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The effects of biaxial tensile and compressive strain on the structural, electronic, and photocatalytic
properties of tetragonal [001] (SnO,),/(TiO,),, superlattices have been theoretically explored using
density functional theory (DFT) calculations. Various stacking periodicities between n SnO, layers and m
TiO, layers, including (n = m), (n, 1), and (1, m) were studied in the context of water splitting for
hydrogen production. The results reveal that the (1, m) stacking periodicity exhibit the highest bulk
modulus, Poisson’s ratio, and Debye temperature values. Phonon dispersion analysis showed excellent
stability for the (SnO,)s/(TiO,); superlattice under both tensile and compressive strains ranging from —5%
to 5%, while other superlattices remain stable within the range of —3% to 4%. Furthermore, the
electronic analysis revealed a decreasing trend in the band gap for all structures as the tensile strain
increases. A tunable band gap from 3.34 eV to 2.54 eV under tensile strains for (SNO,)./(TiO,)s was
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DOI: 10.1039/d4cp03363a demonstrate that applying tensile strain to (SnO;),/(TiOz),, superlattices with high TiO, thickness can

result in optimal band gap values and favorable band edge alignments with the water redox potentials.
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1. Introduction

As industrial and societal advancements continue, public atten-
tion has increasingly focused on concerns surrounding energy
shortages and environmental pollution. One potential solution
to tackle this challenge involves the conversion of low-density
solar energy into high-density chemical energy through the use
of photocatalytic technology, which does not emit greenhouse
gases. In this regard, the production of hydrogen from water
splitting has been demonstrated as a promising technology for
harvesting solar energy, one of the most abundant energy
sources available on Earth.' In general, the performance of
photocatalytic processes hinges on three key factors: the char-
acteristics of the used photo-catalytic material, particularly its
bandgap energy and band edge positions; the spectrum of light
irradiation; and the dynamics of interfacial charge transfer
occurring at its surface. In this context, superlattices are
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This makes these superlattices promising for hydrogen production from water splitting.

becoming increasingly widespread in the photocatalytic
field.>™* They exhibit notable functionalities, including the
customization of band gaps, the facilitation of spatial charge
separation across various interfaces, the mitigation of charge
carriers recombination, and adjustment of absorption spectra
towards the visible spectrum.>®

Transition metal oxides have been extensively investigated
for their excellent stability and photocatalytic properties.”®
Among the studied materials, considerable interest has been
focused on the binary compounds XO, (X: Ti and Sn) owing to
their chemical and physical characteristics exhibited in
the rutile phases (space group no. 136; Dip; P4,/mnm). TiO,
is considered the most intensively used and studied photo-
catalyst semiconductor, combining several optimistic features,
including non-toxic environmental acceptability, low cost, and
excellent stability against photo-corrosion.”'® However, the
high recombination of photo-generated charge carriers
remains a significant challenge to overall efficiency.'™"?
Indeed, SnO, exhibits superior electron mobility and high
electron transfer efficiency,® thereby preventing rapid elec-
tron/hole recombination, but the conduction band minimum
(CBM) positioned above the redox potential level of H'/H, (0 eV)
presents a complication that restricts its widespread
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application as a photo-catalyst for the hydrogen evolution
reaction (HER)."* Moreover, these materials have wide direct
band gap energies (TiO,, E; = 3.1-3.3 €V; SnO,, E, = 3.6 eV) that
limit their absorption under UV irradiation, allowing them to
use only 3-5% of the solar spectrum. Nowadays, several experi-
mental and theoretical investigations have demonstrated the
potential for strain induced alteration or adjustment of the
band gap in TiO, and SnO, materials.">'® For example, the
effect of biaxial strain applied to the bc plane of SnO, has been
investigated experimentally and theoretically on Al,O; sub-
strates with the HSE06 approximation by Wei Zhou.'” Their
results pointed out that the optical band gap reduces by 0.7 eV
with increasing tensile strain. There are limited studies on
SnO,/TiO, superlattice, and those which do exist are focused on
the photocatalytic performance for degradation of methyl blue
dye under UV irradiation. Recently, experimental study on
Sn0O,/TiO, heterostructures with anatase TiO, and kesterite
SnO, phases proved that the energy band gap of TiO, and
SnO, in the heterojunction have lower energy band gap com-
pared to their individual metal oxides.'® However, theoretical
investigations on such superlattices under strain effects are still
limited, and thus there is a lot yet to be explored regarding
biaxial strain in the ab plane.

In the present study, the effect of biaxial tensile and com-
pressive strains on the photoelectrochemical properties of
(SnO,)(n)/(TiO,)(m) superlattices, obtained by stacking n layers
of SnO, with m layers of TiO, (n and m = 1, 2, 3), was
investigated using ab initio density functional theory (DFT)
calculations. Our primary focus was to investigate the effects
of n/m thickness periodicity along the [001] direction on the
dynamics, mechanical stability, lattice geometry, electronic,
mechanical and photocatalytic properties of (SnO,),)/(TiO2)(m)
superlattices. In addition, our secondary objective was to
investigate the influence of biaxial tensile and compressive
strains ranging from —5% to 5% with a step of 1% on the said
properties of these superlattices.

