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Abstract
In the latest experimental success, NbOI, two-dimensional (2D) crystals with anisotropic electronic
and optical properties have been fabricated (Adv. Mater. 33 (2021), 2101505). In this work inspired
by the aforementioned accomplishment, we conduct first-principles calculations to explore the
mechanical, electronic, and optical properties of NbOX, (X = Cl, Br, I) nanosheets. We show that
individual layers in these systems are weakly bonded, with exfoliation energies of 0.22, 0.23, and 0.24
Jm 2, for the isolation of the NbOCl,, NbOBr,, and NbOI, monolayers, respectively, distinctly lower
than those of the graphene. The optoelectronic properties of the single-layer, bilayer, and bulk
NbOCl,, NbOBr,, and NbOI, crystals are investigated via density functional theory calculations with
the HSEO6 approach. Our results indicate that the layered bulk NbOCl,, NbOBr,, and NbOI, crystals
are indirect gap semiconductors, with band gaps of 1.79, 1.69, and 1.60 eV, respectively. We found a
slight increase in the electronic gap for the monolayer and bilayer systems due to electron confinement
at the nanoscale. Our results show that the monolayer and bilayer of these novel 2D compounds show
suitable valence and conduction band edge positions for visible-light-driven water splitting reactions.
The first absorption peaks of these novel monolayers along the in-plane polarization are located in the
visible range of light which can be a promising feature to design advanced nanoelectronics. We found
that the studied 2D systems exhibit highly anisotropic mechanical and optical properties. The
presented first-principles results provide a comprehensive vision about direction-dependent
mechanical and optical properties of NbOX, (X = CI, Br, I) nanosheets.

Supplementary material for this article is available online
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1. Introduction

Graphene [1-3], the frontier member of the two-dimensional
(2D) materials family with a planar and honeycomb full-car-
bon lattice, exhibits exceptional mechanical [4], heat transport
[5, 6], and electronic properties [7-10]. The zero-gap elec-
tronic nature of pristine graphene limits its effectiveness for
numerous cutting-edge technologies. This drawback motivated
the prediction and synthesis of novel 2D inherent semi-
conductors, such as: graphitic C3N, [11], transition metal
dichalcogenides [12—-14], germanium arsenide [15], phos-
phorene [16, 17], MoSi,N4 [18], penta-PdPSe [19] and most
recently nickel diazenide NiN, [20] nanosheets. As the con-
tinuous trend of the expansion of experimentally realized 2D
semiconductors, most recently Fang et al [21] succeeded in the
growth of NbOIL, 2D crystals. They employed a chemical
vapor transport method to fabricate high-quality NbOI,
nanosheets. Their experimental measurements confirm that
this novel 2D system exhibits angle-dependent electronic and
optoelectronic properties. This experimental advance may
provide a possibility for the synthesis of the NbOCIl, and
NbOBr, counterparts. In this work, our objective is to theo-
retically examine the critical physical properties of the
NbOCl,, NbOBr, and NbOI, 2D lattices. For this purpose, we
conduct density functional theory (DFT) calculations to
examine the exfoliation energy, mechanical, electronic, opti-
cal, and photocatalytic properties of the NbOCl,, NbOBr,, and
NbOI, nanosheets. We particularly examine the thickness
effect on the optoelectronic properties of these novel 2D lat-
tices. The presented first-principles results by this study con-
firm the outstanding mechanical properties and offer a
comprehensive vision on the direction-dependent physical
properties of NbOCl,, NbOBr, and NbOI, nanosheets and
highlight their prospect to design next-generation anisotropic
optoelectronic and energy conversion nanodevices.

