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Resumo

O presente trabalho apresenta um estudo das propriedades estruturais e eletronicas do
TiO,, Fe - doped Ti0,, Pt(111)/TiO4(hkl) interface, e Pt3(111)/TiO(hkl) interface,
sondando as propriedades fotocatliticas a partir de uma abordagem tedrica. O estudo
dos materiais tem como partida a caracterizagdo por difracdo de raio-X, onde foi in-
dexado picos relacionados as fases 70O, - anatase, 7'iO; - rutilo, e Pt. As fases anatase
e rutilo 79O, dopadas com Fe, Pt(111)/TiOy(hkl) interface, e Pt3(111)/TiOy(hkl)
interface, foram investigadas usando uma abordagem experimental e tedrica, e as fases
caracterizadas por difracdo de raios-X com refinamento Rietveld. As propriedades
eletronicas foram caracterizadas usando célculos DFT/ondas planas. A reacdo de di-
visdo da 4gua nas superficies anatase (0 1 0) T:O, e TiO,-F'e foi investigada. As energias
de ativagdo de 0,29 eV e 0,08 eV foram estimadas para estruturas de anatase pura 7705 e
anatase T1O,-Fe. A partir do refinamento de Rietveld, foram analisados as deformagdes
na rede cristalina das fases utilizando a andlise do ystrain, onde observa-se que a fase
T'i0, - anatase sofre maior deformacdo em relacdo a fase Pt, como pode ser observado
nos valores calculados de bulk modulus (By), visto que By_p; > By_ri0,. A simulagdo
do material ocorreu utilizando os pardmetros cristalogréficos obtidos previamente com
o refinamento de Rietveld. O estudo da interface Pt(1 1 1)/TiO.(h k I) foi realizado
considerando dois planos da fase 7iO,, (1 0 1) e (0 0 1), os quais foram observados
no refinamento de Rietveld. A partir da andlise de PDOS da interface, foi observado
um novo estado eletronico entre as bandas de valéncia e banda de conducéo da fase
Ti0,, atribuido a fase Pt. A modelagem tedrica da interface Pt3(1 1 1)/TiOy(h k I)
considerando a fragdo de aproximadamente 60% da fase 70, e 40% da fase FlasePt
determinada no refinamento Rietveld. A interface Pt3(1 1 1)/Ti0,(1 0 1) apresentou
a menor energia de ativa¢do para divisdo da molécula de hidrogénio de 0,19 eV com
carater exotérmico. Para a divisdo da dgua, ambas as interfaces Pt5(1 1 1)/TiO5(h k I)

apresentaram a mesma energia de ativagdo ~ 1,4 eV com carater endotérmico.

Palavras-chave: Refinamento de Rietveld, DFT, NEB, Interface Pt(1 1 1)/TiOy(h k 1),

Modelagem de Materiais.



Abstract

The present work presents a study of the structural and electronic properties of 700,
Fe - doped Ti0O,, Pt(111)/TiO4(hkl) interface, and Pt3(111)/TiOy(hkl) interface,
probing the photocatalytic properties from a theoretical approach. The study of the
materials starts with characterization by X-ray diffraction, where peaks related to
the phases 790, - anatase, 70, - rutile, and Pt were indexed. Anatase and rutile
phases of 71O, doped with Fe, Pt(1 1 1)/TiO,(hkl) interface, and Pt3(111)/TiO5(hkl)
interface were investigated using both experimental and theoretical approaches, and
the phases were characterized by X-ray diffraction with Rietveld refinement. Electronic
properties were characterized using DFT/plane-wave calculations. Water splitting
reaction on anatase surfaces (0 1 0) 770, and T70,-Fe was investigated. Activation
energies of 0.29 eV and 0.08 eV were estimated for pure anatase 770, and anatase
T'iO,-Fe structures. From Rietveld refinement, deformations in the crystal lattice of the
phases were analyzed using yustrain analysis, where it is observed that the anatase 70,
phase undergoes greater deformation compared to the Pt phase, as can be seen in the
calculated values of bulk modulus (By), since By_p; > By_ri0,. Material simulation was
carried out using the crystallographic parameters obtained previously with Rietveld
refinement. The study of the Pt(1 1 1)/TiO4(h k I) interface was conducted considering
two planes of the 7O, phase, (1 0 1) and (0 0 1), which were observed in the Rietveld
refinement. From the analysis of interface PDOS, a new electronic state between the
valence band and conduction band of the 7O, phase, attributed to the Pt phase, was
observed. Theoretical modeling of the Pt5(1 1 1)/TiOs(h k I) interface considering
approximately 60% of the T'iO, phase and 40% of the Pt phase determined in the
Rietveld refinement. The Pt3(1 1 1)/TiO5(1 0 1) interface showed the lowest activation
energy for hydrogen molecule splitting of 0.19 eV with exothermic character. For water
splitting, both interfaces Pt3(1 1 1)/TiO4(h k I) presented the same activation energy ~

1.4 eV with endothermic character.

Keywords: Rietveld Refinement, DFT, NEB, 70, Pt(1 11)/TO4(h k I) interface, Material
Modeling.
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1

INTRODUCTION

The global worry for sustainable energy solutions has been a long discussion due
to the environmental impacts of fossil fuel consumption and Human impacts. Renew-
able energy resources have emerged as a transition priority towards a more sustainable
energy future [1, 2]. Solar energy, green fuel, and wind energy hold immense promise
as alternatives for the energy matrix. However, the nature of each resource necessitates
innovative approaches to energy conversion, storage, and utilization for global use [3-5].
One of the renewable energy research is the development of efficient and cost-effective
materials for converting solar energy into electricity or storable fuels [6, 7]. Water
splitting is a direct conversion of solar energy into clean fuels such as hydrogen and
oxygen [8, 9]. Oxygen and hydrogen gas can be obtained from water splitting. Basset et
al. [10] studied photocatalytic O, and H, reactions on the 7O, surface. The authors [10]
performed first-principles computations based on the density functional theory (DFT)
and determined that the reaction depends on hole/electron effective masses, the (1 1
0) TiO, anatase plane presented hole mobility to the O,/ H,O potential, and the (0 0 1)
plane showed electron mobility to the H+/H,O potential. Due to the 3.2 eV and 3.0 eV
band gap values for the anatase and rutile phases, respectively, 770, cannot use the
solar spectrum efficiently. An alternative approach to band gap engineering is doping
with metallic or non-metallic atoms [11-14]. Through an experimental study and DFT
calculations, Cen et al. [15] investigated C'O, conversion to CO using Mn-doped 1O,
anatase. According to the authors [15], DFT calculations demonstrated that doping

could promote surface vacancy formation and change the material’s light response



Chapter 1. Introduction 19

range. Sui et al. [16] studied photocatalytic H; evolution on anatase 72O, through trans-
mission electron microscopy (TEM) and DFT calculations. The authors [16] reported
a self-hydrogenated shell generated around 7i0O, nanoparticles when applying UV
irradiation.

Titanium dioxide (7'i0;), a widely studied semiconductor, offers unique advan-
tages such as high stability, low cost, and environmental compatibility, making it an
attractive material for renewable energy applications [17-19]. The first work on the elec-
trochemical photolysis of water in the presence of platinum and 7O electrodes under
ultraviolet light was described by Fujishima and Honda [20]. Yang et al. [21] studied
water splitting on 7O, anatase using temperature-programmed-desorption (TPD) and
time-of-flight (TOF) methods. According to the authors [21], water splitting occurs on
the surface of 77O, anatase under irradiation of 266 nm; the first product is OH", and
then the H species is formed by the presence of OH" on the surface. Yamazaki et al. [22]
reported the morphological change of the 7O, rutile from nanorods to nanoparticles
on the photocatalytic activity for the oxygen evolution reaction from water oxidation.
Through time-resolved microwave conductivity measurements, the authors [22] ob-
served that the recombination of the photogenerated carriers occurs more easily on the
Ti0, nanorod surface. However, the practical use of pure 70, in energy conversion
processes is limited by its band gap value, which restricts its absorption of solar radia-
tion. Thus, T70,-based materials exhibit small efficiency in the use of solar energy [23].
Therefore, research has explored various strategies to enhance the optical, structural,
and electronic properties of 770,, with a particular focus on band gap engineering
through doping with metallic atoms [24-26] or metal /T":O, interfaces [27, 28].

The process of introducing impurities into the crystal lattice of a pure (intrinsic)
semiconductor at a low level is known as doping. The added impurity atom is called a
dopant atom, and its presence in the crystal can alter the electrical and optical properties
of the material. A doped semiconductor is referred to as an extrinsic semiconductor
[29-31]. Doping of TiO, with metallic or non-metallic atoms offers a strategy to modify
its electronic properties as a band gap and enhance its photocatalytic performance

for water splitting and other catalytic reactions [32-34]. Among dopants, the iron
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(Fe) atom can tune the electronic and structural properties of 70,, enhancing its
utility in renewable energy applications. F'e doping has emerged in interest due to its
abundance, low cost, and ability to tune the electronic properties of materials, promoting
surface vacancy formation and introducing new electronic states into the 70O, band
gap [26, 35, 36]. A photocatalyst with a suitable band gap can be modified according to
interest, and the overall efficiency of photoconversion can be improved. Band gap can
be modified according to the lattice constant, composition, and morphology. Pereira et
al. [37] studied the effect of 770, nanotube morphology with deposit ZnS nanoparticles
through a theoretical and experimental approach. The Rietveld refinement showed that
it is possible to deposit ZnS along the 7O, nanotube, and band structure calculations
showed a decrease in the band gap values. Many methods, such as the sol-gel method
[38], hydrothermal method [39], solvothermal method [40], and Pechini method [41],
have been reported for the synthesis of F'e-doped 7'iO,. The mentioned methods have
advantages and disadvantages, but it is possible to observe difficulties in obtaining Fe-
doped T"i0,. The Fe-doped TiO; materials are well-known and have been previously
studied to enhance the 77O, photocatalytic properties [42-45]. However, to enhance
understanding of Fe-doped T%O, material behavior, it needs to provide a detailed
description and comprehensive discussion on the influence of Fe doping on 770,
structure and photocatalytic performance. The description can also explore the effects of
the iron atom state with oxygen vacancy and 7O, structure behavior with Fe doping.