2. Computational details

The influence of the biaxial tensile and compressive strains on
a set of (SnO,)(,/(TiO,)(m) [nSO/mMTO] superlattices were inves-
tigated using DFT calculations.'®?° Various arrangements
involving the stacking of n unit cells of SnO, (SO) with m unit
cells of TiO, (TO) (n, m = 1, 2, 3) were explored, resulting in
diverse combinations of nSO/mTO layers.

The studied structures are presented in Fig. 1, the biaxial
strain was considered from —5% (4.430 A) to 5% (4.900 A) and
was defined as:

a—dy

¢ (%) = % 100, 1)

ao
where a, (4.664 A) and a are the lattice parameters for
unstrained and strained structures, respectively. Negative
values correspond to compressive strain, while positive values
indicate tensile strain. The value of g, is derived for an average
of the optimised lattice parameters of SnO, and TiO,, which
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exhibit a mismatch of +1.5%. All calculations were performed
within the DFT framework, using the Vienna Ab initio Simula-
tion Package (VASP).”'>* The all-electron plane wave basis sets
with the projector augmented wave (PAW) method have been
adopted, with 5s>5p®, 3p®3d”4s®, and 2s”2p* states treated as
valence electrons for Sn, Ti, and O, respectively. To solve the
DFT Kohn-Sham equations along the structure relaxations, the
generalized gradient approximation (GGA) defined through
the Perdew-Burke-Ernzerhof (PBE) parameters functional was
adopted.”® To achieve optimal accuracy in the computed
results, the energy cutoff was set at 800 eV, and the Brillouin
zone (BZ) was sampled using a 4 x 4 x 6 Monkhorst-Pack k-
point mesh.>® Convergence in the self-consistent field calcula-
tions was ensured by setting the thresholds, for total energy
and forces, to 10’ eV and 10™° eV A™?, respectively. To address
the limitations of DFT-GGA in estimating band gaps, we
adopted the Heyd-Scuseria-Ernzerhof hybrid functional
(HSE06) with 25% exact Hartree-Fock exchange to enhance
the accuracy of electronic property computations.”® Phonon
dispersion curves and the associated phonon density of states
(PhDOS) were determined using the Phonopy software,”” in
conjunction with VASP via Density Functional Perturbation
Theory (DFPT). For the treatment of the highly correlated Ti-3
d electrons, the Hubbard Correction (DFT+U) approach was
used,”® following the methodology by Dudarev et al.,> with an
effective Hubbard U.g value of 4.5 eV. The analysis of VASP-
generated data was conducted using the VASPKIT tool,*° and
visualization was performed with VESTA software."

3. Results and discussion
3.1. Structural properties of the superlattices

Initially, a fully structural relaxation was performed for both
rutile phases of SnO, and TiO,, which have served as building
blocks of our superlattices. The lattice parameters obtained
for both SnO, and TiO, were found to be in good agreement
with experimental values, as shown in Table S1 (referred in
the ESIY).

The optimization of both unstrained and strained super-
lattice structures was carried out at the same theoretical level.
For each system, varying levels of biaxial strain were applied to
explore the impact on total energy with changes in the out-of-
plane lattice parameter c¢. The stability of the structures was
assessed by analyzing the total energy as a function of volume
E(V) across seven superlattices, as shown in Fig. 1. The equili-
brium parameter ¢ and volume were ascertained by fitting data
to the Birch-Murnaghan third-order equation of state (EOS).*?

. . ¢
As an example, Fig. 2 illustrates the energy curves E (—) and
a

E(V) for the 1SO/1TO superlattice under both tensile and
compressive strains, highlighting the sensitivity of superlattice
stability to tetragonal distortion. Detailed results for additional
superlattices are presented in the ESIt (Fig. S1-S3).

The calculated lattice parameters and bond angles of
unstrained superlattices are presented in Table 1. From this
table, it was found that the out of plane lattice constant c,, and
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(a) 1S0/1TO (b) 250/2TO (c) 350/3TO (d) 1S0/2TO (e) 1S0/3TO (f) 250/1TO (g) 350/1TO

Fig. 1 (a)-(g) Schematic view of (SNO2))/(TiO2)m) (n.m =1, 2, 3) superlattices, where n and m are the number of unit cells of SnO, (SO) and TiO, (TO),
respectively (gray, blue, and red colors represent Sn, Ti, and O atoms).

