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First-principles calculations based on density-functional theory have been used to investigate the effect
of biaxial strain and oxygen vacancy on the electronic, photocatalytic, and electrocatalytic properties of
PbTiOz oxide. Our results show that PbTiOs has a high exciton binding energy and a band gap that can be
easily moderated with different strain regimes. From a reactivity viewpoint, the highly exothermic adsorp-

Received 17th May 2023,
Accepted 2nd August 2023

DOI: 10.1039/d3dt01478a

tion of hydrogen atoms in both pristine and strained PbTiO3 structures does not make it a potential elec-
trocatalyst for the hydrogen evolution reaction. Fortunately, the presence of oxygen vacancies on the
PbTiO surface induces moderate adsorption energies, making the reduced PbTiOs suitable for hydrogen
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1 Introduction

The current energy crisis has put on the table the urgency to
find and use alternative energy resources utilizing sustainable
and clean solar energy. Photovoltaic, water splitting, and
photothermal methods could be some of the solutions.
However, all of them need appropriate materials with suitable
electronic and optical properties. For photocatalytic (PV) appli-
cations, for instance, to have the capacity to harvest solar
energy, the material should have a high light absorption (~10°
ecm™' for >1.4 eV)."* A low carrier recombination loss and
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efficient carrier collection efficiency are also prerequisites, as
well as a long optical path, to promote photon recycling.” On
the other hand, to be used as a photocatalyst (PC),* the
material should achieve reasonable reaction rates, generate
charge carriers, and guarantee the surface sites for hole-
mediated oxidation or electron-mediated reduction. For both
applications, the semiconductor should also be abundant,
which limits the range of PV/PC materials. This fact, however,
could be overcome if the properties of the material were modu-
lated. In semiconductor production, doping is one of the most
feasible methods to modulate its electronic properties.” The
electronic band gap can be increased by anion or cation substi-
tution; however, this method is not easy to control® because
many reactions could happen due to low solubility. Atomic
substitutions can also create inappropriate structural distor-
tions of the material,” making it unsuitable for PC appli-
cations. To modulate a PC material, an electric field, and a
strain-induced band-gap could also be efficiently used.®’
Ferroelectric materials have recently attracted a lot of atten-
tion in research due to their use in solar conversion as well as
photocatalyst materials for water splitting to produce H,, or
for CO, reduction. These materials allow the external control
of the internal electric fields and injection barriers, which lie
at the heart of the PC mechanism.? Sandwiched between elec-
trodes, their properties can be modified by sun-light-generated
photo-excited charge carriers, which activate a polarization-
induced internal electric field. This field helps to separate the
photo-excited charges (electrons and holes), due to Schottky
barriers,'® which deplete the ferroelectric layers. This also
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induces opposite transport directions of positive and negative
charges in the electric field, making ferroelectric materials candi-
dates for light absorbers and photocatalysts with the potential
capacity to realize directed separation of photogenerated electron—-
hole pairs. The most interesting ferroelectric materials crystallize
in a perovskite-type structure, such as BaTiO;,'' PbTiO;,"* and
BiFeO;."” PbTiO; at ambient conditions has a tetragonal crystal
structure described by space group Pamm (Cg).**° 1t is rep-
resented in Fig. 1. It has been shown that in PbTIO; ferroelectric
polarization can activate the photocatalytic activity."” The ferroe-
lectricity in PbTiO; is generated by spontaneous dipole moments
originating from the displacements of Pb and Ti atoms in oppo-
site directions to the typical positions of a perovskite. As a conse-
quence, the TiOg octahedron is highly distorted inducing a crystal
polarization.

So far, many ferroelectric semiconductors and their compo-
sites have been investigated for their interesting optical pro-
perties. They are considered as promising candidates for light-
absorbing materials for applications in solar energy conversion
devices. Nevertheless, they exhibit a wide band gap (3-5 eV).
So the domain of light absorption is restrained in the ultra-
violet (UV) region, so, they have a low efficiency."® Since UV
light comprises only 8% of the solar spectrum, new materials
with a smaller band gap and large polarization would be
highly desirable. PbTiO; could be one of the most promising
electrocatalytic materials. It has also been widely used to fabri-
cate various microelectronic and optoelectronic devices,
including non-volatile ferroelectric random access memories,
microsensors, microactuators, integrated capacitors, and
electro-optic modulators.'® However, there are some concerns
about the use of PbTiO; for applications because of the poten-
tial toxicity of lead oxides. But these concerns have been
resolved in a recent study where it was shown that potential
toxicity could be avoided by adding a transparent phosphate
salt (NH,HPO,) to the devices.”® The salt will react with the
lead, forming a highly insoluble compound, without alternat-
ing the advantageous optoelectronic properties of PbTiO;. As a
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consequence, several theoretical and experimental studies
have been carried out on this material. Xue et al.>! investigated
two-dimensional (2D) PbTiO; films and discovered that
surface modification modeling its ferroelectric and polarisable
properties allows for functionalization. Its optical properties
were also tuned by doping with copper doping®* or with rare-
earth elements.”® ZnO (1210)/PbTiO; (001) heterostructures,
band alignments, and polarization properties were studied.”*
Lattice distortions,”” thermal expansion,*® and vibrational pro-
perties were studied*”*® for bulk and thin layers.>**° Despite
enormous efforts to study the electronic properties of PbTiO3,
its photo/electrocatalytic properties are still in their early
stages, and the resulting effects are less explored. Additionally,
most of these studies focus on its cubic structure, rather than
its stable tetragonal structure.