The metal/oxide materials, such as the Pt/Ti0O, interface, exhibit important
properties in catalytic or photocatalytic reactions within sustainable energy systems,
such as energy storage and photoelectrocatalysis. However, synthesizing these two dis-
tinct phases is a complex experimental procedure. Many experimental techniques have
been reported in the literature for obtained metal/oxide interfaces, including the Pe-
chini method, solvothermal processes, electrochemical deposition, microwave-assisted
methods, and others. Thus, synthesizing metal/oxide interfaces demands access to
appropriate infrastructure and reagents [46-50]. At the metal/oxide interfaces, distinct
properties are observed from the isolated bulk materials. These interfacial properties can

arise from various factors, including altering lattice parameters or strain, significantly
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influencing electronic and structural properties. The extent of lattice parameter or strain
changing at the metal /oxide interface is contingent upon the materials” hardness. For
example, the metallic phase may strain the oxide phase or vice versa [51, 52]. This
kind of interface forms a Schottky junction, enhancing the catalytic activity of the 7O,
and minimizing the use of Pt, which is a noble metal expensive [53-55]. The Pt/TiO,
interface is utilized as a photocatalyst for hydrogen production via water splitting, pre-
senting high hydrogen production rate (HGR) values. The hydrogen evolution reaction
(HER) can produce sustainable hydrogen fuel using renewable energy sources [56, 57].
Several materials have been studied and developed for HER catalysts. Platinum (Pt)
metal-based catalysts are well-known as the most effective HER catalysts [58, 59]. Lam-
oureux et al [60], described the hydrogen evolution (HER) and oxidation (HOR) on the
Pt(11 1) from a First-principle study. The authors [60] proposed better P¢(1 1 1) activity
for HER and water reorganization energy from a microkinetic model based on DFT,

suggesting that at low pH, HER proceeds:

H30" +* +e= — H* + Hy,O (reaction-1)

and the mechanism:

HsO" + H* + e — Hy + H,O +* . (reaction-2)

The microkinetic model and the results showed good agreement with the experimental.
However, its practical application is limited due to platinum’s high cost and limited
availability [61]. Many studies have been conducted on alternative catalysts, such as
Pt/oxide-based materials, as potential replacements for Pt [62-64]. Pt supported on
T10, (Pt/T10,) is widely studied for its catalytic and photocatalytic properties as a cost-
effective alternative catalyst [65-67]. Pt/TiO; forms a Schottky junction, resulting from
the interface between a n-type semiconductor (70,) and a metal (Pt). This interface
material plays a pivotal role in enhancing the catalytic or photocatalytic activity of the
semiconductor, particularly in the presence of noble metals. Pt/Ti0O, interfaces are
well-known for their ability to modify the electronic properties of materials and improve
their performance in various applications [68, 69]. In photocatalysis, electrons (e~) and

holes (h™) charge carriers are separated through excitation and play distinct roles in
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reactions such as oxidation and reduction. However, driven reactions by electrons or
holes often occur at reaction sites in very close proximity, which can limit the reaction
due to the recombination of e~ /h™ carriers.Therefore, a Pt/T:0O, interface can inhibit or
prolong the recombination of electrons and holes due to the distinct electronic structures
of Ti0, and Pt [46, 70]. However, other interfaces presented higher HGR values than
the Pt/Ti0,, which can be related to a competition of phenomena on the Pt/Ti0O,
interface surface, as hydrogen spillover and water splitting [71, 72].

With the catalytic production of hydrogen gas, primarily on noble metals [73],

the phenomenon of hydrogen spillover ( Figure 1) can be observed [74].
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Figure 1 — a) General representation of the /1, molecule spillover mechanism scheme
and b) Energy barrier for the migration of the —H atom using DFT.
[73, 75] - adapted.

The spillover is the migration or transport of a dissociated molecule adsorbed on
the surface of a metal onto a support. Typically, the metallic surface is a noble metal, and
the support is an oxide. Therefore, understanding spillover at the atomic level plays an
important role in comprehending methods for hydrogen storage as fuel for alternative
energy sources. The graphical representation of the spillover mechanism can be seen in
Figure 1-a, where the phenomenon occurs on the platinum surface. The migration of the
hydrogen atom (— /) on the metal occurs with a low energy barrier, about 0.35 eV, as
shown in Figure 1-b, as observed by Zheng et al. [75], who studied the migration of the
—H atom on the rutile Pt/Ti02(1 1 0) interface using density functional theory (DFT).
According to the authors, the low energetic barrier of the —H atom migration can be
achieved at room temperature, leading to possible practical applications for common
use. Narskov et al. [76] studied Cyclic Voltammograms for hydrogen on P¢(1 1 1) and
Pt(1 0 0) from DFT/PW /PBE-GGA and observed that the differential binding energy
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for H in 0.25 ML is -0.45 eV and -0.60 eV for Pt#(1 1 1) and Pt(1 0 0) surfaces, respectively.
Thus, the authors [76] showed that hydrogen’s interaction with Pt is strongly depends
on the adsorption plane. Markovic et al. [77] performed experimental studies on the
kinetics of the HER. The authors [77] determined that the HER follows the Tafel reaction
on the Pt(1 1 0) surface and the Heyrovsky reaction on the Pt(1 0 0) surface but did
not determine the main mechanism on the Pt(1 1 1) surface. In this sense, Norskov et
al. obtained DFT calculations for the HER in an electrochemical double layer on the
Pt(111) electrode. The authors investigated the Tafel reaction 2H,ds — H,, where the
energy barrier was 0.55 eV, and the Heyrovsky reaction H,4s + H* + e~ — H,, where
the energy barrier was 0.35 eV, the Heyrovsky reaction is probably the main mechanism,
and as the Tafel reaction is close in activation energy, both mechanisms can work in
parallel. Several studies have investigated the importance of the P#(1 1 1) surface by the
adsorption of Hydrogen on Pt(1 1 1) [78-80]. Sugino et al. [81] reported the precision
required to describe H adsorption, using DFT at the dRPA, PBE, and vdW-DFT levels
of theory to determine the adsorption energy (E,4s) of H on Pt(1 1 1). It was found that
the F,4; obtained using dRPA and PBE were in good agreement, specifically when the
experimental lattice constant was used, suggesting that PBE can predict the relative
stability of Hfcc and Htop reported the precision required to describe H adsorption,
using DFT at the dRPA and PBE.

1.1 Main Goal

The present work proposes the theoretical study of the 7O, F'e - doped T'iO,,
Pt(111)/T1O(hkl) interface, and Pt5(111)/TiO4(hkl) aiming to investigate the struc-
tural and electronic properties while monitoring their application in photocatalytic

systems.
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2

THEORETICAL FRAMEWORK

The theoretical description of materials or solids is known as materials modeling,
which is carried out through mathematical models resulting in quantitative or qual-
itative properties of interest at the atomic level. Choosing theoretical models plays
a fundamental role in developing materials or solids studies. Materials modeling is
grounded in quantum mechanics to describe the behavior of materials or solids at the
atomic level, and it can be used to study electronic and structural properties. The math-
ematical models employed are complex, and transformations and/or approximations

are used to solve the equations [1, 2].

2.1 Schrodinger equation
The equation presented by Erwin Schrodinger in 1926 [3] describes the mechanics
of atoms and molecules; that is, it describes the wave function of a particle through the
time-dependent equation (¢):
ov

h?_, N : .
[—%V + V(r)} U(r t) = zha(r,t), (2.1)

where VU is the wave function, 7 is the reduced Planck constant, m is the mass of the
particle, V is the potential in which the particle is moving, and V? is the Laplacian

operator acting on the coordinates of the system, written as,
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Vi=s — 4+ —+—. (2.2)

The time independent Schrodinger equation, equation (2.3), can be expressed in

simplified form as,

Hy = Ev, (2.3)

where H is the Hamiltonian mathematical operator and F is the energy of the system.