. . Co o, S1s . ¢
its ratio —, increase with increasing SnO, layers and decrease both ¢, and 2 decrease when the number of layers of both SnO,
ao do
with increasing TiO, layers. Furthermore, it is observed that 4 TiO, increases simultaneously. The €0 ratio reflects the
[40)
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Fig. 2 Structure stability of the 1SO/1TO superlattice under compressive (left) and tensile (right) strains.
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Table 1 Lattice parameters anL(;l bond angles of unstrained nSO/mTO
superlattices (the values of cq, 2 and angles are the average values of
overall superlattices) @

Lattice parameters Angles (°)
€o
£=0% c (&) ap 0-5n-0 O-Ti-O
1S0/1TO 3.1655 0.67873 88.1401 90.1874
2S0/2TO 3.1515 0.67574 88.7057 90.7862
3S0/3TO 3.1480 0.67499 88.6243 90.3675
1S0/2TO 3.0925 0.66309 87.9621 89.9074
1SO/3TO 3.0557 0.65519 87.8890 89.8069
2S0/1TO 3.2150 0.68937 88.6952 90.6707
350/1TO 3.2450 0.69579 88.8401 90.7874

tetragonal distortion, the observed increase of this ratio
indicates an augmentation of relative displacement between
cations and anions. Comparing the bond angles O-Sn-O and
O-Ti-O in both (n, 1) and (1,m) superlattices, we find that both
angles are larger in (n, 1) systems. This suggests that the
distortion of octahedrons in the tetragonal lattice of the (, 1)
superlattices is more significant, which results in a larger 2—2
ratio displacement.

To investigate the effect of biaxial strain on the structural
parameters of unstrained superlattices, the ab plane lattice
parameters were varied from —5% to 5%, with a step of 1%.
Fig. 3 illustrates the variation of ¢ parameter and volume versus
strain for each superlattices. As results, we observe a monotonic
decrease in ¢ with increasing strain levels, while the crystal
volume increases gradually. At the same time, the average bond
lengths d(Sn-O) and d(Ti-O) showed also a reduction under
strains, as detailed in Tables S2 and S3 (ESIt). These results
suggest that the ¢ axis displays a relatively weak ability to keep
the crystal volume constant against biaxial strains, leading to
structural and interatomic distances changes. A similar beha-
vior was observed by Wei Zhou and Yanyu Liu when they
applied strain on the bc plane of SnO, bulk."”

In Fig. 4, we analysed as well the effect of biaxial strains
on the variation of total energy of superlattices using the
EOS calculations. Our results show that the superlattices are
significantly more susceptible to destabilisation under biaxial
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compressive strain (i.e., when ¢ < 0%) compared to their
response under tensile strain. Furthermore, most superlattices
exhibit their most stable energy states in the absence of strain
or at very low strain. An exception to this trend is observed in
the 3SO/1TO superlattice, which exhibits remarkable resilience
to tensile strains, reaching its optimal energy configuration at a
strain of 2%, as detailed in Table S4 (ESIt). This unique
behaviour highlights the potential for engineering strain to
enhance the stability and performance of specific superlattice
configurations.

In addition, the total formation energy of the investigated
superlattices was computed as described in ref. 33 and 34:

E = Enso/mro — NEpuiso) — MEbuik(ro) (2)

where E,s0/mt0s Ebulkso), and Epuik(ro) are the total energies of
nSO/mTO superlattices, SnO, and TiO, bulks, respectively. The
results are summarised in Table 2. In particular, the 1SO/3TO
structure exhibits the lowest formation energy with 0.0015 eV
among the considered systems. The formation energy of (1,m)
systems decreases with the increasing number of TiO, layers.
Conversely, the formation energy of (n,1) systems increases
with the increasing number of SnO, layers. It is also noteworthy
that the formation energy of nSO/mTO superlattices increases
when the stack contains the same number of oxide layers (n =
m). These results suggest that as the number of layers of SnO,
and TiO, is increased simultaneously, the nSO/mTO super-
lattices become more difficult to form, and the (n, 1) super-
lattices are relatively more difficult to form than the (1, m)
superlattices.

3.2. Dynamical and mechanical stability of the superlattices

To evaluate the dynamic stability of the superlattices, we
calculated phonon dispersion curves along with their corres-
ponding total and partial phonon density of states (PhDOS) at
equilibrium volumes. Fig. 5 presents the phonon dispersion
curves for the 3SO/1TO superlattice which was subjected to a
range of biaxial strains (—5%, 0%, and 5%). Detailed phonon
spectra and PhDOS for other strain levels on 3SO/1TO super-
lattice and other compositions are presented in ESI,{ Fig. S4-
S10. The absence of negative (or imaginary) frequencies, across
strain ranging from —5% to 5%, for the 3SO/1TO superlattice
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Fig. 3 Structure parameters of NSO/mTO superlattices under biaxial strains from —5% to 5%: ¢ parameters (left) and volumes (right).
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Fig. 4 The total energy—biaxial strain relationship of nSO/mTO superlattices for different stacking periodicity: (n = m) left, (1, m) middle, and (n, 1) right.