2. Computational methods

First-principles DFT calculations are performed by employing
the Vienna Ab initio Simulation Package [22, 23]. The gen-
eralized gradient approximation (GGA) was adopted with the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation func-
tional. The plane wave cutoff energy and self-consistent loop
cutoff energy are set to 500 and 10~ eV, respectively. To
obtain the geometry-optimized and stress-free structures,
atomic positions and lattice sizes are relaxed using conjugate
gradient algorithm until Hellman—Feynman forces drop below
0.001 eV A [24] with the 11 x 11 x 1 Monkhorst-Pack [25]
K-point grid. Periodic boundary conditions are considered in
all the directions and in order to avoid interactions with sys-
tems’ periodic images along the nanosheets’ thickness the size
of the cell was set to 20 and 25 A for the monolayer and
bilayer structures, respectively. For the multilayered structures,
we also adopt the DFT-D3 [26] dispersion correction by
Grimme to better count for van der Waals interactions. The
electronic properties are analyzed by employing the PBE/
GGA and HSEQ06 hybrid [27] functional. We utilize a I'-

centered k-point grid of 8 x 16 x 1 to evaluate the electronic
properties of the monolayer and bilayer structures. In the
evaluation of the optical properties with the random phase
approximation (RPA) approach, a denser k-point mesh size of
16 x 32 x 1 was used. For the analysis of the electronic and
optical properties of bulk structures, we use 8 x 16 x 6 and
16 x 32 x 12 k-points, respectively. For optical properties
calculations for the monolayer and bilayer structures a lattice
size of 45 A is applied along sheets’ normal direction [28]. For
the analysis of optical properties only the electronic con-
tributions to the frequency dependent dielectric function were
considered and the ionic contributions to the frequency
dependent dielectric function were not taken into account. For
more details about calculations of optical properties, refer to
the supplementary information document (available online at
stacks.iop.org/NANO/33 /275701 /mmedia).

3. Results and discussions

We first study the structural properties and bonding mech-
anism of the NbOCl,, NbOBr, and NbOI, monolayers and
their bulk counterparts. It is worthwhile to mention that
according to our spin-polarized calculations, these systems at
their ground state are found to be nonmagnetic. As the
representative structure, in figure 1, the geometry-optimized
(a)—(c) single-layer and (d) bulk NbOClI, lattices along with
the isosurface and section maps of electron localization func-
tion (ELF) [29] are illustrated. In order to investigate the
anisotropicity in the mechanical and optical response, we
consider two different directions of x and y as distinguished in
figure 1. The energy-minimized and stress-free monolayer,
bilayer, and bulk NbOX, (X = Cl, Br, I) lattices are included
in the supplementary information document. Generally, we
found a close agreement between our predicted structural
parameters with experimental values for bulk lattices (find
table S1). According to the Bader charge analysis [30], we
found that Nb atoms, on average, tend to transfer 2.19, 2.05,
and 1.86 e to the surrounding atoms in the NbOCl,, NbOBr;,
and NbOI, monolayers, respectively. This is an expectable
finding, knowing that the electronegativity of Nb is much
smaller than other atoms in these systems. Interestingly, almost
irrespective of the halogen atom types, O atoms tend to gain
around 1.1 e from Nb atoms. It is worthwhile to note that ELF
is a spatial function defined between 0 and 1, and ELF values
close to unity reveal strong covalent interaction or lone pair
electrons, whereas lower ELF values represent weaker ionic,
metallic, or van der Waals interactions. As shown in
figure 1(f), the ELF contour around the center of Nb-halogen
bonds approaches zero, revealing ionic interaction governance.
A similar finding but with lower intensity is also consistent for
the Nb—-O bonds, also revealing the prevalence of the ionic
bonding alongside with low contribution of covalent bonding.
These results suggest the dominance of ionic bonding in these
novel 2D systems.

After analyzing the bonding mechanism of NbOX,
(X = Cl, Br, 1) lattices, we next study their mechanical fea-
tures. In this regard, the uniaxial stress—strain responses of the
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Figure 1. (a) Top and (b), (c) side views of the NbOCI, monolayer along with electron localization function (ELF) isosurface set to 0.7.
(d) Side view of the bulk NbOIL,. ELF sections for the (e) top and (f) side view of the NbOCI, monolayer.
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Figure 2. True uniaxial stress—strain relations of the (a) NbOCl,, (b) NbOBr,, and (c) NbOI, monolayers elongated along the y and x
directions.
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Figure 3. Estimated cleavage energy of the NbOCl,, NbOBr, and
NbOIL, monolayers from their six-layered structures as a function of
separation distance.

