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Abstract

The graphene-like zinc oxide (g-ZnO) monolayer (ML) is a popular two-dimensional (2D)
semiconductor. However, its applications are restricted in the photocatalytic water splitting reaction
due to low visible absorption and wide optical band gap. Here, in this work, we studied the electronic
structure of Al-doped graphene-like ZnO (g-AZO) ML using Density functional theory (DFT)
calculations. The photocatalytic performance parameters such as bandgap, band edge levels, and
absorption coefficient of g-AZO ML are studied under the application of biaxial strain varying
from -10% to +10%. Our calculations show that g-AZO ML has a suitable band gap, band edge
positions, and absorption coefficient in the visible range at ¢ = +9% and +10% tensile strain for
photocatalytic water splitting reaction.
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l. Introduction

Photocatalytic water splitting is a promising
technique for large-scale hydrogen production
which uses renewable energy sources and also
reduces global warming effects [1, 2]. For water
splitting reaction, two conditions must be
satisfied, first, the band edge positions must
straddle the reduction and oxidation potentials
of water.

Secondly, the band gap must exceed the
hydrolysis voltage of water (1.23 eV) and be
smaller than 3.00 eV [3, 4]. Recently, 2D
semiconductors are being investigated for large-
scale hydrogen production [4-9]. DFT tools
allow the exploration of various external
parameters to increase the photocatalytic
performance of 2D materials [1, 10, 11]. The g-
ZnO ML has high carrier mobility, large surface
area, and excellent optical characteristics which
enriches its applications in photocatalytic and
energy harvesting fields [10-12]. Substitutional
doping is considered one of the most desirable
methods for tuning the electronic structure of
semiconductors and it is also used to improve
its photocatalytic performance [10, 11, 13-15].
Aluminium (Al) at the Zn site is considered an

energetically favorable dopant in the g-ZnO
ML. The g-AZO has various advantages such as
reasonable cost, ample resources, tunable
bandgap, and high stability in hydrogen plasma
[16-22]. Although there are many studies have
been reported on the improvement of the
photocatalytic performance of 2D
semiconductors by tuning the band gap [11, 23].
However, the photocatalytic properties of g-
AZO ML have not been reported yet. Therefore,
in this work, we investigated the photocatalytic
properties of g-AZO ML under the application
of biaxial strain using hybrid DFT calculations.

Il. Computational details

Here, all the DFT calculations were performed
using the Quantum ATK package [24]. The
exchange-correlation functionals are described
using hybrid functional (HSEQ6) [25]. A Linear
combination of atomic orbitals (LCAQO) basis
with an energy cut-off of 125 Hartree and grid
sampling of 25x25x1.
The dopant formation energy of Al in the g-ZnO
monolayer is calculated as [26, 27], using

Eform = Ezno+ai— Ezno + MUzn - Ml
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The Efrm Of the g-AZO ML is calculated as -
2.98 eV [28], which is exothermic in nature.

I11. Results and discussions

A. Atomic and Electronic Structure of Al-
doped ZnO monolayer

Here, we have doped one Al atom in a ZnO
monolayer (4x4x1 supercell size) corresponding
to a 6.25% doping concentration of the Al atom.
The schematic atomic structure of g-AZO ML is
shown in Fig. 1. The lattice constant and bond
length for g-AZO ML is given as a = 3.29 A,
and da.o = 1.77 A [17]. The electronic band
structure of g-AZO ML with HSEO06 functionals
has been shown in Fig. 2 and it is direct (I'- ') in
nature with a bandgap (Eg) value equal to 3.8 eV
[17, 29].

It is observed that by doping an Al atom in the
ZnO ML, the Fermi level shift inside the
conduction band minima (CBM) resulted in n-

type doping.
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Fig. 1 (a) Side and (b) top view of the atomic structure of
Al-doped g-ZnO monolayer,
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Fig. 2 Band structures of Al-doped ZnO ML obtained by
HSEO06 calculations.