The operator H, equation (2.3), includes terms of kinetic energy and potential energy:

~ ~

H=T+V, (2.4)

where T is the operator of kinetic energy, expressed as the sum of V2, equation (2.2),

over all particles in the system:

T=-7> —, (2.5)

and V is the operator of potential energy, considering the Coulombic repulsion and

attraction between electrons and nuclei as follows:

- 1 €;€;
V= s 2.6
47T60 Z ; Arij ( )
where Ar;; is the distance between particles, e; and e; represent the charges of the

particles. Considering an electron, the charge will be —e, and for the nucleus, it will be

Ze, where 7 is the atomic number. From equation (2.6), V can be written as follows:

47r60 Zz(ilri) ZZ(Ar) ;Z(Z&Zéj) - @27

i §<t

nucleus- electron attraction  electron- electron repuls1on nucleus-nucleus repulsion

Although the Schrodinger equation describes an atomic system, its analytical
solution is not trivial. Various mathematical methods are involved in its resolution and

possible acquisition of the system’s wave function. Equation (2.1) has an analytical
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solution for hydrogen atoms and for so-called hydrogen-like systems, such as H;", He™,
Li**, etc. In other words, approximations are necessary for any system containing many
electrons to solve the equation. This includes calculations to obtain electronic states and

energies of periodic systems, for example [4, 5].

2.2 Born-Oppenheimer approximation

M. Born and J. R. Oppenheimer [6] introduced the first of several approximations
used to simplify the solution of the Schrodinger equation. The Born-Oppenheimer
approximation takes into account the fact that nuclei have a much larger mass compared
to electrons. Consequently, the velocity of electrons is much greater than that of the
nuclei, causing electrons to react almost instantaneously to the movement of the nuclei.
Thus, the Born-Oppenheimer approximation decouples nuclear motion from electronic
motion, meaning that electronic motion occurs in a fixed nuclear field. The complete

Hamiltonian for a system can be written as:

= To(R) + T.(7) + Vne (B, 7) + Vee () + Vo (R).- (2.8)
The Born-Oppenheimer approximation allows for decoupling the nuclear and electronic
parts, meaning that the two parts can be solved independently. Thus, the electronic
Hamiltonian is represented as follows:

eleZ—*Z —ZZ<RI ) ZZ(rl_TO ZZQRIZI_Z;J).(Z%

i j<i I J<I

It is noticeable in the equation above (2.9) that the nuclear kinetic term is not represented. Thus,
H.i. (2.9) is used in the Schrodinger equation (2.3) to describe the motion of electrons in a fixed

nuclear field.

ﬁelewele(ﬁa F) = Eeff(ﬁ)wele(é)a (210)

where E,;y is the effective nuclear potential function and depends on the nuclear coordinates.

Thus, the nuclear Hamiltonian is described as:

Hyuclear = Tn(é) + Eeff(é) (211)
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Equation (2.11) describes vibrational, rotational, and translational states of the nucleus,
and solving this approximation provides vibrational spectra, free energy, enthalpy, or other

physical observables of interest [7].

2.3 Density Functional Theory (DFT)

Density Functional Theory (DFT) [8, 9] has proven to be an efficient method for calcu-
lating energy, band structure in solids, or other properties of various systems. DFT describes
the properties of a given system through charge density functionals in space (n(r)) instead of
using the wave function (v) as in early ab-initio calculation methods, enabling the description of
a multi-electronic system. The use of n(r) as a variable for describing an electronic system was
initially introduced by Drude, who represented the thermal and electrical conduction of a metal
by applying kinetic gas theory [10]. However, it was the work of Pierre Hohenberg and Walter
Kohn in 1964 that defined, for a non-homogeneous electron gas system, the number of electrons

related to the electronic density according to the equation [8]:

Nin] = /n(r)dr =N, (2.12)

where N is the number of electrons in the system.

The development of DFT began in the 1920s with the independent works of Llewellyn
H. Thomas and Enrico Fermi. In these works, n(r) is obtained by considering a gas of non-
interacting uniform electrons, with the system’s total energy as a functional of this density
separated into its kinetic and potential contributions. In the same decade, Dirac contributed to
the description of the works by including the exchange term for an electron gas, and the model

became known as Thomas-Fermi-Dirac [11-13].

2.3.1 The Hohenberg-Kohn theorems

The modern foundation of DFT originates in the Hohenberg-Kohn (HK) theorems in
1964 [8], which demonstrated the existence of a functional that determines the energy and
density of the ground state. In HK’s work, a system in a large box was considered, moving

under the influence of a given external potential v(r) and an arbitrary number of electrons N
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subjected to Coulomb interaction. Thus, the Hamiltonian of the system can be represented as

follows,

H=T+V+U, (2.13)

where T is the operator for kinetic energy,

T= % / V* (r)Vap(r)dr, (2.14)
V is the operator for Coulombic repulsion,
V= / o(r)y* (r)(r)dr, (2.15)
U is the external potential,
3 1 1 * s () / /
0= 5 [ " (00 et )drar 216)

where U is a functional of the density n(r) and an additive constant in the Hamiltonian to
describe the electronic system.
The electronic density in the non-degenerate ground state (V) is defined by the following

equation:

n(r) = (¥, 9" (r)y(r)¥), (2.17)

or in terms of the integral:

n(r) = [ 6ot @19

Hohenberg and Kohn employed the variational principle to prove their theorem, which

states that, for a given H, the ground state wave function ¥ generates the minimum energy.
Thus, assuming a second potential with the ground state ¥’, which produces the same density
n(r), it is possible to denote the Hamiltonian and ground state energies associated with ¥ and
U’ by H,H,E, and F, respectively. This is obtained through the minimization property of the

ground state,

E' =V HV) < (¥, HV)=(V,(H+V' - V)¥), (2.19)

so that,

E'<E+ /[v'(r) —v(r)|n(r)dr. (2.20)
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Exchanging the quantities, one finds the same as,
E<FE + /[v'(r) —v(r)|n(r)dr. (2.21)

The addition of equations (2.20) and (2.21) leads to inconsistency,

E+E <E+FE. (2.22)

When considering the difference between the Hamiltonians and assuming that both
wave functions produce the same electron density, a proof is described by the “reductio ad
absurdum” of the equation (2.22). Thus, v(r) is a unique function of n(r).

The ground state U is a functional of n(r), as are the kinetic and interaction energies.

Therefore, a functional is defined as:

Fln(r)] = (v, (T + U)V), (2.23)

where F'[n] is the universal functional of Hohenberg-Kohn and for a given potential v(r) the

energy functional is defined as,

E,n] = /v(r)n(r)dr + Fn). (2.24)

Hohenberg and Kohn established that for a given approximate electronic density n'(r)
describing a system, it will yield an energy equal to or greater than the exact energy of the

system as follows:

E[n] > E[n] = Ey, (2.25)

where n' is an arbitrary density satisfying the condition of equation (2.12).

2.3.2 Kohn-Sham equations

In 1965, W. Kohn and L. ]. Sham developed self-consistent equations based on the work
of Hohenberg-Kohn that include exchange and correlation effects [9]. Kohn-Sham introduced
the concept of non-interacting electrons with antisymmetric orbitals (single-particle orbitals),
considering an arbitrary system of non-interacting particles such that the electron density is

equivalent to that of the real system composed of interacting particles. The energy functional
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of the ground state of a non-homogeneous electron gas in a static potential v(r), with electron-

electron Coulomb repulsion, can be written as follows:

Buln] = / v(r)n(r)dr—i—é / / Www%cm, (2.26)

where n(r) is the density and G|n| is a universal density functional and can be written in the

form:

GIn] = Ts[n] + Eyc[n], (2.27)

where T[n] is the kinetic energy functional of a system of non-interacting electrons with density
n(r) and E,. is the non-classical electron-electron interaction term of exchange and correlation.

From a stationary property, can obtain the condition:

/(Sn(r)dr =o, (2.28)
one can write the equation
/ sn(r) {vef r+ gs([:‘)] } dr =0, (2.29)
where,
tegs = o(r) 4 [ PR (), (2.30)
where,
Hae = W, (2.31)

where i, is the exchange and correlation contribution term for a chemical potential of a uniform
gas with density n.
Therefore, for a given v, ¢ and 1, one obtains n(r) which satisfies equations (2.28) and

(2.29) by solving the Schrodinger equation for a particle

{—;VQ + Ueff} Vi(r) = e, (2.32)

where the density n(r) can be expressed as:

N
n(r) =Y [vi(r)?, (2.33)
=1

where N is the number of electrons. To obtain the ground state (¥ i 5), the wave function can be

written as N s Kohn-Sham orbitals (¢;(r)) by the Slater determinant:
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Yi(r)  wba(re) - n(r1)

r re) - T
s = 1 | ¥alr2) ya(r2) Un(r2) ‘ (2.34)
/N! . . .
Yi(rn) Ya(ry) -+ Yn(rn)
The orbitals are eigenfunctions of the Kohn-Sham Hamiltonian:
Lo
Hig = —§V +Ueff(7“). (235)

The equations (2.30), (2.31), (2.32), and (2.33) represent the self-consistent field (SCF) cycle
of Kohn-Sham, as shown in Figure 2. In the Kohn-Sham SCF, the exact density of the ground state
of a real system with interacting electrons is described by a density of non-interacting electron
system that provides an approximation to the real ground state density. The self-consistent
field cycle proposed by Kohn-Sham is similar to the self-consistent field cycle proposed by

Hartree-Fock.

( N A
n(r) =Y |oi(r)f
i=1
S J/ i

dE,.(n)

N ch _ 5” ( ) y,
Vef f
ﬁKS?/fi(T) = €Y

n ~n H{ no }
yes
Total Energy

Figure 2 — Self-consistent cycle for the determination of energy and properties of an
electronic system.
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Therefore, the self-consistent cycle of Kohn-Sham allows for the calculation of the ground

state energy as follows:

al "(r)yn(r
Ep[n(r)] = Z € — ;/Mdrdr' + Eycn(r)] — /n(r)uzc(r)dr. (2.36)

The potential 41, is not known, and the functionals used to construct this exchange-
correlation potential are derived from approximations, known as exchange-correlation function-
als. Many works have developed different functionals, the most commonly used being the Local

Density Approximation (LDA) and the Generalized Gradient Approximations (GGA) [14].