Another relevant fact for photoelectric applications is the
exciton-binding energy (E,) coming from the bound of elec-
tron-hole pairs. Low E;, semiconductors are more prone to
spontaneous exciton dissociation and are therefore preferred
for photovoltaic applications such as solar cells.*" In particu-
lar, effective exciton accumulation is an essential precondition
for gaining advanced energy-transfer-initiated photocatalysis.
This is because excitons can serve as photoinducedspecies that
dominate photoexcitation properties involving energy transfer,
opening up an alternative pathway for realizing versatile photo-
catalytic solar-energy conversion.®> In particular, high E,
interfacial energy level offsets are required to drive exciton dis-
sociation into free charge carriers at the donor/acceptor inter-
faces, resulting in an extra energy loss. A high E;, can also
improve charge generation yields and thus photocatalytic
activities."” Our interest in this paper is to study how to
improve the electronic properties and excitonic binding effect
in tetragonal PbTiO;. Tuning the value of the electronic band
gap can be a critical step in incorporating a charge-carrier-
involved photocatalytic reaction. We will use lattice strain/
single oxygen vacancy site as a route to control the band-gap
energy.”’

Fig. 1 The crystal structure of the tetragonal phase of PbTiOs. Dark green, light blue, and white spheres represent Pb, Ti, and O atoms. (a) (001) pro-
jection showing Pb—O and Sn—0O bonds. (b) Perspective showing the TiOg distorted octahedron.
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Computer simulations based on density-functional theory
are an efficient tool for studying the influence of lattice strain,
defects, heteroatoms, doping, and surface/interface building
on the photocatalytic performance of materials.>*™*° Using this
method, Zhao et al.*' demonstrated that the application of
tensile strains could improve the hydrogen evolution reaction
(HER) activity of an h-B,O monolayer to reach low hydrogen
coverage. Knowing that the polarization in the (110) slab is
more significant than that of the (001) slab,** we have chosen
to analyze the second one. This choice has been made in order
to minimize the effect of polarization and favor only analyzing
the role of strains or the single oxygen vacancy in the photo-
catalytic properties of PbTiO;. In addition, the PbTiO; (001)
surface includes two neutral planes, PbO and TiO,, which
respective surface energies are 0.717 and 0.633 ] m™>. In con-
trast, the PbTiO; (110) surface consists of two charged planes,
O, and PbTiO; (with surface energies of 2.747 and 2.357 ]
m~?). Therefore, both terminations of the (001) surface are
more stable than those of the (110) surface in view of energy
minimization.** Thus, as bottlenecks of catalytic application,
we will briefly analyze how hydrogen reacts with the surface of
pristine, defective, and strained slabs of PbTiO;. For this task,
we will use two slabs, the first is a PbTiO3(001)-(2 x 2) TiO,-ter-
minated and the second as PbTiO3(001)-(2 x 2) PbO-termi-
nated. The latter has the lowest surface energy among all poss-
ible cleavages including higher-index planes. Attempts were
already made to analyze HER on PbTiO;, but they were
focused on the effects of oxygen vacancy (O,)** or ferroelectric
polarization."” The use of oxygen vacancy (Vo) demonstrated
its efficacy for active sites for reaction participation, which
improves light harvesting and charge carrier concentration
with better charge separation. Notably, it was shown that
without the use of Vo, it is thermodynamically difficult to dis-
sociate H atoms from water molecules.** This dissociation is
mandatory to get H, molecules. This conclusion was also elu-
cidated from experiments.'” In this paper, we aim to see the
influence of both strain and the vacancy sites Vo, on the
surface of PbTiO; on its electrocatalytic properties (see the
ESIt for the study of defect Vg structure). We have analyzed
the HER activity and decided which is the more favorable
route to activate the sites of PbTiO;. In this way, we can
analyze which configuration can provide the necessary energy
to hold hydrogen species in place on the surface of PbTiO;
material. The second part of the paper deals with the calcu-
lation of the excitonic binding energy essential.

2 Computational details

This work analyzes tetragonal bulk lead titanate PbTiO; and a
slab geometry with (001) surface normal and polarization axis.
To isolate periodic slabs, we introduced a vacuum of 15 A. A
dipole correction in the center of the vacuum is also used in
order to get rid of the artificial electrical field and the non-
physical dipole-dipole interactions among slabs in the z direc-
tion. Calculations were based on density-functional theory

This journal is © The Royal Society of Chemistry 2023
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(DFT)*® and implemented with the Vienna ab initio simulation
code (VASP).*® VASP provides a suite of tools and algorithms to
solve the Kohn-Sham equations, which describe the quantum
mechanical behavior of electrons in a solid. We used a DFT-D3
approach including a Becke-Jonhson damping®”*® simulating
the dispersion corrections of Grimme. The interactions
between the valence and the frozen core electrons were simu-
lated with the projector augmented wave (PAW) method,*® and
electron exchange and correlations were treated within the
generalized-gradient approximation (GGA).”® The occupation
of Kohn-Sham orbitals was smeared with a 0.1 eV width
according to the first-order Methfessel-Paxton scheme.’ The
structures were first subject to optimization for forces lower
than 0.005 eV A™". Plane-wave basis sets with a kinetic energy
cutoff of 520 eV were used. The orbitals are sampled as regular
12 x 12 x 11 mesh centered at I point of the Brillouin zone.