NbOX, monolayers along the x and y directions are illustrated
in figure 2. The presented stress—strain curves are in the
standard GPa unit and are thus based on the actual volume of
the deformed monolayers [31, 32]. The area of the

boundary halogen atoms in the NbOCl,, NbOBr,, and NbOI,
monolayers, respectively, which are in correspondence with
effective vdW diameters of 2.351, 2.539, and 2.843 A, for Cl,
Br and I atoms, respectively, in these systems. In addition, the
stress—strain curves in figure 2 are uniaxial, which means that
during the deformation, the structures are stressed only along
the loading direction and are stress-free along the two other
perpendicular directions of the loading. Since we investigate
the mechanical properties of monolayers that are not con-
strained along their thickness direction, upon the geometry
minimization, the system’s stress component normal along
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Figure 4. Electronic band structure and partial electronic density of states PDOS for the monolayer (1L), bilayer (2L), and bulk structure of
NbOCl,, NbOBr,, and NbOI, compounds. The purple dashed lines indicate the Fermi energy.

this direction reaches a negligible value. Therefore, in the
conducted DFT simulations, the simulation cell size along the
other in-plane perpendicular direction of the loading (either x
or y) is adjusted to satisfy the negligible stress condition after
the geometry minimization.

From the predicted uniaxial true stress—strain responses
of the NbOX, monolayers illustrated in figure 2, remarkable
differences for the loading along the x and y directions are
conspicuous, confirming the highly anisotropic and direction-
dependent mechanical responses in these systems. The elastic
modulus of the NbOCI,, NbOBr, and NbOI, monolayers
along the y (x) directions are predicted to be 390 (111), 354
(95), and 314(84) GPa, respectively. In contrast to the
observed substantial role of halogen atom on the elastic
modulus, Poisson’s ratio values of these monolayers are
found to be close, with corresponding values of 0.04 (0.01),

0.03 (0.01), and 0.03 (0.01), respectively, for the NbOCl,,
NbOBr,, and NbOI, monolayers along the y (x) directions.
The ultimate tensile strength of the NbOCI,, NbOBr, and
NbOI, monolayers along the y (x) directions are predicted to
be 31.8(14.2), 28.2 (14.2), and 23.9 (11.4) GPa, respectively.
These results reveal that these nanosheets are remarkably
stronger along the y direction than x direction. Moreover,
clear decreasing trends in the elastic modulus and tensile
strengths of the NbOX, monolayers with the increase of the
atomic weight of halogen atoms are observable. The aniso-
tropic mechanical responses in these 2D systems can be easily
explained by considering their atomic structure. We know
that the orientation of different bonds along the loading
direction plays a critical role in the load transfer. For the
loading along the y direction, Nb—O bonds are directly
oriented along the loading direction, and the deformation can
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Figure 5. Calculated conduction (green color) and valence band
(purple color) edge positions for the monolayer (1L) and bilayer (2L)
NbOCl,, NbOBr,, and NbOI, compounds with respect to the
vacuum level. The dashed black lines indicate the water stability
limits for hydrogen and oxygen evolution. The absolute potential of
the standard hydrogen electrode was taken as 4.44 eV at a pH = 0.

Table 1. The HSEO6 electronic band gap (E,) and static dielectric
constant for the monolayer (1L) and bilayer (2L) and bulk structures
of NbOCl,, NbOBr, and NbOI, compounds.

Static dielectric constant

System  Band gap (eV) E||xE||yE||z
NbOCl,

1L 1.77 2.50 2.14 1.80
2L 1.74 3.30 2.67 2.17
Bulk 1.72 5.80 4.51 3.58
NbOBr,

1L 1.76 2.82 2.29 2.08
2L 1.70 3.77 2.86 2.64
Bulk 1.69 6.33 4.67 4.31
NbOL,

1L 1.70 3.48 2.72 2.61
2L 1.62 4.74 3.44 3.50
Bulk 1.60 7.56 5.41 5.62

proceed only by the direct elongation of these bonds. In
contrast, for the loading along the x direction, the deformation
is achieved by a mixture of Nb—X bond elongation and Nb—
X-Nb angle opening. In other words, along the x direction the
halogen atoms yield a pivot-like behavior, facilitating the
deformation and consequently resulting in a lower elastic
modulus and tensile strength. As an example, for the NbOCl,
monolayer under the strain of 0.2, the reduction of the
monolayer’s thickness along the x and y directions is pre-
dicted to be around 6.3 and 0.9%, respectively, revealing a
contrasting deformation mechanism.