2.4 Periodic Structures

With the formulation of quantum mechanics, the treatment of a solid material attempts to
explain its structural and electronic properties based on its primary constituents, the atoms, and
their arrangements in space. The atomic-level description of a solid is grounded in the principles
of quantum mechanics, as illustrated by advances in the understanding of electronic and
structural properties of new materials, including complex materials whose spatial arrangement
is formed by many atoms in disordered configurations [15, 16].

A periodic structure, such as a crystal, is a system of infinite points with regular arrange-
ments throughout space, constituting the so-called Bravais lattice. These lattice points can be
defined by three translation vectors @, b, and ¢, such that the arrangement of atoms in the system
appears the same when viewed from a point r and from a point r’ translated relative to the

vectors by an integer multiple:

P =1+ ud@ + ugb + usC, (2.37)

where u,, are integers, the periodic structure is defined concerning the set of points 7’ for all
integer values of u,. The structure is formed when a basis is attached to each point of the lattice

as follows:

1. A Bravais lattice is an arrangement of infinite points with the same arrangement and
orientation, such that the arrangement appears identical when viewed from any of its

points
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2. A three-dimensional (3D) Bravais lattice consists of all points with position vectors R of
the form,

R = u1@ + usb + usé, (2.38)

where @, b e Zare linearly independent vectors forming a basis.

So, a Bravais lattice possesses translational symmetry, meaning a point geometrically
equivalent to another by a translation operation on the points of this lattice. For this reason, the
potential energy of the system exhibits periodicity with the periodicity of the lattice in question

in the form:

U(r +R,) = U(r), (2.39)

where R is a translation vector that takes one lattice point to another; n indicates the site. With
the unit cell defined in the Bravais lattice, three primitive translation vectors d, l;, and ¢ are

obtained

2.4.1 Bloch’s Theorem

Swiss physicist Felix Bloch demonstrated that the solutions to the Schrodinger equation
for a periodic potential, defined by equation (2.39), must be in the form of plane waves (e

times a function with the periodicity of the Bravais lattice [16, 17]:

1/1(7“ + R) = wnK(T) = eiK'TunK(r)a (240)
where u,,, takes the form of the equation (2.39):
unk (1 + R) = unk(r), (2.41)

where K are vectors in reciprocal space and u,k(r) are the Bloch orbitals. The term 7 is known
as the band index.

For the periodic system, with u,k(r) expanded in terms of plane wave basis:

unk (1) = Z Cige'®", (2.42)
G

where G is the reciprocal lattice vector. Thus, the wave function defined in equation (2.40) can

be written as follows:



Chapter 2. Theoretical Framework 44

Ynx(r) =Y _ Cige'®. (2.43)
G

Thus, the equation proposed by Kohn-Sham (2.32) can be written as:

1 : .
{—2v2 + Ve } > Cinpae T =63 " C pe’ KT, (2.44)
G G
and multiplying the above equation by e~“X+G")" and integrating over the space of a unit cell,
obtain:
> [Hoer + Vo—a] = eiCikra (2.45)
Gl
where
1
Heer = 5 |K + G*dcer, (2.46)

which represents the kinetic energy, and:
V- = Vion(G = G') + V(G - G') + V(G — G, (2.47)

where V;,, (G — G') is the electron-nucleus interaction, Vi (G — G’) is the Coulombic repulsion,
and V,.(G — G’) is the exchange-correlation term, the potentials defined by V_¢ being the

Fourier component.

Voo = / V(1)@= gy (2.48)

Bloch’s theorem is interpreted as a boundary condition for the solution of the Schrodinger
equation for a periodic potential. The eigenvalues and eigenfunctions of the single-electron

states are then classified through the wave vectors K.

2.4.2 Pseudopotentials

The electronic description of a solid primarily considers the valence electrons of the
atoms. Conyers Herring in 1940 [18] proposed a method to calculate wave functions in a crystal,
that is, a method that describes electronic states and orbitals in a periodic material. The state
functions of a periodic material are expanded in plane waves, and the boundary conditions
at the unit cell boundary are met using a large number of plane waves. This results in a good

description of the periodic system. Thus, reducing the number of plane waves used while
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maintaining the descriptive method facilitates the electronic description of a periodic system.
Herring proposed using orthogonalized plane waves (OPWs), a linear combination expansion
of states near the nucleus, to reduce the number of plane waves [19]. An OPW is described

by superimposing plane waves and core states. Therefore, a core orbital can be described as

follows:
dellkr) = N~z " R (r - R), (2.49)
R
and the OPW in the form:
60TV (k) = (NQ) 2™ — 3~ A yedelkr), (2.50)

where (¢.|¢°T") =0, N is the number of unit cells, 2 is the volume of the unit cell, and the sum
is over the core states.

Considering that there is no overlap between core states:

/ 07 (r — R)GL(r — R')dr = 6,00k (2.51)

and the ). i coefficient is defined as:

g = 03 / R GE () (2.52)

it is worth noting that core orbital functions are Bloch states and can be written as follows:

pe(kr+R’) = R (Kk,r). (2.53)

The OPW functions behave like plane waves for distances far from the atoms, i.e., the
valence electrons, and exhibit atomic-like characteristics near them, i.e., the core electrons.

The method proposed by Herring presents convergence issues due to its basic proce-
dure, which involves orthogonalizing each plane wave with core state functions, assuming
complicated forms. In 1959, Phillips and Kleinman [20], Antonik [21], and later Austin et al. [22]
proposed, starting from the plane wave, that it is possible to obtain the same eigenvalues as the
secular equation of the Herring’s OPW method in a simpler way, known as the Pseudopotential
Method, as depicted in Figure 3.

One can define a projection operator for the core orbitals |¢.) as:

P =" 16c) (el (2.54)
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e/ o (r)

) VP(r)

Figure 3 — Construction of the wave function ¢(r) using the pseudopotential method.
Adapted from [23].

and an OPW can be expressed as follows:

k+G)opy = (1= P) [k+G) = [k+G) = > |6) ($c[k + G), (2.55)

where |k + G) represents a plane wave with wavevector k+G. The orbital for a given electronic

state will be a combination of OPWs as follows:

|fwi) = [ki) = (1= P))_ Cra [k+G). (2.56)
G

The Schrodinger equation can be written in terms of the combination of plane waves as

follows:

H |$i;) = €xi | o) - (2.57)

Expanding the above equation (2.57) in terms of equations (2.54), (2.55), and (2.56), the Schrodinger

equation can be written in the form:

(ﬁ + > (i =€) o) <¢cr> k+G) =ailk+G). (2.58)

The sum over all core states represents an operator acting on a plane wave. Thus, the

repulsive potential Vz can be written as:
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Ve= (e — €c) [be) (c] - (2.59)

C

This way, the equation (2.57) can be written as:

(H + Vi) lpwi) = €xi | i) - (2.60)

The equation above possesses the same eigenvalue as equation (2.57). Thus, one can write |¢y;)
=(1-P) |pL?), where |¢L) is the smooth part of |¢y;),s0 one can write equation (2.60) in the

form:

(H + Vi) |6 = i |91”) (2.61)
where |¢£) is called the pseudofunction. If the Hamiltonian can be written as:
. K2 .
H=-—V*4+V,
2m
where V is the potential of the periodic system, the Schrodinger equation (2.61) can be written

as:

h? -
<2mv2 + VPS> [017) = ewi [94°) (2.62)

where Vpg = V(r) + Vj is the pseudopotential.

2.5 Rietveld Method

The Rietveld method [24], created by Hugo Rietveld in the 1960s, was initially used
to refine the intensities measured through neutron scattering for single crystals. The method
involves fitting the experimentally obtained diffractogram to a theoretical diffractogram, thus
providing information such as lattice parameters, percentages of crystalline phases in the sample,
average crystallite size, and quantitatively determining lattice strains, among other structural
properties.

One can perform an intensity simulation involving the diffraction pattern through an
equation deduced by Rietveld:

ko

Vie =5 Y myLi|F?|Giy, (2.63)
k=1
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where s is a scale factor, my, is the multiplicity factor for the k-th reflection, Ly, is the Lorentz
polarization factor, F}, is the structure factor, and G;y, is the peak profile function;

During refinement, adjusting the parameters influences the quality of the process, so
appropriate functions should be used to achieve satisfactory results regarding the shape, width,
and even the height of the reflection. The profile function fits the shape of peaks in a diffraction

pattern. Among the possible functions, two stand out: Gaussian (2.64) and Lorentzian (2.65):

Co(26;—6;,)?
VG |t

G = Hom k , (2.64)
and
L= Ya ! (2.65)

T HyJn [1 N Cl(zigem} ’

k

where Cy = 41In2, | = 4, and Hj, represent the total full width at half maximum of the Bragg

reflection (k), which can be defined as:
Hy, = Utang*6 + Vtangh + W. (2.66)

Both can be used independently; however, for the fitting to resemble X-ray diffraction similarity

adequately, they should be combined, yielding a third function, the pseudo-Voigt:
pV =nL+ (1—-1n)G, (2.67)

where 7 is the mixing parameter of the pseudo-Voigt function and can be written as:

n = 1.36603q — 0.47719q2 + 0.1116q3, (2.68)
where:
Hy,
= . 2.69
4= (2.69)

Additionally, it is considered:
5 4 3 32 2 173 4 5\%
H = (HY + AH,HL, + BHEB? + CHAH} + DHGH} + H})5, (2.70)

where A, B, C, and D are normalization constants.