In order to counteract the problems associated with the
DFT-self-interaction error, which can artificially delocalize the
on-site coulombic interactions of d- in the Ti atoms and
oxygen 2p subspaces in PbTiO; affecting both structural and
electronic  properties,”> a GGA+U methodology was
employed.”® For our non-magnetic oxide compounds, the
Hubbard correction (U = U — J) was tested and converged for
U =6 eV for Ti 3d, U = 2 eV for O 2p states and J = 2 eV (see
Fig. S1 the ESIt). Where U and J correspond respectively to
Hubbard and Hund’s corrections.’® The band structures were
calculated by and GGA+U approach. The phonon dispersion
calculations were achieved usingthe supercell method®* and
were integrated into the free software Phonopy.>> Mechanical
properties were calculated using the stress-strain analysis
methodology developed in the VaspKit toolkit® integrated
with the VASP code. To investigate the effect of strains and
defect®” single oxygen vacancy on tetragonal PbTiOs, a biaxial
compression regime was selected. This regime has been
recently reported as one of the most efficient ways to modulate
the electronic character of most materials. A strain (¢) con-
dition was utilized as oxy=“_* where q, and a correspond to
equilibrium and strained lattice values,’® respectively.

To estimate the exciton binding effect, we used a many-
body perturbation theory with the GW approximation.>>*® In
the GW@PBE approximation, the electronic self-energy is
approximated by a product of the single-particle Green’s func-
tion (G) and the screened Coulomb potential (W). We carefully
tested the grid of calculations, the energy cutoff of the
response functions E., and the number of empty states N in
order to converge GW calculations. Due to the error cancella-
tion related to this kind of test, band-gap converges were
employed.®" On top of the GW quasiparticle band structure,
the excitonic properties are determined by solving the Bethe-
Salpeter equation (BSE)®* using the Tamm-Dancoff approxi-
mation®® in which local-field effects are included at the
Hartree level only. The indirect transitions are not included in
the present study. The frequency-dependent dielectric function
was calculated using single-shot GW (Go,W,),**® the indepen-
dent particle method (IPA),°*®” the random phase approxi-
mation (RPA),*® and the BSE approximation.

Dalton Trans., 2023, 52, 1965-11980 | 11967
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To explore the photocatalytic properties of the PbTiO;
material, a nonpolar 7 x (2 x 2) slab in the (001) direction has
been built. As in the benchmark study of Eglitis and
vanderbilt,*® we have considered both PbO and TiO, surface
terminations. In order to select the size of the slab models, we
have estimated the cleavage energy at 1.30 eV per cell for
different slab thickness. Surfaces with the two possible termin-
ations arise simultaneously under cleavage and the relevant
cleavage energy is distributed equally between both surfaces.
The slabs consist of seven alternating TiO, and PbO layers,
respectively (see Fig. 2). It is noticeable that to have adequate
polarization, the GGA+U has been used to relax the ferroelec-
tric surfaces. Obviously, in this work, the polarization is fixed
to out-of-plane downward polarization’® to untangle and
capture the essence of the effect of the strain on the catalytic
properties of the investigated structures. The bulk region has
been chosen to be two lattice constants thick. We have allowed
the atoms located in the two outermost surface layers to relax
along the three axes. The surface atoms in the slabs were fixed
in their positions, while the atoms within the bulk layers were
allowed to relax during the calculations. For example, on the
PbO-terminated surface, the top view reveals a repeating
pattern of Pb and O atoms. The topmost layer consists of
oxygen (O) atoms arranged in a square lattice. The Ti-O, layer
is located below the Pb-O layer, forming a grid-like pattern. At
both ends of the surface cell, the topmost Pb-O layer and Ti-
0, layer were allowed to move freely in all directions, while the
underlying Pb-O and Ti-O, layers were kept fixed (specifically,
the three Pb-O and two Ti-O, layers in the middle of the
surface cell). On the other hand, the TiO,-terminated slab
exhibits a top view with a repeating arrangement of Ti and O
atoms. Each Ti atom is surrounded by four O atoms, creating a
coordination environment characteristic of TiO,. In this case,
the topmost Ti-O, layer and the following Pb-O layer were
allowed to move, while the underlying PbO layer and the
remaining TiO, layers were fixed. To reach energy minimiz-
ation, we have derived the surface energy of the unrelaxed
surface (y,) from a single-point calculation of the pristine
surface before relaxation, via the following equation:

Eglab,u — Ebuk
}/u: slal UZA ulk (1)

Egab,u Tepresents the total energy of the non-relaxed slab,
whereas, the Ey, is the total energy of the bulk, which con-
tains the same number of formula units as the slab. The A

(a) @ @ @ @° @
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Fig. 2 Schematic illustration of the supercell geometries for the two differently terminate

terminated.
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parameter represents the surface area of one side of the slab.
As this slab model does not produce an isolated relaxed
surface and both sides of the symmetric stoichiometric slabs
are considered in the calculation of the energy, their surface
energies (y;) and (y,), for the relaxed and unrelaxed sides,
respectively, are related by the following equation:

A

(2)

YrtYu=

where Eg,p,r is the slab total energy after relaxation. In this
manner, we have taken the averaged surface energy (Eguf) to
characterize the stability of our investigated slabs. We have
found an average surface energy (Es.f) equal to 0.94 eV per
unit-cell, in fear agreement with that found by Meyer et al.”*
for the tetragonal structure of PbTiO; with Eg,r = 0.97 €V per
unit-cell.