Table 2 The calculated formation energies for nNSO/mTO superlattices

Superlattices Formation energy (eV)
1S0/1TO 0.2391
250/2TO 0.3095
3S0/3TO 0.3763
1SO/2TO 0.1059
1SO/3TO 0.0015
2S0/1TO 0.4264
350/1TO 0.6532

confirms its dynamic stability. For the other compositions, the
strains at —5%, —4% and 5% involve the presence of imaginary
frequencies, indicating a lattice instability. It is noteworthy that
strains from —3% to 4% alter the positions of the optical and
acoustic phonon bands, yet without extending into the negative
frequency domain. Occasional small negative frequencies
(<2 THz) at the point arise from numerical artifacts, rather
than physical instabilities.

In addition, the PhDOS analysis reveals, for all superlattices,
that the vibrational modes at lower frequencies (0 to 8 THz)
predominantly originate from the hybridization of Sn and Ti
atoms. Conversely, the frequency range from 8 to 25 THz is
characterized mainly by the vibrations of O atoms, supplemen-
ted by a minor contribution from Ti atoms.

Table 3 presents the highest frequencies observed at the
I'-point in the phonon spectrum for all strained systems. From
these data, we observed that tensile strain tends to soften the
phonon modes, which can be ascribed to the weakening of
atomic bonds (see Tables S2 and S3, ESI{) as the lattice
constant increases. Inversely, applying compressive strain
involves a shift of phonon modes to higher frequencies, indi-
cative of phonon hardening. It is also noteworthy that both
tensile and compressive strains do not influence the contribut-
ing states in PhDOS.

Now, considering the tetragonal symmetry of the super-
lattices, there are six independent elastic constants (C;1, Css,
Cyay Ces, C1z, and Cy3) that characterize the mechanical beha-
vior of these structures. Thus, to assess the mechanical stability
of the studied superlattices, we evaluated these elastic con-
stants to determine if they fulfill the Born-Huang stability
criteria.’® For this investigation, the unstrained nSO/mTO
superlattices served as model systems, and their elastic

1288 | Phys. Chem. Chem. Phys., 2025, 27,1284-1297

constants were meticulously calculated. Using the Voigt-
Reuss-Hill (VRH) approximation,®®*” we derived the macro-
scopic mechanical properties including the bulk modulus (B),
the shear modulus (G), the Young’s modulus (E), the Poisson’s
ratio (n), and the Debye temperature (6p). The calculated elastic
constants are presented in Table S5 (ESIt) and their corres-
ponding mechanical properties are detailed in Table S6 (ESIT).
For all examined superlattices, the calculated elastic constants
C; (expressed in GPa) are positive and comply with Born’s
stability criteria, confirming that the unstrained nSO/mTO
superlattices will not mechanically fail when subjected to
expected loads and stresses. Moreover, It was observed that
the stacking periodicity exerts a more significant influence on
the shear elastic constant C,, than on the other elastic con-
stants C;;. This finding underlines the critical role of structural
configuration in determining the mechanical properties of
these materials.

The bulk modulus (B) quantifies the degree of change in
resistance with respect to volume change and indicates its
hardness. Our calculations revealed that superlattices contain-
ing one (Sn0O,) layer and three (TiO,) layers (1SO/3TO) possess
the highest bulk modulus. In contrast, the inverse configu-
ration (3SO/1TO) exhibits the lowest bulk modulus. The shear
modulus (G) is a measure of a materials response to shear
stress, reflecting the deformation that occurs when a parallel
force is applied to one surface while an opposing surface
resists. From the present study, the superlattice comprising
one layer of SnO, and two layers of TiO, (1SO/2TO) exhibited
the greatest shear modulus.

Furthermore, the ductility of nSO/mTO superlattices was
assessed using the Pugh criterion and Poisson’s ratio (v) as
indicators.*® According to Pugh’s criterion, materials with a
ratio of bulk modulus (B) to shear modulus (G) greater than

B
1.75 are likely to manifest ductile behavior, while those with a c

ratio less than 1.75 are expected to be brittle. Similarly, materi-
als with a Poisson’s ratio greater than 0.26 are generally
considered as ductile, whereas those with v less than 0.26 are

B
typically classified as brittle.*>*° Our calculations revealed a G

ratio greater than 1.75 for superlattices containing more than
one TiO, layer, indicating ductile behavior according to the
Pugh criterion (see Fig. 6). Correspondingly, the Poisson’s ratio

This journal is © the Owner Societies 2025
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Fig. 5 (a)-(c) Phonon dispersion curves and phonon densities of states of
unstrained (middle) and strained 3SO/1TO superlattices under biaxial
compressive (upper part) and tensile (bottom part) strain.