The Lorentzian fraction can be written as:

n= NA + NB(20)7
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where N4 and Np are refinement parameters. The pseudo-Voigt equation (2.67) can be rewritten

as:

pV —TCHZ =nL+ (1—-1)G, (2.71)

where pV —TCH Z was proposed by Thompson-Cox-Hastings [25] and in this case, G’ represents

the full width at half maximum (H¢), and pV — TCH Z is used as a function of Hg; and H,

2.6 Elastic Strains in solids

The analysis of deformation in solids considers a crystal as a continuous and non-
periodic medium. Hooke’s law and Newton’s 2™ law is used for deformation analysis. Accord-
ing to Hooke’s law, deformation is directly proportional to stress in an elastic solid, valid only
for small deformations. When high deformations are observed, Hooke’s law is not satisfied,
thus resulting in a non-linear region [17].

A solid undergoing uniform deformation has its coordinate axes changing orientation,

as shown in Figure 4.

a)

20

Strained ‘
90° 90§ !
900>\ A

Yy

=>

Figure 4 — Coordinate system to describe a state of strain. a) absence of deformation
and b) after deformation. z, §, and 2 are orthogonal vectors.
Adapted from [17].

The vectors z, g, and 2 are orthogonal vectors of unit length, and the relationship between
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the new axes z’, ¥/, and 2’ can be expressed as follows [17]:

X' = (14 €)X + €y + €222; (2.72)
Y = eyaX+ (14 eyy)y + €y22; (2.73)
Z =€, X+eyy+ (1+e.)z, (2.74)

where ¢,3 are the strain coefficients. After elongation, the particle will be at position:

v =ax' + yy’ + 27

Thus, the displacement R caused by elongation is given by:
R=r-r=zx(x'-%)+yly —9)+2(z —2). (2.75)
Considering the equations 2.72, 2.73, and 2.74, R is written as:
R = (vegs + Yeyn + 2€20)X + (Tegy + Yeyy + 2€2y)F + (Ters + yey . + 2€,2)2. (2.76)

The equation 2.76 can be written more generally by defining functions u, v, and w such that the
displacement is given by:

R(r) = u(r)X +v(r)y + w(r)z. (2.77)
If the elongation is not uniform, u, v, and w are local strains. Considering the origin of r in the

region of interest and comparing equations 2.76 and 2.77, one obtains, by expanding R in a

Taylor series and setting R(0)=0,

ou ov
T€ypy = T Yeyr = ya—y; etc. (2.78)

The coefficients €,3 can be related to the coefficients e, g, which are related to the deformation of

the solid, as follows:

ou oy ow

€xz = €z = 8756; Cyy = €yy = 873/; €rz = €22 = Ej (2.79)

The other components of strain, e,,, e,., and e.,, are defined in terms of changes in the angles

between the axes, according to equations 5, 2.73, and 2.74:

ery =Xy Zeyp + ey = g—ZJr%; (2.80)
= v .z =~ — v Ow. 2.81
€yz =Y Z—62y+€yz—az+ay7 ( )

€ =2 X Dey ey, = % + g—gg (2.82)
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For small deformations, the strain is directly proportional to the stress, meaning the

strain components are linear functions of the stress components [17]:

€re = S11 Xz + S12Yy, + 5132, + S14Y. + S15Z, + S16Xy; (2.83)
eyy = 521Xy + 522Yy + 5232, + S24Y, + So5 2, + S26Xy; (2.84)
€x = S31 Xy + S32Yy + 5332, 4 S34Y. + S352, + S36Xy; (2.85)
ey: = Su Xy + Sa2Yy + Sa32, + SuaY, + Sa5Zy + Ss6Xy; (2.86)
€z = 51Xy + S52Yy + S53Z, + S54Y, + S55Zy + S56Xy; (2.87)
ery = S61Xy + Se2Yy + S63Z. + SeaY> + Se52: + Se6Xy, (2.88)
and,

X: = Crieze + Craeyy + Crze.. + Craey: + Crsezz + Croeay; (2.89)
Y, = Chiezp + Creyy + Coze,. + Couey, + Cosesy + Cogeny; (2.90)
Z, = C31e45 + Cz2eyy + C33e.. + Czgey; + O35 + Cz6€ay; (291)
Y. = Cuezr + Croeyy + Cuzes + Cugey, + Cuseze + Cupery; (2.92)
Zy = Cs1€4p + Craeyy + Csze. + Csaey. + Crsezp + Cheery; (2.93)
Xy = Csrezz + Cs2eyy + Cpze. + Cpsey. + Cosee + Copeay, (2.94)
(2.95)

where S;; are strain constants, X, Y, and Z are the stress components, and C;; are the elastic

stiffness constants in Voigt notation.

2.7 Anisotropic Microstrain
The microstrain broadening (ustrain) is observed due to local variations in spacings
d within the crystallites of a diffraction sample. The model to describe this phenomenon was
proposed by Stephens [26], which considers that the spacing d between the lattice planes for any
reflection can be defined by the Miller indices hkl as:
1

— = My = Ah? + Bk? + C1? + Dkl + Ehl + Fhk, (2.96)
d2

where A...F are parameters of the reciprocal lattice and can be generically represented as «;,

with ¢ = 1, ..., 6. The parameters «; have a Gaussian distribution characterized by a covariance
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matrix in the form [26]:

Cij = <(Oéi— < a; >) . (Oéj— < >)> . (297)

Cii = 0%(a;) is the variance of «; and not the elastic stiffness constant. The parameter Mpy,

varies linearly with «;, so the variance of My, is given by:

oM oM
>(Mp) = Z Cij7— Doy Do, (2.98)

Relating the partial derivatives to equation 2.96, obtain:

OM _yp OM o OM _, OM . OM _ . oM

- = = kl; =hl; —— = hk. 2.99
0= e ' Bas =L ey ; (2.99)

8&5 8046

With the definition from equation 2.99, we can construct a variance-covariance matrix as follows:

Rt R2k2 R212 B2kl K3l K3k
h2k2 kY K212 K31 RK2L hES
OM OM h22 K22 1Y kP W3 hE?

da daj R%kl K3 K12 kA% hKI2 RE2 (2100
R3 kK%L RI®  RKI*> RA% K2k
R3k  hk3  hkI> hk* b2kl h2K?
So equation 2.98 can be rewritten as:
o*(Muxkr) =Y SuxchEF", (2.101)

HKL

where the term Sy, is defined by H + K + L = 4. In the most general case, the triclinic system
has 15 independent parameters Sp i 1,. For the description of anisotropic broadening, there are
restrictions, as shown in two examples in Table 1.

Using the Bragg equation, sinf = \/(2d) = AM 2 /2), the contribution of anisotropic
broadening to the full width at half maximum (FW H M) of the diffraction line is given by [26]:

1'% = o (Muy). (2.102)

From the constraints presented in Table 1 and relating equations 2.100 and 2.102, we obtain the

expression for I'%, for the cubic system with m — 3 and m — 3m symmetries as follows:

T4 = Si0(h* + E* 4+ 1%) 4 38990 (%K% 4+ B2 + k21%), (2.103)
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Table 1 — Restrictions on the anisotropic broadening parameters (Sy).
Adapted [26].

Crystal system Restrictions on parameters Parameters S),;
Cubic A=B=C,D=E=F=0 S100 = Soao = Sooa, S220 = S202 = So22
Tetragonal A=BD=E=F=0 Sa00 = Soa0, S202 = So22, So04, S22

and for the tetragonal system with 4/mmm symmetry:
% = Saoo(h* + k') + Sooa(1*) + 3S220(h*k?) + 38202 (R*1* + K*1). (2.104)

Stephens’ model, implemented in the GSAS — IT program, the Gaussian variance (¢2)

varies with the 26 angle as follows:
0? = (U + o2d)tang®0 + Vtangb + W, (2.105)

where U, V, and W are terms related to X-ray diffraction analysis in terms of the angular
divergence from the radiation entrance to the monochromator and were described by Caglioti et
al. [27]. An additional type of broadening is introduced for the profile coefficient , where two
classes of reflections can be defined. The first class is related to the sublattice (defined by three

vectors and includes the origin) and has the following expression for the coefficient :

X + Xccosg

+ (Y + Yecosg 4 vgd?tang®, (2.106)
cost

and the second part is related to the remaining reflections as follows:

X+X
_ XA XSO |y 1 Vocosd + ysd?)tangd. 2.107)
cosf
The relationship between equations 2.106 and 2.107 demonstrates that the reflections exhibit
different particle size anisotropy compared to the other set. The microstrain broadening has two

contributions, one Gaussian (¢2) and one Lorentzian (v;), and they are determined as follows:
os = (1—=n)T;, (2.108)

and
Iy =nls. (2.109)

For the function used in GSAS-II, microstrain is best described by a surface in reciprocal space

where the radial distance from the origin is given by:

wd?
Ss(hkl) = 1800

> SurLhEXIE100%, (2.110)
HKL
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where the function is appropriate for Laue symmetry.