HER is a multistep process that takes place on the surface
of the catalyst, and there are two proposed mechanisms:
Volmer-Heyrovsky and Volmer-Tafel. These mechanisms
describe the hydrogen atom adsorption and hydrogen mole-
cule desorption reactions among an initial, an intermediate
adsorbed state, and a final product state (see section 4).
Because the initial and final states in HER are equivalent at
equilibrium reduction the Gibbs free energy of the intermedi-
ate state, |AGy|, is considered as a descriptor of this process.
In the diffidence of Helmholtz Free energy is defined as the
difference between the internal energy (U) and the product of
the absolute temperature (T) and the entropy (S) of a system.
Gibbs free energy is the difference between the enthalpy (H)
and the product of the absolute temperature (7) and the
entropy (S) of a system. The Gibbs free energy corresponding
to reactants and products at standard conditions is calculated
using the method proposed by Nerskov et al.”> In this frame-
work, the electronic structure of the catalyst allows for the cal-
culation of the free energy of the reaction based on the adsorp-
tion energies of the reaction intermediates:

AGy. = AH — TAS + AEZE (3)

The three terms, AH, TAS, and AE“"® denote, respectively,
enthalpy, entropic contributions, and zero-point energies. The
three quantities are easily derived from standard thermo-
dynamic vibrational frequency calculations’ (see ESIf for the
detailed formulation).

The binding energy, which describes the strength of the
adsorption of hydrogen atoms, was evaluated as follows: E,45 =

- (b)

o,e o@ o@ o@

@, o@ o@ c@ o (T

o~e o@ o@ o@ © a
® co® o®@ o@® o@L
oe o,@ 00 oe o c

o

PbTiOs (001) surfaces, (a) PbO-terminated and (b) TiO,-
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Egabiti — Eglan — 2E(H,). Where Egapigq and Egp, are the total
energy with and without hydrogen atoms, respectively.
Furthermore, lattice-dynamics calculations were performed
within the density-functional perturbation theory (DFPT)
implemented in VASP using the direct-force constant approach
(or supercell method) to study the phonon dispersion curves
including the vibrational modes at the I" point of the Brillouin
Zone.”* The phonon dispersion spectra were evaluated and
plotted using the toolkit available through the Phonopy””
open-source code. Due to the ionic trend of the investigated
compounds and in order to remove the degeneracy between
the LO and TO phonons at the Brillouin zone center, the LO-
TO splitting was taken into account on a 3 x 3 x 3 supercell,
and this calculation was done on a grid of 4 x 4 x 3.

3 Results and discussion
3.1 The properties of tetragonal PbTiO;

3.1.1 Structural properties and stability. We have opti-
mized the tetragonal crystal structure of PbTiO; (space group
P4mm). From total-energy calculations, we also obtained the
Bulk modulus (B,) and its pressure derivative B',. The opti-
mized lattice and equation of state parameters are gathered
together in Table 1 where they are compared with previous
experiments'>'®”® and calculations.”®’” The agreement with
previous studies is good. In addition, the calculated bulk
modulus (59.22 GPa) agrees well with previous experiments (B,
= 60 GPa),”® giving a match the better description of the bulk
modulus than previous computing simulations; B, = 35 ’° and
B, = 135 GPa.?® Due to the good agreement between our calcu-
lations and experiment, we can claim that our GGA+U optimiz-
ation describes well the crystal structure and mechanical pro-
perties on tetragonal PbTiO;. We cannot exclude some overes-
timation of the c lattice parameter and the conventional trend
of the use of the GGA calculations. However, the result shows a
better agreement with the experiment than the calculated ones
by the same approximation as ref. 28.

We have also calculated the phonon dispersion of tetra-
gonal PbTiO; to check its dynamical stability. We present in
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Fig. S2 of the ESIf the result along the corresponding
Brillouin zone. We also include in the figure the calculated
phonon density of states (PhDOS). A global view of the full
phonon dispersion spectrum probes the absence of imaginary
branches, supporting the dynamical stability of tetragonal
PbTiO;.%" The unit cell has five atoms, so there are 15
vibrational modes. These modes obey the following factor
group analysis at the I' point: Iacoustic + Loptic = (A1 + E) + (34, +
B, + 4E). Three modes are acoustic vibration (one A; and one
E) and twelve are optic vibrations (3A; + B; + 4E). The modes E
are doublets. The optical A; and E modes are both Raman and
IR active, while the B; mode is only Raman active. Table 2
summarizes the calculated modes compared with previous
studies. Our calculated modes are in good agreement with pre-
vious calculations,®” with some small differences in phonon
frequencies due to different exchange correlations used. The
comparison with experiments®® is also very good, with a differ-
ence below 15% which is comparable to typical differences
between calculated and measured phonon frequencies in
ternary oxides.®® From the PhDOS it can be concluded that the
lowest frequency optical mode corresponds to movements of
Pb atoms, while the rest of the modes are associated with
vibrations of the TiOg octahedron.