for those superlattices was found to be greater than 0.26,
further supporting the prediction of ductile behavior. The
agreement between the Pugh criterion and Poisson’s ratio can
be attributed to the underlying atomic bonding and structural
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Table 3 Upper limit of optical branches for the nSO/mTO superlattices at
lower and upper limits of dynamically stable biaxial strains

Superlattices Strain limits (%) Freq. (THz)
1SO/1TO -3 25.55
4 22.27
2S0/2TO -3 26.15
4 22.45
3S0/3TO -3 26.22
4 23.43
1SO/2TO -3 26.16
4 23.12
1SO/3TO -3 26.27
4 22.36
2S0/1TO -3 25.79
4 22.32
3S0O/1TO -5 25.71
5 22.09

characteristics of the material. In fact, Poisson’s ratio provides
insights into the nature of atomic bonding. Ionic crystals
typically exhibit Poisson’s ratios between 0.25 and 0.33, while
covalent materials range from 0.10 to 0.25. Our calculated
Poisson’s ratios, ranging from 0.25 to 0.28, suggest a mixed
iono-covalent bonding character. The 1SO/3TO superlattice,

B
which has the highest bulk modulus and Ie ratio values, dis-

plays a more ionic bonding character than the 3SO/1TO super-
lattice, which has a more covalent bonding character. The
covalent character allows for greater atomic rearrangement
and plastic deformation under applied strain, explaining the
stability of the 3SO/1TO superlattice under strain ranging from
—5% to 5%.

Young’s modulus (E) is the ratio between stress and strain,
providing a measure of the stiffness of the material. It can be
seen from Fig. 6 that 1SO/2TO is the stiffest superlattice,
exhibiting the highest value of E. It is also observed that in
both (n, 1) and (n = m) configurations, Young’s modulus
decreases with increased stacking, indicating a reduction in
stiffness for these superlattices.

The Debye temperature (fp) can be used as a proxy to
quantify structural rigidity. Indeed, a higher 6 indicates stron-
ger interatomic bonding and greater structural rigidity, while a
lower 0p suggests weaker bonding and more anharmonicity in
the lattice vibrations.*' By comparing 0p, of the studied super-
lattices, we found that the bonding strength in the (1, m) and
(n = m) stacking structures is stronger. This suggests that the
weaker interatomic bonding contributes to the brittleness in
the (n, 1) stacking structures. The 3SO/1TO superlattice pre-
sents the lowest 0p value and hence a low structural rigidity,
confirming our previous findings.

Strain-stress curves under biaxial strain from —5% to 5%
are shown in Fig. 7. As expected, the stress increases ‘linearly’
from 1 to 5%. Similarly, for compressive strains from —1% to
—5%, the stress increases ‘linearly’ up to a maximum value at
—5%. Furthermore, we observed that the resulting stress
depends on the composition of the superlattices, particularly
on the number of SO layers. The greater the number of SO
layers, the higher the stress generated for the same applied

Phys. Chem. Chem. Phys., 2025, 27,1284-1297 | 1289
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Fig. 7 Strain—stress curves of nSO/mTO superlattices.

strain. This behavior can be directly related to the mechanical
properties calculated at 0% (Fig. 6). The decrease in E for nSO/
1TO superlattices indicates that these materials are more
flexible and deform more easily under strain, leading to higher
stress values for nSO/1TO compared to 1SO/nTO. Additionally,

B
the observed decrease in the o (v) and (0p) supports this

behavior, as the material’s tendency to become more brittle
with increasing SO layers contributes to the generation of
higher stresses when the biaxial strain increases to 5%. While
high stresses may limit certain practical applications, these
results are particularly interesting for theoretical and applied
studies aiming to exploit strain-induced electronic effects in
these materials.
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3.3. Electronic properties of the superlattices

To better understand the impact of stacking configurations (n/
m) on the electronic properties of dynamically stable nSO/mTO
superlattices, we conducted a comprehensive analysis of their
energy band structures and electron density of states (DOS). To
do so, We employed the HSE06 functional, renowned for its
precision in predicting electronic band structures. In particu-
lar, the calculated band gaps for both SnO, and TiO, bulks were
found to be 3.42 eV and 3.35 eV, respectively. These values
closely align with the experimental band gaps of 3.60 eV for
Sn0,** and 3.10-3.30 eV for TiO,.**** It is worth noting that a
direct fundamental gap at the I'-point was confirmed for both
materials. The slight deviations observed between our compu-
tational results and the experimental data are probably attrib-
uted to the inherent limitations of DFT.