2.7.1 Microstrain Analysis

Microstrain in the GSAS — I1 program can be represented in three ways: isotropic,
uniaxial, and generalized. The generalized representation uses a second-order expansion model
through an analysis using generalized spherical harmonics [28]. The functions to be expanded

into spherical harmonics are the elements of the microstrain correlation matrix (A;;(g)):

ZA& Ry, 9)Ac;(Ry, g) + 72 v /drAei(Rk—i—r,g)Aaj(Rk +1,9), (2.111)
Ny o No =1 Ve

where the first term is related to functions depending on the crystal orientation g and the position
vector (Ry), the second term is related to elastic strain with (Rx+r,g9), and € denotes the strain

tensor. The variance of the strains can be written as follows:

o0

2 m B
on(y)Puly) = ; [(2l+1)} I"(h,y)  (I=par), (2112)

where h represents a unit vector, P, is the reduced pole distribution written as P, = (1/2)[pn(y)+

p_n(y)], and ;" is the variance of the microstrain distribution defined as follows:

6 6
I"(h,y) = ZZ Ejpipitin(h,y), (2.113)

where E represents the combination of lattice parameters, p represents the indices of the elastic

constant tensors, and ¢ is the stress tensor written as:

l
tij(h,y) = Awl )+ Z ii1(y)eos mpB + Bl (y)sen mBIP™ (@), (2.114)

m=1
where @ is the polar angle, 5 is the azimuthal angle, and:

l

;?l = a:»?lOPlO(\I’) + Z(a”l cos ny + i ' sen ny) P (V) (m=0,...10), (2.115)
n=1
and
l
Bij(y) = v B(W) + (Vi cos ny + 6 sen ny) PP(W)  (m=1,...,0),  (2.116)
n=1

where the coefficients o', Bl g ™", and 517?1” are obtained from the coefficients O

The variance of the microstrain distribution can be succinctly represented as follows [28]:

15

I"(h,y) = Y tu(h,y)ju, (a1, a2, a3), (2.117)
v=1
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and

tiji(h,y) Z wl Y)iu(ar,az,as). (2.118)

The functions ¢,;(h, y) are linear combinations of ¢;;;(h,y), and C*ijl(h,y) are linear combina-
tions of Aijl™ and Bjj. Relating equations 2.118 and 2.117, obtain:
Hi+4
Z Eu(y)iuitalar, az,az). (2.119)
In the GSAS program, to s1mu1taneously process several diffraction patterns recorded

in different sample directions, the same number of independent sets of parameters from the

Popa/Stephens model [26, 28, 29] is required.

2.8 Equations of State

The equations of state (EOS) are usually derived from parameters such as pressure (P),

volume (V), temperature (T), and the number of particles (n) in the form:

P = f(V,T,n), (2.120)

or

V= f(P,T,n). (2.121)

The EOS in solids and the electronic and structural properties are related to the various condi-
tions to which materials can be subjected [30].

Determining the EOS for a solid is not trivial due to the anisotropic nature of stress/compression
phenomena, which can be a peculiarity of the particular solid in question. When a deformation
(variation in pressure, temperature, composition, electric or magnetic fields) is applied to any
solid, points r undergo displacement (e.g., stress), which is a function of position and can be
expressed by a stress function u(r). Thus, an infinitesimal variation (dr) is observed between
two points (which in a crystal can be connected to the interplanar distance) that change, and the
value (dr’) in the solid under stress can, assuming that the deformation function is continuous

and in the limit of small deformations, be expressed as

dr’ = dr + e(r)dr, (2.122)
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where e(r) is the tensor derived from the strain function:

8uj
= ) 2.123
€ij 87"1‘ ( )
Strain is a dimensionless tensor field, and the stress tensor (> ) can be defined as,
1 /
E = 5(64—6), (2.124)

where €’ indicates the modification, the diagonal elements ). of the tensor represent the
elongation fraction of an element aligned along the 7 axis. In contrast, the off-diagonal elements
(3_;) are connected to the angular deformation of two vectors aligned along the i and j axes in
tensioned solids [30].

The deformation field acting on the material must be associated with an external or
internal force (F) acting on each volume element. Thus, an external force per unit volume F(r) is

defined, and a stress tensor (7) is defined with elements given by:

oTij
F(r) = 2 2.125
(ri) ; B (2125)
where 7;; is the force acting on a face perpendicular to the i and j directions.

The bulk modulus (By) of a given material can be described as:

oprP

By=-V (av)T’ (2.126)

where By represents the material’s resistance to isotropic compression [30].

2.8.1 EOS Parameters

An empirical equation of state can be used to produce or adjust pressure-volume data
or be rationalized as a connection for intramolecular interpretations of a material under study.
These equations of state allow determining the bulk modulus (By) and the first derivative of
pressure BY,. If these parameters are independently known, they can be used to validate the fit
of the equation of state to different experiments [30].

All empirical equations of state are based on the definition of pressure, in terms of the

Helmholtz free energy F, expressed as a function of volume at constant temperature.

P= (—g‘F/>T. (2.127)

The isothermal equation of state, assuming that the free energy simply coincides with the strain

energy [30].
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Determining an expression for the free energy in terms of volume, the equation of state

is obtained as:

B OF af
PV)=- <3f)T <aF> , (2.128)
or,
oF
P(f)=- <W>T- (2.129)
From equation (2.127), one can obtain B:
B = (?5;) . (2.130)

Assuming that the bulk modulus (By) varies linearly with pressure, one can write the relation-

ship:
oP
—-V— = By + B,P. .
Vav 0o+ By (2.131)

Integrating the above equation (2.131), we obtain the equation of state proposed by Murnaghan
[31] as follows:

By [ (Vo)™
P=—||-— -1 2.132
5 (7) ] | 2132
where Vj is the equilibrium volume, or its inverse form:
B, \"m V
1+—=—P = —, 2.133
< " By ) Vo ( )

Francis Birch [32] proposed expanding the Murnaghan equation (2.132) in the Eulerian strain
to obtain the Birch-Murnaghan equation. Considering a Lagrangian approach, A. Keane [33]
assumed that the pressure can be expressed with a power series in the material strain following
the expression:

P B,

By (BL)?

Vo P By Vo

where, By — 1 > B/, > B(/2, and when B = B._ the equation above (2.134) reduces to the

Murnaghan equation (2.132).
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3

Influence of F'e — Doping on the
Structural and Electronic Properties of

the T1O9 Anatase : Rutile

3.1 Abstract
The Fe-doped anatase and rutile 770, phases

were investigated using a combined exper- -
imental and theoretical approach. The Fe- t b= \
doped phases were characterized by X-ray 4 - o

diffraction with Rietveld refinement. The

Energy (eV)

band structure and projected density of

state (PDOS) were fully characterized using
DFT/Plane waves calculations on a supercell
model with 48 atoms. The band gap of 3.17 eV and 2.95 eV was estimated for the pure anatase
and rutile 790, phases. The band gap values decreased to 3.00 and 2.13 eV with the Fe doping
for anatase and rutile 790,-F'e phases, respectively. The water-splitting reaction on the anatase
(01 0) TiO and TiO»-Fe surfaces was investigated. The quantum efficiency assessed by the
transfer rate of electrons and holes is increased with the presence of Fe in the 705 structure.
The initial steps of the reaction mechanism and the transition states were determined using
the NEB (Nudged Elastic band) method considering the species involved H,O, OH", and H +
on the (0 1 0) TiO, surface. The activation energies of 0.29 eV and 0.08 eV were estimated for

pure anatase 770y and anatase 7i0Os-Fe structures. The DFT/Plane Waves calculations on the
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synthesized Fe-doped material are predicted to improve its photocatalytic properties toward
water-splitting.

Keywords: Ti0,, water splitting, Rietveld refinement, Materials Modelling, NEB

3.2 Experimental and Computational Details

3.2.1 Materials Preparation

Titanium dioxide (7%702) and Fe-doped Ti0; were obtained from a polymeric resin
prepared by the Pechini method [1]. The reagents used were citric acid (AC-Synth®), ethylene
glycol (EG - Synth®), titanium isopropoxide (C12H2804T7 - Sigma-Aldrich®—97%), and ferric
chloride hexahydrate ( 5.0 wt% FeCly - 4H>0 - Sigma- Aldrich®).
Samples preparation. Titanium dioxide (77O2) material was prepared as follows: initially, the
polymeric resin was prepared with the molar ratio 1:8:32 (AC : EG : C12H2304T'%). In a breaker
with vigorous stirring, approximately 8.97 g of the citric acid (AC) was dissolved in 6.27 mL
of the ethylene glycol (EG), under constant maintenance and heating, at around 80°C. In this
aqueous solution, 1.047 mL of the C12 H2304T"i was slowly dissolved, and the temperature was
raised to 80°C after 1.0 hours of obtaining the polymeric resin. Then there was the thermal
treatment, where the resin was taken to the muffle to evaporate the organic materials, with a
heating rate of 5 °C/min, and the thermal treatment was 600 °C for two hours. The 77O, material
was obtained in powder form. The Fe-doped T'iO; (TiO2—Fe 5%) material was prepared as
follows: initially, the polymeric resin precursor was the same for the 7O, material, but the
molar ratio was 1:8:32:5 (AC : EG : C12H504Ti : FeCly - 4H50). After to obtained the Ti0,
polymer resin, approximately 32.6 mg of the FeCls - 4H>0 was slowly dissolved, under constant
maintenance and heating, at around 80°C for 1.0 hours. The thermal treatment was 600°C for
two hours with a heating rate of 5 °C/min. The Fe—-doped 7O, material was obtained in
powder form. The experimental set — up and the powder form materials can be seen in the annex

Al-supplementary information Figure 26.
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3.2.2 Materials Characterization

The X-ray diffraction (XRD) pattern was obtained using a Bruker-D8 Advance model,
which provides Cu K « radiation (A=0.154 nm) and uses the 26 range from 20° up to 120°,
with an increment and time for a step of 0.01 degrees and 0.1s, respectively. For the crystal
phase identification, a Rietveld refinement [2] was performed using the General Structure
Analysis System (GSAS) program [3] suite with the EXPGUI interface [4]. The first mathematical
expression of the Rietveld refinement and other formulations [5], defined diffraction peak width
as a function of the d-spacing of the diffraction angle. Therefore, peaks of interest close to the
diffraction angle present different widths. Then, to model the experimental data, the present
study uses the peak profile function developed by Stephens [6]. The author [6] considers that
the diffraction peak widths are not a function of d-spacing, which can arise from anisotropic
effects of the sample size broadening or a point pattern of defects. Thus, an anisotropic effect is
observed in the half-width of the reflections, and a model developed by Larson & von Dreele [3]
was used to explain these effects.