Before exploring the electronic and optical properties of
NbOX, nanosheets, we investigate the required energy for the
isolation of the NbOCI,, NbOBr, and NbOI, monolayers
from their multilayered counterparts. To this end, we simulate
the exfoliation process and predict the corresponding

cleavage energy, as illustrated in figure 3. In these calcula-
tions, after the geometry optimization of six-layered struc-
tures, the last layer was gradually separated toward the
vacuum with a 0.25 A step, and the change in the systems’
energy was recorded. As expected, the exfoliation energy first
increases sharply and subsequently at separation distances
around 6 A reaches a plateau and later completely converges.
It is predicted that individual layers in these systems are
weakly bonded, with exfoliation energies of 0.22, 0.23, and
0.241] m*Z, for the NbOCl,, NbOBr, and NbOI, monolayers,
respectively, which are distinctly lower than the measured
cleavage energy of 0.37 J m 2 for graphite [36]. A slight
increasing trend in the exfoliation energy with the increase of
the atomic weight of halogen atoms is observable. These
results reveal the bright practical prospect for isolating the
NbOCl,, NbOBr,, and NbOI, monolayers from their bulk
counterparts.

We next study the electronic and optical properties of
these systems. To probe the electronic properties of the stu-
died compounds, the band structures along the high symmetry
directions and the partial density of states (PDOS) of these
systems were calculated within the HSEO6 approach, as
shown in figure 4. Moreover, the valence band (VB) and
conduction band (CB) edge positions of these systems have
been calculated using HSEQ6 and shown in figure 5. The
obtained electronic band structures reveal that the considered
nanosheets possess an indirect electronic band gap. The band
gap values for each structure are also summarized in table 1.
The electronic band gap of NbOCl,, NbOBr, and NbOI, bulk
structures are predicted here to be 1.72, 1.69 and 1.60 eV,
respectively, which present a good agreement with the
reported experimental optical band gap value of 1.75 eV for
NbOL, in [21]. Our results show that the band gap of these
layered structures is relatively constant (table 1) as the
number of layers increases from single-layer (1L) to bulk. The
electronic band gap of NbOCl,, NbOBr, and NbOI, mono-
layers obtained with HSEO6 approach is 1.77, 1.76 and
1.70 eV, respectively, which are generally in good agreement
with the previous theoretical work [33] using the same tech-
nique. Nevertheless, the obtained band gap values for few-
layered structures using HSEQG6 are still smaller than exper-
imental values. Such a discrepancy can be attributed to the
effects of defects or impurities in experimental tests or might
be associated with the accuracy of HSE06 approach, which
can be improved using quasi-particle GW calculations, highly
interesting to be assessed in a separate study. The PDOS of
these layered structures indicates that both the top of the
valence band and the bottom of the conduction band are
dominated by O 2p states with hybridization of Nb 4d orbi-
tals. Moreover, the VB and CB edges in each layered system
remain almost unchanged, which confirms the pure vdW
interactions between the layers. The VB and CB edge posi-
tions overall shift to lower potential with the increase of the
atomic number of the halogen elements Cl, Br, and I. It can be
seen that the NbOCI, and NbOBr, nanosheet are predicted to
be good candidates only for the water oxidation and O,
evolution, while the NbOI, counterpart can be used only for
hydrogen evolution.
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Figure 6. Optical absorption spectra «v as a function of energy predicted using the RPA + HSE06 approach for the monolayer (1L) and
bilayer (2L) and bulk NbOCl,, NbOBr, and NbOI, compounds to the in-plane (x- and y-polarized) and out-of-plane (z-polarized) incident

light.