The band gaps of the unstrained superlattices, as well as
bulk SnO, and TiO,, calculated using PBE, GGA+U, and HSE06
functionals, are presented in Table 4. The three functionals
consistently predict similar trends in the variation of band gaps,
which exhibit a slight decrease with increasing stacking periodicity.
Importantly, the calculated band gap values remained relatively
close to those of the parent materials, specifically SnO, and TiO,,
indicating that the stacking periodicity (/m) has a minimal impact
on both the nature and magnitude of the band gap, which continue
to lie outside the visible light spectrum. Fig. 8 displays the band
structures calculated using the HSE06 functional, which indicate
that all superlattices maintain the direct band gap characteristic at
the I'point.
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Table 4 Stacking effect on the band gaps (eV) calculated with GGA-PBE,
GGA+U, and HSEO6 approximations for the unstrained nSO/mTO super-
lattices. These values are compared to SnO, and TiO, bulk reference
values

System  GGA-PBE (eV) GGA+U (eV) HSE06 (eV) Exp. (eV)

SO 1.121 1.204 3.423 3.600%*

TO 1.834 3.211 3.353 3.100-3.300*%%*
1SO/ATO 1.820 2.850 3.455

2S0/2TO  1.765 2.142 3.438

3S0/3TO  1.668 1.912 3.253

1SO/2TO 1.817 2.363 3.448

1SO/3TO  1.807 2.307 3.335

2SO/1TO 1.849 2.903 3.532

3S0/1TO  1.545 1.712 3.208

The total and partial DOS (Fig. 9) for both SnO, and TiO,, as
well as for the unstrained nSO/mTO superlattices, indicate that
the top of the valence band (VB) in all structures predominantly
consists of O(2p) states. In contrast, the conduction band (CB)
is primarily composed of Sn(5s), Sn(5p) and/or Ti(3d) states.
The presence of O(2p), Sn(5s), Sn(5p), and Ti(3d) states in both
the VB and CB suggests a significant degree of hybridization in
the metal-oxygen bonds.

To elucidate the relationship between lattice strain and
electronic properties of dynamically stable nSO/mTO super-
lattices, we have calculated band structures, total and partial
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PCCP

DOS under biaxial strain, as shown in Fig. S12-S17 (ESIt). The
results confirm that the direct bandgap character is preserved
for all superlattices under both tensile and compressive strains.
Furthermore, analysis of the PDOS curves shows that, neither
tensile nor compressive strains affect the nature of the con-
tributing states into valence and conduction bands. Fig. 10
shows the band gap variations under these conditions. The
energy levels of the CB minima and VB maxima for these
superlattices are summarised in the ESI{ (Tables S7-59). When
we examined the band gap evolution of all the studied super-
lattices, we found that they are significantly affected by biaxial
tensile strain, which reduces the band gap values. The 2SO/1TO
superlattice exhibited the smallest band gap of 2.33 eV at 4%
tensile strain. A comparison of the band structures (Fig. 11)
under 0% and 4% tensile strain for this structure shows that
while the highest valence subband undergoes minimal change
and moves closer to the Fermi level, the lowest conduction
subband undergoes more pronounced changes resulting in
reduced band gaps. In contrast to the tensile case, compressive
strains resulted in a smaller decrease or even an increase in the
band gap of the 3SO/1TO superlattice. This finding can be
explained by the variation of metal-oxygen bond lengths.
Indeed, for all superlattices, except the 3SO/1TO one which

B
has the lowest c ratio, the ‘d(Sn, Ti)-O’ distance along the (110)
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at DFT-HSEQG level of theory. The Fermi level is located at zero electron-volt (the blue shaded areas correspond to energies between the highest valence

bands and the lowest conduction bands).
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level of theory. The Fermi level is located at zero electron-volt.

plane (Fig. S11, ESIt) remains constant with increasing com-
pressive strain. In the case of the 3SO/1TO superlattice, the
band gap increases linearly with increasing compressive strain.
A similar behavior is observed for the bulk SnO, and TiO,
systems.

Analysis of the contributions of the Ti-d, Sn-s and O-p
orbitals to the DOS of 3SO/1TO (Fig. 12) and other superlattices
(Fig. S18-S23, ESIt) showed that the energies of these orbitals
in the VB states remain unaffected under both compressive and
tensile strains. However, in the CB, under compressive strain
these orbitals shift towards the Fermi level for all superlattices,
except the 3SO/1TO composition. In this last superlattice, the
Ti-d, Sn-s and O-p orbitals move away from the Fermi level,
explaining the observed increase in the band gap value shown
in Fig. 10. Furthermore, near to VB maxima, the peaks of
intensity of partial DOS for the O-2p,, O-2p,, and O-2p, orbitals
exhibit different variation trends. It suggests a distortion in the
XOg¢ (X = Sn, Ti) octahedron structures, that is consistent with
our crystal structure analysis.