The elastic constants (C;) of PbTiO; have been also calcu-
lated. In its tetragonal crystal structure, the elastic constants
may be reduced to six independent elastic components,®®

Table 2 Calculated phonon modes as well as their assignment and
activity compared to the literature

o (em™) o (em™) o (em™)
Symmetry Theory Experiment Calculations Activity
This work Ref. 83 Ref. 82
E 84.38 88 94.48 R/IR
Ay 146.18 149 152.51 R/IR
E 190.36 220 211.0 R/IR
B, 263.56 289 270.86 R
E 266.13 289 273.08 R/IR
A, 364.09 359 367.41 R/IR
E 471.09 506 494.49 R/IR
A, 675.34 644 678.54 R/IR

Table 1 Calculated lattice parameters, bulk modulus (Bo in GPa) and its derivative (B'g), and elastic constants. The bulk modulus B (in GPa), shear
modulus G (in GPa), Young modulus E (in GPa), Vickers hardness HV (in GPa), B/G ratio, obtained from the elastic constants using Voigt, Reuss, and
Hill approximations are also included. Results are compared with the literature

a (A) c(d) By B Cut Ci2 Cis Css Caa Ceo
GGA+U (this work) 3.91 4.34 59.22 3.41 214.16 93.16 61.75 30.45 43.13 94.50
Experiment (ref. 16) 3.90 4.16 — — — — — — —
Experiment (ref. 76) — — — — 235 105 101 98 65 104
Experiment (ref. 15) 3.986 4.026 — — — — — — —
Theor (ref. 77) 3.87 4.07 — — — — — — — —
Theor (ref. 19) — — — — 229.00 95.60 64.30 41.20 47.20 98.60
GGA+U (ref. 28) 3.85 4.72 — —

B G E v BIG HV
Voigt 99.122 52.293 133.417 0.276 1.896 6.529
Reuss 14.289 11.996 28.118 0.172 1.191 3.942
Hill 56.706 32.144 81.108 99.565 1.764 4.802

This journal is © The Royal Society of Chemistry 2023
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which are summarized in Table 1. The results fulfill the Born

stability criteria for tetragonal structures given in eqn (4):*¢%®

Cii > C12,2C13° < C33(Ci1 + C12),Caq > 0,Ce6 > 0 (4)

Thus, the tetragonal structure is also mechanically stable at
zero pressure. From the elastic constants, using the Voig,*
Reuss,” and Hill®* approximations, we have calculated, the
bulk (B), shear (G), and young (E) modulus. We have also deter-
mined the Poisson ratio (v), anisotropy ratio (B/G), and Vickers
hardness (HV). Results are given in Table 1. Our elastic con-
stants are compatible with previous experiments and calcu-
lations as can be seen in Table 1. Notice that Cy, is larger than
the other calculated C; components. In particular, Cy; is 7
times larger than C;; which is indicative of an anisotropic
response to compression, being the c-axis the most compressi-
ble direction. In the same manner, C;; is 2 times larger than
the C,,, which makes PbTiO; in the ab-plane more compressi-
ble along the (100)/(010) directions than along the (110) direc-
tion. On top of that C,4 < Ces, which indicates that the [010]
(001) shear is easier than the [100](010) shear. A consequence
of it is the fact that the shear modulus is much smaller than
the bulk and young modulus E (see Table 1). On the other
hand, when the bulk modulus obtained from an elastic con-
stant is compared with experiments (B, = 60 GPa)’® and the
value obtained from our total-energy calculations (B, = 59.2
GPa), it can be seen from Table 1, that the Hill approximation
(which gives B = 56.7 GPa) describes more accurately the bulk
modulus than the Voigt and Hill approximations. According to
the Hill approximation, the ratio of (B/G) is 1.764, which is
very close to the value proposed by Pugh (1.75)°* to discrimi-
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nate between a brittle and a ductile behavior of materials.
Thus PbTiO; cannot be described either as brittle or a ductile.
Finally, the values obtained for the Vickers hardness HV
suggest that the investigated compound has a similar hardness
to Apatite and other phosphates.”?

3.1.2 Electronic properties. Due to the 3d> electronic con-
figuration of Ti atoms, the oxygen 2p subspaces in O atoms
and the lack of inversion symmetry in the investigated com-
pound, the effect of spin-orbit coupling (SOC) could be par-
ticularly relevant in the electronic properties. To analyze this
effect, we have used the GGA+U method with and without
including the SOC effect, to calculate the band structure as
well as the partial electronic density of states (PDOS). We
should note that we have used the same optimized unit-cell
obtained from GGA+U calculations. Fig. 3 presents both the
GGA+U and GGA+U+SOC calculations of the band structure
along the high-symmetry directions of the Brillouin zone (BZ).
In both cases, the band structure has a phonon-assisted indir-
ect band gap. As shown in Fig. 3, we have found that SOC has
a minor effect, affecting only the conduction band minimum
(CBM) along the R — Z and ' —» M directions. As a conse-
quence, the spin-orbit coupling has little influence on the
electronic properties, with a slight splitting equal to 20 meV
(see Table 3 and Fig. S3 in the ESI}). This phenomenon is due
to the Rashba-Dresselhaus effect.”* Even though the splitting
is present in the upper level of the condition band, the flat
level (I' - Z) dispersion of the CBM seems not to be affected
by SOC. The value of the indirect band-gap energy is, respect-
ively E(GGA+U+SOC) = 2.93 and E,(GGA+U) = 2.95 eV. Both
values agree well with the recently reported experimental
band-gap value of 3.097 eV.>* The band gap was also calculated
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Fig. 3 Band structure calculated using the GGA+U. The green line shows the band structure calculated without the SOC correction and the red

one the band structure calculated including the SOC correction.
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Table 3 Calculated band gap of PbTiOz using GGA+U, GGA+U+SOC, and GoW,. The results are compared to previous theoretical and experimental
results. The table also contains the effective masses of the holes (my,(mg)) and electrons (m; (mo)), the recombination rate (my, /my ), and the
exciton binding energy (Ey,) (meV). The values WM and BSE correspond to those calculated using the two-band Wannier—Mott and quasi-particle-BSE
correction model. The macroscopic dielectric function e,, has been computed within the standard random-phase approximation (RPA), and the
effective masses of carriers have been extracted from band structures of the Wannier function. (0%) and (+5%) correspond respectively to pristine
and stained structures. The effective masses, the macroscopic dielectric function ¢,, and the exciton binding energy (Ey) are calculated with the