The International Center for Diffraction Data (ICDD) catalog identified the crystalline
phase. Besides this, to correct the line broadening for the instrumental effects, we have used the

described as:

p= \/B%‘xp - Bg‘tandm‘d’ (31)

where £ is the full-width at half-maximum (FWHM) of the peak, Bstandarda Was obtained from
standard LaBs powder (SRM660-National Institute of Standard Technology) using the Caglioti

[7] equation:

Bstandard = \/utcm02 + vtanf + w. (3.2)

To investigate the electron density maps, we used the model described in the literature [8].
The point (x, y, z) of the crystallite cell with volume (V) is calculated by the Fourier series using

the structural factors F(#h, k, I):

Nz/2 Ny/2 Nz/2

plx,y,z) = % Z Z Z F(h)exp[—2mi(hz + ky + kz)], (3.3)

h=—Nz/2k=—Ny/2l=—Nz/2

where (x, y, z) represents a vector (r) of real space, with one vector space (4, b, c) and another

vector (h, k, I), which represent the coordinates of one vector from the reciprocal space with
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base (a*, b*, ¢*), which then coordinates from the diffraction plane given by Bragg’s Law. The
resolution for the Fourier transforms obtained was used only for a range of sin(6)/A < 0.6A~"!
along with the (0 0 1)-hkl reflections for 79O crystal structures.

The crystallographic parameters estimated by Rietveld refinement were used to calculate
the electronic band structures and projected density of states (PDOS) for the TiOz-anatase, TiO2-

rutile, and Fe-doped TiO; unit cells.

3.2.3 Computational Details

All calculations have been performed based on the density functional theory (DFT) [9, 10]
plane-wave calculation as implemented in the Quantum-ESPRESSO package [11]. Electronic
interactions were described by Perdew and Wang [12] (PW91) exchange-correlation functional
and ultrasoft pseudopotentials proposed by Vanderbilt [13] , with electrons from O (2s, 2p), T"
(3s, 3p, 4s, 3d), and Fe (3s, 3p, 4s, 3d) shells explicitly included. We performed the optimization
convergence test of the system, and the plane-wave basis set the cutoff for the smooth wave
functions was 60 Ry (anatase) and 50 Ry (rutile). For the Brillouin zone, integrations were
performed 8x8x6 k-points (anatase), and 8x8x10 k-points (rutile) mesh sampling based on the
Monkhorst-Pack scheme [14] , which are sufficient to provide satisfactory accuracy of the DFT
calculations. The (a, b, c) lattice parameters and the (x, y, z) internal coordinates were fully
optimized. Any significant difference compared to atomic positions was obtained from Rietveld
refinement.

The electronic structure calculations were carried out using a DFT/GGA+U approach
with the Hubbard correction [15, 16] . In the present calculations, the strong on-site Coulomb
repulsion term U and the screened exchange interaction parameter J are used to describe the
localized T'i-3d electrons of TiO2 and Fe-3d electrons of the iron atom following formalism

[17, 18]:

Ecca+v = Ecga + % ZU: (; P%) - ZZJ: PP | | (3.4)

where pf; is the density matrix of d electrons. The spherically averaged Hubbard term
U describes the increase in energy caused by the placement of an additional electron on the d
orbitals, and the term J (~ 1.0 eV) represents the screened exchange energy. The matrix for the

one-electron potential is given by the derivate of equation(3.4) for pf;
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dEqaa+u  0Egaga 1
i = = — =0ij + pi; | - 3.5
V] 6/)% 6/);7] + (U J) 9 J + pz] ( )

The effective Hubbard term U,y = U — J, which accounts for the on-site Coulomb repulsion
for each affected orbital, is the only external parameter used for this approach. We use the value
of Uesp = 5.0 €V (anatase), 5.5 eV (rutile) (Ug < 5.00 eV were considered, please see in annex
Al-supplementary information), and 3.0 eV (F'e-atom) (which is consistent with previously
reported DFT/GGA+U calculations) [16, 18-21].

In order to calculate F'e-doped, a spin-polarized calculation was considered. Starting
magnetization of 0.25 Bohr (1 5) was applied on the Fe atom during calculations. The Fe-doped
Ti0, was simulated from a 2 x 2 x 1 supercell constructed with 16 7% and 32 O atoms for anatase
and rutile 7705, and k-point grid sampling was set as 4 x 4 x 2 (anatase) and 4 x 4 x 6 (rutile) in
the supercells. The energy cutoff was set to 50 Ry, and the kinetic energy cutoff of 500 Ry for both
phases. The TiO, -anatase and 7O, -rutile unit cells used for the supercell construction were
obtained from the Rietveld refinement. The calculations with Fe-doped have been carried out
with the removal of an oxygen atom (see Figure 27) to perform the charge balance between the
titanium atom and the iron atom. The electronic structure calculations were described through
band structures (BS), which were calculated using the k-points path suggested by Curtarolo
et al. [22], the projected density of states (PDOS), and the local density of electronic entropy
(LDEE). For investigating the (0 1 0) surface reactivity of the anatase and rutile, we constructed
a supercell model with four atomic layers keeping the last two fixed and 20 A of vacuum. The
energy cutoff was set to 60 Ry, and the k-point grid was set as I' point. The adsorption energy of
the water molecule (E,45) was according to equation:

_ rprelax relax relax
Eads = sys+H20 — Esys - EHQO > (3.6)

where I, is the energy of the relaxed system; Ep, 0 is the energy of the isolated water molecule
calculated using the same protocol and Eyys m,0 is the energy of the relaxed system with
adsorbed one water molecule. The transition state of water-splitting on TiOs-anatase, TiOo-
rutile, and Fe-doped TiO surfaces was obtained using Nudged Elastic Band (NEB) method.
The annex Al-supplementary information shows all the coordinates (x y z) obtained

from Rietveld refinement and used in the computation simulations.
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3.3 Results and Discussion

3.3.1 Structural Characterization

The Rietveld refinement is a powerful tool to obtain lattice strain and qualitative and
quantitative characterization of crystalline structures. Figure 5 shows that the X-ray diffraction
pattern from Fe-doped 102 peaks corresponds to two different polymorphic crystalline phases
of TiOs.
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Y
g I
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x =25

i/a.u.

26 / Degrees

Figure 5 — Rietveld refinement pattern for 7iOy—Fe5%.

It can be observed in Figure 1 that XRD patterns show reflections at 20 = 25.0783 (1 0
1)-hkl plane, 26 = 37.5485 (0 0 4)-hkl plane, 26 = 47.3291 (2 0 0)-hkl plane, 26 = 53.1974 (1 0 5)-hkl
plane, 20 = 54.1755 (2 1 1)-hkl plane, and those of lesser intensity at 26 = 61.7554 (2 0 4)-hkl plane,
20 = 67.8683 (1 1 6)-hkl plane, 26 = 69.0909 (2 2 0)-hkl plane, 20 = 73.9811 (2 1 5)-hkl plane, 26 =
81.3166 (2 2 4)-hkl plane, and 26 = 93.2978 (3 2 1)-hkl plane, which was related to T'iOs—anatase
tetragonal crystalline phase (CIF-202242-ICSD). Furthermore, reflections at 26 = 27.2789 (1 1
0)-hkl plane, 20 = 35.5924 (1 0 1)-hkl plane, and 260 = 40.7272 (1 1 1)-hkl plane, which was related
to TiOy—rutile tetragonal crystalline phase (CIF-7802-ICSD). Reflections assigned to the iron

atom were not observed in XRD patterns, suggesting that doping is substitutional and occurs in
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the T'iO5 structure. Abdulla-Al-Mamun et al. [23] studied the photocatalytic cytotoxic activity of
AgQ@QFe-doped 1902 nanocomposites. The Fe-doped 7102 atomic ratios (in %) of the iron atom
to TiOy were 1, 3, 5, 7, and 10%, and were prepared through the sol-gel method. The authors
observed through XRD measurements only anatase and rutile phases of 770,. Moradi et al. [24]
observed the same behavior in Fe-doped 7702 samples obtained through the sol-gel method.
The XRD patterns showed TiO; phase-related only characteristic diffraction peaks. Therefore,
the same experimental conditions described herein suggest that F'e atoms are inserted into the
Ti0+ structure.

