should be noted that DPT provides the upper value of mobility since it
only considers the electron—phonon coupling, while other interactions
are not taken into account. We plotted the overall energy changes of
VBM and CBM as a function of compressive and tensile strain for all
monolayers (Figure S7), in which the slopes of the straight lines found

by linear fitting correspond to the E,. The calculated y values are
summarized in Table 3 and they are found to be highly direction and
carrier type dependent. While y of holes are calculated to be very low,
u of electrons for th-Iny 33X ;N monolayers are order of magnitude
larger than the MoS,[72]. Moreover, obtained electron mobility of 2D
th-InN (86.85 x 103 cm?/(V s)) is within the same range of th-GeC,
(90.53 x 10% ecm?/(V s)) which have been proposed recently to have
ultrahigh carrier mobility [20]. On the other hand, as alloying can
result in dramatic decrease in charge carrier mobilities, a significant
reduction in electron mobility is noticed for th-Gag33Xy4;N and th-
Alj 33X 67N monolayers. We also examined the effect of anisotropy on
the carrier mobility and calculated u values without considering the
anisotropy in deformation potential, effective mass, and elastic con-
stants using Bardeen-Shockley’s formula [70] in Table S1. It should be
also noted that the presented electronic properties and band alignment
scheme can only provide a simple picture of the photocatalytic water
splitting applications, and additional analyses are required to reveal the
full potential [73].
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3.5. Optical properties

Aside from appropriate band positions, a moderate band gap, and
anisotropic high p values, a photocatalyst’s light absorption capacity
is a significant element in real-world applications. This can be evalu-
ated by the evolution of the imaginary part of the complex dielectric
function (&,(w)) with respect to photon energy since &,(w) is directly
related to the absorption coefficient. Due to the quantum confinement
effects and weak intrinsic screening, 2D materials are expected to
have strong excitonic effects. Thus, it is crucial to accurately calculate
the optical response of proposed monolayers considering many-body
effects, including electron—electron and electron-hole interactions. In
this respect, we determined the optical response by employing the
Bethe-Salpeter equation (BSE) on top of the self-consistent single-shot
GoyW, calculation. The modulation of ¢,(w) with respect to photon
energy for both polarization components can be seen in Fig. 9. The
quasi-particle GyW, band gaps are calculated as 2.61, 2.36, and 1.28
eV for th-Inj 33Al4 6, N, th-Inj 33Gag ¢;N and th-InN, respectively. When
excitonic effects are included by solving BSE, the first and prominent
absorption peaks in the spectrum of all monolayers are observed for
light polarization along x- and y-directions. The locations of these ab-
sorption peaks are 1.66, 1.54, and 0.92 eV by which the corresponding
exciton binding energies are calculated as 950, 820, and 360 meV for th-
Ing 33Alj ¢7N, th-Inj 33Gag ¢7 N and th-InN, respectively. The decrease in
exciton binding energy can be correlated with the increase in dielectric
screening [74], and the narrowing of the band gap [75]. Additional
exciton peaks are noticed at 2.34eV for th-Iny 33Al, ¢7N, at 2.11 and
2.26eV for th-In33Gagg,N, and at 1.33eV for th-InN. Since third
exciton peaks of th-Inj 33Al, ¢,N and th-InN are located in the GW band
gap, they can be considered as unbound excitons. It should be noted
that both pristine and alloyed structures exhibit highly anisotropic
optical behavior. The exciton formation for all the monolayers can only
be monitored when the polarization direction of the incident beam
is parallel to the x-direction. This direction-dependent feature can be
attributed to structural anisotropy and offers an additional degree of
freedom for device design which can be exploited in angle-dependent
optical and optoelectronic applications.

4. Conclusions

In summary, motivated by the recent theoretical findings in h-InN
and 2D th-materials, we have computationally designed th-Ing 33 X, ¢;N
(X = Al, Ga, In) monolayers and explored their unique properties which
can be utilized particularly in photocatalytic water splitting applica-
tions. We have shown that th-Inj 33X ;N systems are energetically
and dynamically stable and maintain their overall integrity even at
high temperatures. The structural anisotropy gives rise to direction-
dependent mechanical properties, and computed low Young’s modulus

values, which increase with alloying, indicate that the studied monolay-
ers are elastic. Additionally, they exhibit half-auxetic character under
applied tensile strain. While pristine th-InN monolayer has an indirect
band gap within the infrared region (1.08e€V), the inclusion of Al
and Ga widens the band gap and shifts it to the visible part (up to
2.19eV). The modified band gaps, together with ideal band edge po-
sitions especially make th-Ing 33Al, ¢;N ideal system for photocatalytic
water splitting. Furthermore, the charge carrier mobilities are found
to be extremely anisotropic and high (for electrons), which is critical
to boosting the catalytic performance of these crystals. The optical
absorbance capacity of the proposed materials is found to be significant
in the visible and UV part of the spectrum with strong excitonic
effects (i.e., multiple bound excitons with very high binding energies).
These excellent and tunable properties render the 2D th-InN and its
alloys promising materials for electronic and optical applications at the
nanoscale and peculiarly highlight them as a photocatalyst that can
perform efficiently in water-splitting reactions.
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