GoW, approach

Eg (eV) my, (mo) m, (mg) my/m, oo Ey, (meV)
(0%) 2.95 1.19% 0.87” 2.07°, 1.68¢ 0.46 6.99 185"M/1725%F
(=5%) 2.63 1.07%, 1.25% 2.46°, 1.09%, 73.64¢ 0.045 6.44 360"™/32055E
(+5%) 2.93 1.85% 1.68" 1.637,1.67% 1.67 6.66 261"M
Vo 1.30 2.25",10.51° 0.77/, 2.70*% 3.66 18.72 53WM
GGA+U+SOC (0%) 2.93 — — — — —
GoW, (0%) 2.89 — — — — —
Exprt>* (0%) 3.097 — — — — —

“ Corresponds to the X — M direction. ? Corresponds to the X — I direction. ° Corresponds to the Z — A direction. ¢ Corresponds to the Z - R
direction. ® Corresponds to the Z - T’ direction.fCOrresponds to the I' — X direction. ¢ Corresponds to the I' - M direction. * Corresponds to the
A — Z direction. ' Corresponds to the A — R direction.” Corresponds to the M — X direction. * Corresponds to the A — T" direction.

within the GW approach. The obtained value is 2.89 eV (see
Table 3 for a comparison of different results). This prediction
is less accurate than the GGA+U one.

The fundamental band gap of PbTiO; has an indirect
nature, being the maximum of the valence band at the X point
of the BZ and the minimum of the conduction band at the I'
of the BZ. To deeply understand the contribution of each
orbital in the band structure, we will continue our consider-
ations from the examination of the PDOs calculated using
GGA+U+SOC; see Fig. 4. Surprisingly, the 6s>-Pb orbitals play a
dominant role. In fact, the investigated compound adopts a
Ti*"Pb*>" 0>~ configuration, so its Pb atoms have a d'°s® p° elec-
tronic configuration. This fact creates a stereo-active lone elec-
tron pair rationalized by the stabilization caused by a localized
hybridization of the occupied s> and empty p° valence orbitals.
This phenomenon leads to an on-site second-order Jahn-
Teller effect,” leading to the above-described strong distortion
in the TiOg coordination octahedron. The 6s>-Pb orbitals play
a key role in the electronic properties of the compound. The
PDOS plot also reveals that the electronic configuration of
PbTiO; is governed by an O-p state near the Fermi level (Eg),
hybridized with the Ti-d one. In contrast, the plot hosts weak
contributions of d states of the lead atom near the Ey level.

3.2 The effect of bi-axial compressive strains

We will now discuss the effect of biaxial strains on the elec-
tronic properties. Due to the possible development of zone-
boundary instabilities®® in PbTiO;, and the phase transitions
that take place at 10 GPa,”®®” in calculations, the strain
applied in calculations is constrained to not exceed that value.
We present in Fig. 5(a) the evolution of both lattice parameters
and band-gap energy as a function of the bi-axial strain. To
make a comparison, we have also taken care to include the
effect of the hydrostatic strains. We have found that in both
hydrostatic and non-hydrostatic conditions, the band gap
undergoes a sharp reduction of ~0.5 eV (see Fig. 5(b), (c) and
also Fig. S5 in the ESIY). This result is related to the tetragonal

This journal is © The Royal Society of Chemistry 2023

symmetry, the piezoelectric trend,” as well as the strong aniso-
tropic behavior of PbTiO;. The hydrostatic compression in the
lattice constant ‘@’ from 0 to 10 GPa is about —5%, which is in
fair agreement with the result found when applying the o,
strain.

3.3 The excitonic binding energy

To gain deeper insight into the role of exciton binding energy
on the HER activity of PbTiO3, we have used two methods, an
estimation by means of calculations based on the Bethe-
Salpeter equation (BSE) and an estimation within the two-
band model of Wannier-Mott.”®*°° (Due to the enormous cost
of calculation, the estimation of exciton binding energy within
the Bethe-Salpeter equation has been made only for
unstrained structures and compared with those estimated by
the second method for strained ones.). We have employed the
many-electron GW method to calculate the quasi-particle ener-
gies and band gaps (E,). To obtain an accurate electronic struc-
ture, convergence tests have been carried out on the grid of
calculations (k grid), the number of empty states (N), and the
energy cutoff of the response functions (E,)."°° The effective
masses for the electrons (m; ) and holes (m ), relative to the
free electron mass (m,), have been estimated along the highly
symmetric k-path at band edges and depicted in Table 3.
According to Fig. S7 of the ESI,t there are 800 empty bands, a
dielectric cutoff energy of 600, and a grid of 4 x 4 x 3 are
sufficient for converging the BSE calculations.