B. Bandgap tunability of g-AZO monolayer
under application of biaxial strain
Here, the effect of biaxial strain (e = &x
= g = (a0 - a)/a x 100%) on the electronic
bandgap of the g-AZO ML is studied. The
variations of bandgap under the application of
varying biaxial strain from -10% to +10% are
shown in Fig. 3. It is visible that the bandgap
value linearly decreases with an increase in
tensile strain from 0% to +9% and a slight
increase at & =+10% is observed. For
compressive strain, the Eq value increases up to
¢ = -1% strain and then it starts decreasing
continuously up to € = -10%. We observed that
the bandgap of g-AZO ML at +9% and +10%
has decreased to 2.89 eV and 291 eV
respectively, which satisfies the photocatalytic
criteria for water splitting reaction [30].
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Fig. 3 Band gap of the g-AZO monolayer at different applied

biaxial strains

C. Biaxial strain modulated optical spectra of
g-AZO monolayer

The optical spectra of the g-AZO monolayer
under varying biaxial strain are shown in Fig. 4.
The absorption spectra at € = 0% are shown by
the black solid line. By increasing the tensile
strain ¢ = 0% to +5%, a suppression of
absorption spectra is observed in the UV and
visible regions and it is shifted to red. However,
a sharp peak is observed in the visible region at
e = +10% tensile strain (pink line). In the
compressive strain up to € = -5%, clampdown in
UV and visible absorption have been observed
with a blue shift. Interestingly, at ¢ = -10%, a
sudden increase in absorption spectra occurs in
the visible range.
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Fig. 4 Absorption spectra of the g-AZO monolayer with = 5%
and +10%

D. Band edge positions of g-AZO monolayer
under biaxial strain
Here, the band edge positions of g-AZO ML
have been investigated by varying biaxial strain
for analysis of photocatalytic performance. The
band edge positions i. e. CBM, and VBM, under
varying biaxial strain of the g-AZO monolayer,
are shown in Fig. 5. It is noted that the g-AZO
ML satisfies the band edge positions of CBM
and VBM at unstrained conditions for water
splitting. However, the bandgap energy of g-
AZO ML at unstrained conditions exceeds
bandgap of 3 eV which is not ideal for
photocatalytic reaction. By applying biaxial
tensile and compressive strain from -10% to
+10%, the band edge positions of g-AZO ML
have been tuned. The band edge positions of g-
AZO ML initially reduces upto ¢ = +7% and
then it started to increase. In the case of
compressive strain, the band edge positions
decrease continuously up to -9%. We found that
the appropriate band edge positions for
photocatalytic reaction have been observed at
+9% and +10% tensile strain. At +9% and
+10% tensile strain, the obtained CBM values
are -4.41 eV, and -4.2 eV which are higher than
H*/H; (-4.44 eV) and the obtained VBM values
are -7.3 eV, -7.11 eV which are lower than
0./H,O (-5.67 eV), respectively. The CBM
level is located about 0.03 eV above the H* /H?
potential for +9% tensile strain. At +10% tensile
strain, the CBM level increases to about 0.24
eV which is enough for hydrogen production.
Meanwhile, the VBM level is always lower than

the water oxidation potential (O2/H20), and the
oxidation capacity increases with the biaxial
strain. The results show that the AZO ML has
enough potential about 1.63 eV and 1.44 eV
respectively for oxidation reaction at +9% and
+10% tensile strain.
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Fig. 5 CBM and VBM energy levels of g-AZO monolayer

at unstrained and strained conditions.

Conclusion

In summary, the electronic structure and
absorption spectra of g-AZO monolayer under
varying biaxial strain have been studied by
using hybrid DFT  calculations  for
photocatalytic applications. Our results show
that the g-AZO monolayer at ¢ = +9% and
+10% has an appropriate bandgap, CBM, VBM
positions for photocatalytic water splitting.
Moreover, at ¢ = +10%, g-AZO ML shows
good absorption in the visible region from 600
to 900 eV, which shows that biaxial strain can
effectively modulate the  photocatalytic
performance of the g-AZO monolayer.
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