3.4. Electron localization function of superlattices

To gain further insight into the effect of biaxial tensile and
compressive strain on the character of the bond, we calcul-
ated the electron localization function (ELF) of nSO/mTO

1292 | Phys. Chem. Chem. Phys., 2025, 27,1284-1297

superlattices projected on the (110) plane, as plotted in
Fig. 13 for 3SO/3TO structure. ELF is a powerful tool that can
be used to determine the spatial localization of electrons in
crystals.”® It takes values between 0 and 1, showing the type and
strength of the bond. A low ELF value indicates a deficit of
shared electrons between two atoms, representing an ionic
bond. Conversely, a high ELF value signifies abundant electron
sharing between two atoms, characteristic of a covalent bond
with various bonding strength.

It is found that the chemical bonding in nSO/mTO super-
lattices is predominantly characterized by ionic Sn-O and Ti-O
bonds, with a minor covalent component. This covalent char-
acter is less pronounced between Ti and O atoms, as indicated
by the calculated Poisson’s ratios (see Section 3.2). In addition,
this covalent character slightly increases under biaxial com-
pressive strain and decreases with increasing tensile strain.

3.5. Effective mass of electrons and holes in the superlattices

The assessment of semiconductor materials for photocatalytic
water splitting applications strongly relies on the mobility of
photo-excited pair of charges. A theoretical evaluation of this
mobility can be drive from the effective mass of created
excitons (electrons/holes). In fact, it was proved that the drift
velocity of charge carriers is inversely proportional to the
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Fig. 11 Band structures for the 2SO/1TO under 0% (blue) and 4% (green)
tensile strain. The Fermi level is located at O electron-volt.

effective mass, as defined in the equation below:*®

hk
y=——

7m*

®)

where v, k, 7, and m* represent the velocity of photogenerated

This journal is © the Owner Societies 2025

charge carriers, the wave vector, the reduced Planck constant,
and the effective masses of electrons and holes, respectively.

The high mobility of photo-excited pair of charges is
observed when they have small effective mass. This reduces
the chance of recombination between the electrons and holes.
The charge carriers can easier reach the material surface where
occurs the reaction. To obtain the effective masses of particules
in the different hetero-junctions, we fitted in the Brillouin zone
their VB and CB extrema by a parabolic function and we applied
before the following equation:

. 2E\ !

where E represent the energy of an electron at wavevector & in
that band. The positive sign corresponds to the effective mass
of electrons, while the negative sign corresponds to the effective
mass of holes.

In the Table 5 we present the calculated effective electron
and hole masses of bulk SnO,, TiO, and nSO/mTO superlattices
under various strain conditions. The values are obtained by
averaging the second derivative in both the I" to Z and I to M
directions, providing a more accurate estimate of the effective
masses. Available experimental values for the bulk oxides are
also included for comparison.’””*® Our calculated effective
electron masses are in good agreement with the experimental
results, with a larger mass in TiO, than in SnO,. To our
knowledge, no experimental data have been reported for the
effective hole masses in either oxide. However, our calculated
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values show large effective hole masses in good agreement with
previous theoretical results.*¢9>°

The (n/m) stacking periodicity in superlattices has been
shown to affect the effective masses of charge carriers; there
is a significant decrease in the effective masses of electrons
compared to those of holes, with the latter showing a slight
increase in effective mass with increasing layers. To illustrate,
the effective mass of electrons in the unstrained 3SO/3TO
superlattice is 0.573 m,, which is eight times smaller than that
observed in the 1SO/1TO superlattice. The application of biaxial
tensile strain leads to a decrease in the effective mass of
electrons and an increase in the effective mass of holes.
Conversely, the opposite trend is observed under compressive
biaxial strain. It is expected that superlattices with 1SO/3TO
and 3SO/1TO periodicity under 4% and 5% tensile strain,
respectively, will enhance the mobility of photogenerated car-
riers compared to the single SnO, and TiO, parent phases.

To qualitatively assess the charge separation rate, we used

*

the relative ratio D = abs (—}:) A high value of this ratio
€

indicates a greater tendency into material to separate charges,

implying a lower recombination rates that enhances the photo-

catalytic activity.” For all superlattices, the effective mass ratio

1294 | Phys. Chem. Chem. Phys., 2025, 27,1284-1297

D decreases under compressive strain and increases under
tensile strain, suggesting that the transfer rate of holes and
electrons is faster under tensile strain than under compressive
strain. This leads to higher photocatalytic activity under tensile
strain compared to compressive strain.

3.6. Photocatalytic properties of the superlattices

Reducing the band gaps is not enough to improve the photo-
catalytic activity of nSO/mTO superlattices. The band edges also
need to be better aligned with the water potentials. For efficient
photocatalytic water splitting, it is necessary that the top of the
VB energy must be more positive than the oxidation potential of
0,/H,0 (1.23 eV). Inversely, the bottom of the CB energy must
be more negative than the reduction potential of H'/H, (0 eV).