The results of the calculated exciton-binding energies (E})
with both the BSE and Wannier-Mott models are summarized
in Table 3. We have found large exciton binding energies for
both zero pressure and strained structures. The large value of
exciton binding energy requires important energy to dissociate
the electron-hole pair, which in turn leads to high photo-
catalytic properties. We should note that the polaronic effects
are beyond the scope of our study. The exciton binding ener-
gies calculated by BSE are estimated by evaluating the energy
difference between the IPA-G,W, band gap and the first bright

Dalton Trans., 2023, 52, 1965-11980 | 11971
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GoW,@BSE eigenvalue (see the adsorption spectrum of Fig. S8 to the one calculated by the BSE correction, which suggests
in the ESI}). Notably, the E;, estimated within the Wannier- that the use of this method to calculate Ej, for strained struc-
Mott model by the effective mass approximation is very close tures does not diminish its consistency. Therefore, one can
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conclude that the application of strain increases the value of
Ey. This trend can be understood in terms of the increase in
local distortions in TiOs units. To check this hypothesis, we
have also applied a tensile strain to PbTiO;. The result has
shown qualitatively similar behavior to that under com-
pression on the electronic properties of the investigated
material, but the band gap decreased more weakly for tensile
deformations than in the case of compression; see Table 3.

3.4 Catalytic properties of PbTiO;

To evaluate the catalytic properties of PbTiO; slabs, we have
analyzed different possible adsorption sites of the H atom on
both PbO-terminated and TiO,-terminated surfaces including
the oxygen top site, titanium top site, oxygen-titanium bridge
site, and hollow site above the subsurface lead. Some possible
surface adsorption configurations considered are shown in
Fig. 6 and their adsorption energies are also displayed in
Table S1 of the ESI.T Evidently, the H atoms react favorably on
the top of the oxygen atom; however, the more dominant inter-
action is shown on the top of the Pb atom on the PbO-termi-
nated surface and the Ti atom on the TiO,-terminated surface.
However, during the relaxation process, we noticed that the
PbO-terminated surface is not stable with regard to hydrogen
adsorption. The DFT relaxation of the slab ended up with an
important local distortion, which drives the reduced surface
layer to undergo reconstruction. In most cases, we have a rapid
formation of the O-H bonds (see Fig. 7). This fact should
facilitate the formation of the water molecule during the Tafel
step. Tests were thus realized to check this trend by evaluating
the strength of the adsorption of the OH molecule on the PbO-
terminated surface. The energy adsorption has been found to

(4)

Fig. 6 The optimized adsorption states on the TiO,-terminated surface of the PbTiO5 slab.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 The formation of OH molecule on the Pb-terminated surface of
the PbTiOs3 slab.

equal ~—3 eV, an indication of the strong reactivity of the OH
molecule with this surface. O-H bond formation can lead to
the formation of adsorbed hydroxyl groups on the catalyst
surface. These hydroxyl groups can block the active sites of the
catalyst, reducing its efficiency and leading to catalyst de-
activation. This effect is particularly significant when the cata-
lyst material is susceptible to surface oxidation or when the

Dalton Trans., 2023, 52, 1965-11980 | 11973
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concentration of hydroxyl groups becomes high. This trend
explains why the most popular study method is the use of
vacancies to study the reactivity of hydrogen atoms on the
PbO-terminated surface of the PbTiO; slab (see work of ref. 44
and 17). This electrochemical instability is also mentioned
in.'”" In fact, the strong acid environment of this thermo-
dynamic state is not desirable for pH-universal HER cataly-
sis,”® which favors rather the study of TiO,—terminated sur-
faces for such a mechanism. Therefore, due to the fact that
catalytic stability is an important figure of merit for a stable
catalyst, only the TiO,-terminated surface will be considered
for the rest of the study.

As it is known, according to Nerskov et al,”® in an acidic
environment, the electrocatalytic HER can carry out the reac-
tion according to the Volmer-Heyrovsky/Tafel route, so, the
reaction at equilibrium state at standard conditions (1 atm,
298.15 K), will be done according to the initial state, G(* + H' +
e”), the intermediate state, G(H*), and the final state, G(* +
1H,). Where, * represents the active site of the catalyst.”>'**1%
The reaction equations involved in HER are then given as
follows:

% +H' 4+ e~ « Hx, (Volmer step) (5)
Hx* +H" 4+ e « *+ H,, (Heyrovsky step) (6)
*x +H, < 2Hx, (Tafel step) (7)

To characterize the HER, the Gibbs free energy of hydrogen
adsorption (AGy) was determined under standard con-

41(a)
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021 H +e 112H
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il ——tensile -5%
%‘ el —— pressure 5%
= 107 —— 0xygen vacanc
9 121
141 -1.48
161 67
18
2,01
e B L B
*
Fig. 8
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ditions.'®* Because the initial and final states are equivalent at
equilibrium reduction potential, U = 0, the Gibbs free energy
of the intermediate state, |AGy|, has been considered as a
major descriptor of the HER activity for a wide variety of cata-
lysts. Therefore, the optimum value of |AGy| should be zero
for a spontaneous reaction without an activation energy
barrier. Fig. 8 shows the calculated free-energy diagram. The
challenge behind plotting this figure is to search for an HER
with an ideal value of AGy close to zero; however, we must
keep in mind that an optimal catalyst for HER should be able
to bind hydrogen neither too strongly nor too weakly. >
AGy > 0 yields relatively slow kinetics in the process of hydro-
gen adsorption, while AGy < 0 gives relatively slow kinetics in
the process of H, release. For this reason, we display the
results of the more dominant configurations calculated for the
pristine TiO,—terminated surface together with the com-
pressed and tensile ones built from the +5% and —5% strained
tetragonal PbTiO; structures and the structure with defect Vo
site (The vacancy defect is located on the upper layer of the
surface of the interacted face.). We can show clearly that while
the HER activity is very close to zero for the Vg structure (see
Table S2 in the ESIf), the compressive strain, as well as the
tensile one, drives AGy to move toward a more negative value,
which could reduce the HER activity. The HER over-potential
seems better than that found for the BaTiO; slab modulated
by polarization states.”®'** This finding can be supported by
the experimental finding of ref. 17, where the experimental evi-
dence shows that the oxygen vacancies in PbTiO; show the
spontaneous formation of active sites during preparation pro-