We next discuss the optical responses of the monolayer,
bilayer, and bulk NbOCl,, NbOBr, and NbOI, compounds
using the RPA method constructed over HSE06. Because of
the asymmetric geometry along the x-, y- and z-axes, the
optical spectra of these structures are anisotropic for light
polarizations along the in-plane and out-of-plane directions.
Hence, the optical properties for the both x-, y- and z-polar-
ized direction (E||x, E||y and E||z) are reported. The imaginary
and real parts of the dielectric function (Im ¢ and Re ¢) of the
NbOCl,, NbOBr,, and NbOI, compounds for the in-plane and
out-of-plane polarized directions versus photon energy were
calculated, and the obtained results are illustrated in figures
S1, S2, and S3 (see the supplementary information docu-
ment), respectively. The absorption edges of Im ¢ of these
materials occur at an energy range between ~2.0 and 4.0 eV
along different polarizations in the visible range of light. In all
of these structures, the absorption edge of Im ¢ shift to the
lower energies as the number of layers increases from the
monolayer to bulk. It can also be seen that the absorption
edge of the Im ¢ overall shifts to lower energy with the
increase of the atomic number of halogen elements. The
values of the static dielectric constant (the values of Re ¢ at
zero energy) for these novel layered structures are reported in
table 1. In general, in all these systems, the static dielectric
constant increases with the number of layers from the
monolayer to bulk. Moreover, there is an increase in the static

dielectric constant values with the increase of the atomic
number of Cl, Br, and I halogen elements.

The absorption coefficient « for these novel layered
materials along the in-plane and out-of-plane polarization as a
function of photon energy is plotted in figure 6. The
absorption edge of « for all structures occurs at the photon
energy range between 2 and 4 eV along the x direction, which
is in the visible-light range, while the corresponding absorp-
tion edge along y- and z-axes shifts to the higher energies
(blue shift). In general, contrary to the indirect band gap
nature of the studied novel layered materials, the high
absorption coefficients in the visible range of light are
attained (rle5 cm_l) for all structures which are higher than
the typical absorption coefficient value for direct band gap
semiconductors [37]. Moreover, the results of anisotropic
optical properties along the in-plane directions for the studied
novel monolayers suggest that they exhibit attractive pro-
spects for the design of novel electronic and optical nano-
devices that exploit their anisotropic properties, such as
polarization-sensitive photodetectors.

4, Concluding remarks
Motivated by the latest report concerning the synthesis of 2D

NbOI, crystals [21] using the chemical vapor transport
method, we herein conduct extensive first-principles
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calculations to explore the physical properties of the NbOX,
(X = Cl, Br, I) nanosheets. It is shown that individual layers
in these systems are weakly bonded, with single-layer
exfoliation energies of 0.22, 0.23, and 0.24 J m~2, for
NbOCI2, NbOBr, and NbOI, crystals, respectively, dis-
tinctly lower than that of graphite. Uniaxial stress—strain
results highlight the highly anisotropic mechanical char-
acteristics of these novel 2D systems. The elastic modulus of
the NbOCl,, NbOBr; and NbOI, monolayers along the y (x)
directions are predicted to be 390 (111), 354 (95), and 314
(84) GPa, respectively, with the corresponding ultimate
tensile strength of 31.8 (14.2), 28.2 (14.2) and 23.9 (11.4)
GPa, respectively. Anisotropic mechanical responses in
these systems are attributed to the very different bonding
configurations along the two planar directions. It is shown
that the 3D and 2D structures of the NbOCl,, NbOBr, and
NbOIL, compounds are indirect band gap semiconductors
according to the HSE06 method results. Moreover, the eva-
luation of VB and CB edge positions confirms that the
monolayer and bilayer NbOX, structures possess suitable
band edge positions for photocatalytic water splitting reac-
tions. Finally, the linear photon energy-dependent dielectric
functions of the considered materials are investigated with
the RPA 4 HSEO06 approach. The optical analysis indicates
that the optical spectra for these materials are anisotropic to
the in-plane and out-of-plane incident light. It is also found
that the first absorption peaks of these structures are located
in the visible range of light. These results show that these
novel materials might be appealing for optoelectronic devi-
ces, such as polarization-sensitive photodetectors and pho-
tocatalytic applications. The obtained results provide an
extensive vision concerning the direct-dependent physical
properties of the NbOX, nanosheets and may serve as a
valuable guide for further theoretical and experimental stu-
dies on these attractive 2D systems.
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