The alignment of the position of band edges can be achieved
by the electronegativity®® of each atom composing the struc-
ture, using these equations:

- 1
Epn = 12— Eo + 5Es, (5)
EBn = EGint’ — B (6)
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Fig. 13 Electron localization function (ELF) graphs of projected 3SO/3TO superlattice on the (110) plane.

Table 5 The calculated effective mass of holes and electrons in mg, and
the relative effective mass ratio of bulk (XO,, X = Sn, Ti), and nSO/mTO
superlattices under strain limits

Strain (%) my, mi- D
SO —1.306 0.273 4.783
0.287%
TO —1.826 1.215 1.502
2.000*®
1SO/1TO -3 —1.377 7.367 0.186
0 —1.449 5.013 0.289
4 —1.565 1.543 1.014
2S80/2TO -3 —1.366 1.074 1.271
0 —1.545 1.033 1.495
4 —1.908 0.931 2.049
3S0/3TO -3 —1.375 0.868 1.584
0 —1.646 0.573 2.872
4 —1.751 0.502 3.488
1S0/2TO -3 —1.373 1.664 0.825
0 —1.548 3.659 0.423
4 —2.003 1.468 1.364
1S0O/3TO -3 —1.440 1.626 0.885
0 —1.750 1.249 1.401
4 —2.014 0.305 6.603
2S0/1TO -3 —1.347 1.036 1.300
0 —1.454 0.539 2.697
4 —1.541 0.413 3.731
3SO/1TO -5 —1.486 0.436 3.408
0 —1.529 0.377 4.055
5 —1.528 0.305 5.009

These alignments can be as well adjusted with the specific
PH using this last equation:

EPBM.vem = EBgrivem — 0.05911 x pH. (7)

where, Eygy and Ecpy are the VBM and CBM potentials
of the nSO/mTO superlattices. y refers to the absolute

This journal is © the Owner Societies 2025

electronegativity. Values of 4.30, 3.45, and 7.54 have been used
for ysn, xti, and yo, respectively. E, = 4.5 eV is the energy of free
electrons on the hydrogen scale.

The band edge alignment at pH equal 0, 7 and 14 was
calculated under the biaxial applied strain by rescaling the
above equations according to the nSO/mTO superlattices (see
the equations in ESIt). Here, only the VBM and CBM positions
of 2S0O/2TO, 3SO/3TO, 1SO/2TO, 1SO/3TO and 2SO/1TO which
have band gaps less than or equal to 2.7 eV, have been
displayed. The band-edge alignments for 1SO/3TO and 3SO/
3TO superlattices when pH equal 0, 7 and 14 are plotted in
Fig. 14, while remaining results are summarized in Fig. S24-
S26 (ESIY).

For all superlattices at pH = 0, the VBM edges are consis-
tently higher than the standard oxidation potential of O,/H,0
and decrease under biaxial strain. Conversely, the CBM edges
are slightly higher than the redox potentials of H'/H, and even
fall below this potential under biaxial strain, which is not
desirable for catalytic applications. The band edges can be
tuned by increasing the pH to 7 or 14, as show in Fig. 14.
Indeed, for the mechanically stable 1SO/3TO and 3SO/3TO
superlattices, which exhibit an optimal band gap value at 4%
biaxial tensile strain, the VBM and CBM edges are well aligned
with the water redox potentials, making them promising for
photocatalytic applications.

4. Conclusions

In this study, we have systematically investigated the effects of
biaxial strain on the structural, electronic, and photocatalytic
properties of (SnO,)q,/(TiO,),) superlattices using DFT
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Fig. 14 Band edges alignment for 1SO/3TO (left) and 3SO/3TO (right) superlattices under biaxial tensile and compressive strains when pH equal O (upper
part), 7 (middle part) and 14 (bottom part). The horizontal dashed lines are the water redox potentials.

calculations. Our findings demonstrate that these superlattices
exhibit excellent mechanical stability according to the Born’s
criteria and reveal that stacking periodicity (1, m) presents the
highest bulk modulus, Poisson’s ratio and Debye temperature
values. Phonon dispersion analysis shows that the 3SO/1TO
superlattice maintains dynamic stability under both tensile and
compressive strains ranging from —5% to 5%, while other
superlattices remain stable within the range of —3% to 4%.
For all the considered superlattices, the band gap is effectively
tuned by tensile strain. For instance, the tunability of the band
gap with strain is particularly noteworthy, with a range from
3.34 eV to 2.54 eV under tensile strains for the 1SO/3TO super-
lattice, which also exhibits high carrier mobility. Our analysis
further highlights the potential of these superlattices as effi-
cient photocatalysts for water splitting, as indicated by favor-
able band edge alignments at different pH levels.

In summary, the incorporation of strain engineering in
(SnO,)(n)/(TiO,)(m) superlattices offers a promising avenue for
optimizing their properties for photocatalytic applications,
specifically in the realm of hydrogen production from water
splitting.
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