(@) The Gibbs free-energy diagram of the HER on pristine, compressive, tensile, and defective TiO,-terminated surfaces at pH = 0.

Elementary reaction structures of HER on the TiO,-terminated surfaces. The adsorbed states are illustrated on top and perspective view for both (b)

and (c) strained and (d) and (e) defective Vo structures.

1974 | Dalton Trans., 2023, 52, 1965-11980
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cedures due to their lower formation energy. Furthermore, the
oxygen vacancies are mainly concentrated near the negatively
polarized facet (001) of PbTiO; due to their positive charges.
The treatment of the sample used with the shielding effect of
external ions on the polarization field induces the formation
of TiO, islands that could be selectively formed on the surface
of the positively polarized facet, which is the main reason for
the decrease in the overall photocatalytic activity of this
compound.

To elucidate the electronic charge made behind the adsorp-
tion of a hydrogen atom on the TiO,-terminated surface of the
PbTiO; material, we have plotted the partial density of state
(PDOS) at GGA+U level (see Fig. S10 and S11 of the ESIT). This
allows us to get an insight into the adsorption action caused
by strains and the defective site caused by Vo vacancy. While
the strain actions do not promote strong changes in electronic
configuration, the Vo, one causes a remarkable change both
structurally and electronically, which affects the process of
adsorption of H' species. The main difference between
strained and Vo PDOS is elucidated by the contribution of d-Ti
redistribution. In the Vg case, the PDOS becomes metallic with
strong d-Ti/O hybridization near the Fermi energy. In our situ-
ation, the neutral Vo reduces the neighboring cations Ti with
aliovalent substitution and fills partial holes in the O sp-band.
It is also shown that in the adsorption of H' species in the
pristine and strained slabs, the H" atom is bonded in a vertical
position on top of the Ti atom. However, it is rather inclined
in the case of the V, one. If we refer to what was elucidated in
the former sections, we see that both pristine and strained
structures have strong, exciting energy thus less chance of
being used for photocatalytic mechanisms. The calculated
adsorption energies also show strong adsorption of H' species
on their surfaces. Consequently, the HER reaction is not suit-
able for these cases. However, in the case of the Vg structure,
the incorporation of oxygen vacancies into our oxide showed a
decrease in the coordination number of active metal sites,
namely the Ti one, suggesting a delocalization of the electrons
neighboring oxygen vacancies, which facilitates the electron
transport from H' to the surface. Albeit, we have moderate
adsorption energy and a moderate Eg value, indicating that the
zero band gap active site is more favorable to the HER process
as well as photocatalytic applications.

4 Conclusions

In order to examine the catalytic properties as well as their
trend as regards bi-axial strain and the incorporation of
oxygen vacancy in tetragonal PbTiO;, density-functional theory
calculations have been carried out. Our results show the dyna-
mical and mechanical stability of the investigated compound
in its tetragonal structure (space group P4mm). The structure
of PbTiO; shows a lone pair in the Pb orbital; this induces a
polyhedral distortion by the on-site second-order Jahn-Teller
effect. The wide band gap is then easily tuned by bi-axial com-
pression. The applied bi-axial compression increases the dis-

This journal is © The Royal Society of Chemistry 2023
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tortion of the TiOg units and also the excitonic binding energy.
We have also checked the effect of an oxygen vacancy on the
bulk structure of PaTiO;. The formation energy has shown
favorable energy and a rearrangement of the electronic orbi-
tals. The electronic configuration changed from 3d° to 3d* and
is localized at the Fermi level. This results in a strong decrease
of the band gap. The defective V structure has shown a rather
moderate exciting binding energy value compared to the pris-
tine and strained structures.

In the second part of the work, we have simulated two
stabs, the former with a PbO-terminated surface and the
second with the TiO,-terminated one. The calculation of
adsorption energy has shown a strong distortion on the PbO-
terminated surface, which shows instability when the H atom
is adsorbed. These results lead us to dismiss this surface from
the analysis of the HER process. However, both pristine and
strained TiO,-terminated samples manifested strong adsorp-
tion on the H' species, which makes them not favorable for
the HER process. While the V surface shows a favorable HER,
we stipulate that due to the favorable condition, namely mod-
erate exciting binding energy necessary for photocatalytic
applications as well as the binding one as regards the reactivity
to H' species. In fact, higher exciting energy is typically associ-
ated with a higher rate of electron transfer, which can improve
the efficiency of HER. Alternatively, if the exciting energy
required for electron transfer is too high, the reaction may be
slower or inhibited. So, the Vg surface of PbTiO; with moder-
ately exciting binding energy is the more promising platform
for catalytic and photocatalytic reactions.
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