According to TiOs-anatase CIF-202242-ICSD, TiO»-anatase is a tetragonal crystalline
structure of space group number 141(I41 /amdZ) and lattice parameter a = b = 3.78479(3)A, and ¢
=9.51237(12) A. The lattice parameter obtained from Rietveld refinement was a = b =3.84368(23)
Aandc= 9.6558(7) A. Also, according to TiOq-rutile CIF-7802-ICSD, T'iOs-rutile is a tetragonal
crystalline of space group 136 (P42/mnm), and lattice parameter a = b =4.5941 A, and ¢ = 2.9589
A. The lattice parameter obtained from Rietveld refinement was a = b = 4.6620(4) Aand ¢ =
3.0082(4) A. Thus, both TiOs-anatase and TiO,-rutile phases agree with the reference ICSD
structures. The Rietveld refinement exhibited good statistical agreement for theoretical and ICSD
data (x? = 2.5). It has been noted that there is no difference between TiO; pure (P25-degussa)
and Fe-doped T%0- in the XRD pattern (see Figure 28). The Fe-doped in the TO; structure
can be verified from the lattice parameters reported in Table SI2. As the Fe?* ionic radius (0.61
A) is smaller than the Ti** ionic radius (0.74 A) [25], Fe-doped leads to a smaller unit cell
volume (see Table SI2). According to Hume-Rothery prediction [26], the iron atom satisfies some
conductions for doped in the titanium dioxide, presenting a close valency and electronegativity

(1.54 for the titanium atom and 1.83 for the iron atom at the Pauling scale) [27].

3.4 Electronic Properties

The electronic properties were studied, analyzing the band structures and projected den-
sity of states (PDOS) for the structures obtained from Rietveld refinement 7705 -anatase:rutile
and Fe-doped Ti0O; . As discussed previously, the XDR patterns and Rietveld refinement
suggested that the doping with iron atoms is substitutional and occurs in the 7O, crystalline
structure. Thus, Rietveld refinement provides the pure 70, anatase:rutile and Fe — doped 70>

anatase:rutile structures without explicitly considering the impurity states introduced by doping
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with iron atoms, which occurs due it is not observed a second phase in the XDR patterns.

The electronic band structures and projected density of states (PDOS) calculated for
Ti0Oq-anatase (a-1'i03 ) and Fe-doped T'iOz-anatase (a-1702-Fe) indicate the semiconductor
behavior in both systems, Figure 6, where it is possible to observe in the PDOS the p orbitals of
oxygen atoms are in the valence band (VB). In contrast, the conduction band (CB) has located

the d orbitals of titanium atom:s.

Energy (eV)

& b oMo N oB o @
PR A e T T

Energy (eV)
s b B o m o o o

T T T T
4 & 8 10 12 14 16 18 20 2 24

2
r X M I M PDOS (state.eV”)

Figure 6 — Band structure and projected density of states (PDOS) for anatase (a) 7O
and (b) TiO,—Fesy, from Rietveld refinement structure.

Huang et al. [28] studied the nitrogen concentration effects on the 70, anatase. The
authors observed that the major component of the valence band of a-T%0; is the O-2p state,
while the conduction band is the 7'-3d state. Through first-principles calculations of the mono
and co-doped anatase 702 , Ibrahim et al. [29] observed the same electronic properties. For the
anatase 707 phase, the k-points are the tetragonal path system, the BS shows that both systems
(a-Ti02 and a-T'iOy—Fe5y,) are semiconductors with an indirect band gap, and the band gap
values calculated are Fy(a-7i02 ) = 3.17 eV (M — I') and Ey(a-TiOs—Fe5y) =3.00 eV (M — I).
In the literature, the anatase 70, is considered a semiconductor with an experimental band
gap of 3.20 eV [30]. The observed band gap value decreased from 3.17 eV to 3.00 eV with the F'e
doping on the a-TiO , where it is possible to find an experimental band gap for 770, containing
1.0% Fe of 2.6 eV [31]. The shift of the conduction band accompanies the decrease in the band

gap values, as observed in calculating the effective mass, m*, according to the equation:
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h?
mt = 3.7)

(%)
dr?
The effective mass is inversely proportional to the second derivate of energy about the k-vector;
therefore, the hole in the valence band has a greater effective mass than the electron in the
conduction band.

It is observed in Figure 7, that the electronic band structures and PDOS for TiO,-rutile (r-
Ti07) and Fe-doped TiOq-rutile (r-1709-F'e), which also indicates the semiconductor behavior
in both systems. One can observe, in PDOS, that both systems show similar features between the
valence and conduction bands, wherein d orbitals titanium atoms have the largest contribution
in the conduction band. The p orbitals oxygen atoms are responsible for most of the valence

band of both systems.
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Figure 7 — Band structure and projected density of states (PDOS) for rutile (a) 77O, and
(b) TiOy—Fe5y from Rietveld refinement structure.

Schmidet et al. [32] studied the electronic and optical properties of the polymorph T7O.
The authors reported for 7O, rutile predominantly 2p-O states in the valence band and 3d-7"
states in the conduction band. The electronic band structures were calculated for the rutile 7709
phase, where the k-points are the tetragonal path system [22]. The BS shows that both systems
(r-T'iO2 and r-TiO7 - Fe5y, ) have the behavior of a semiconductor with an indirect band gap,
and the gap values calculated are E,(r-7702 ) =2.95 eV (I' = M) and E,(r-Ti02 — Fesy, ) = 2.13
eV (I' = M). The rutile T'iO5 is considered a semiconductor with an experimental band gap of

3.00 eV [30, 33]. The band gap value decreases from 2.95 eV to 2.13 eV with the Fe doping on
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the r-T70», where it is possible to find an experimental band gap for TiO; containing 1.0% iron
of 2.6 eV [31]. The shift of the conduction band accompanies the decrease in the band gap value,
which can be observed considering the effective mass (Eq. 3.7) of the electron and hole.

The decrease in the band gap values observed in the anatase and rutile phases with the
doping of the iron atom indicates the substitution of the Ti** by Fe?* ion, which presents an
ionic radius of 0.605 A and 0.63 A [34], respectively. Then it is possible to note a mild tensile
strain due to the difference between the ionic radius, also observed in the Rietveld refinement
with the increase in the unit cell volume. The effects of tensile strain on the electronic band
structures caused a decrease in the band gap value.

We performed the band gap energy using diffuse reflectance spectroscopy with Wood-
Tauc plots for pure 7902 and Fe-doped 1O, , as shown in the Figure 30, and the optical
properties were calculated for pure 79O and Fe-doped T%O; . The band gap energy for pure
Ti0; is 3.22 eV and Fe-doped TiO; is 2.81 eV, where the Fe doping led to a decrease in the
band gap energy. The band gap energy was determined theoretically with anatase 7705 (a-
Ti0; ) presented E g = 3.17 eV and Fe-doped a-TiO2 with E, = 3.00 eV (Figure 6), and rutile
Ti0; (r-TiO; ) presented E,; = 2.95 eV and Fe-doped r-Ti0, presented Eg = 2.13 eV (Figure
7). Therefore, in both structures obtained by Rietveld refinement, a decrease in the band gap
energy was observed in the band gap energy using diffuse reflectance spectroscopy with the
close values.

To simulate the substitutional doping of iron atoms in the 77O, we have started from the
commonly employed 2 x 2 x 1 supercell (48 atoms). Eight possible doping sites for the iron atom
in the (010) plane was considered four titanium atoms on the surface and four on the first layer.
All 8-sites for Fe doping and its BS and PDOS are described in the annex Al-supplementary
information. Reyes et al. [31] studied the doping of iron atoms in 70 using the sol-gel method
to prepare materials. The materials of 770, were doped with Fe using as a precursor FeCls
and calcined at 600 °C. Through Mossbauer characterization of 79Oy with Fe (1.0% wt), sam-
ples presented about 66.81% of Fe?t species. The same experimental conditions described
by the authors [31] were used in the present work. Therefore, the calculations considered the
substitutional doping of T'i** by Fe?*.

The PDOS of the supercell 70O, -anatase and TO-rutile can be observed along the
supercell, Figure 8 a-c. The contribution of the Ti atoms to the largest part of the conduction band

and the O atoms to the largest part of the valence band. The PDOS of the supercell Fe-doped
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Ti0O; -anatase and T'iO, -rutile that present the lowest energy (see in annex Al-supplementary

information) is shown in Figure 8 b-d.
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Figure 8 — Total density states and PDOS on the p and d orbitals of (a) anatase 7O, (b)
anatase T10;-Fe, (¢) rutile Ti0,, and (d) rutile TiO,—F'e. The solid line is set
to spin up, and the dashed line to spin down.

New states emerge in both the doping cases and the positions are mainly located between
the valance and conduction bands, Figure 8 b-d. It can be seen that the new states for both
systems consist mainly of 3d orbitals of the F'e atoms, 2p orbitals of O atoms mainly contribute
to the valence band, and 3d orbitals of T atoms contribute to the conduction band. The most
striking difference from Figure 8 a-c is that the Fe* 3d states appear in the PDOS within the
band gap. The Fe?* 3d states are spread from approximately 0 eV to about 0.5 eV, Figure 8b,
with a predominance of spin up near the valence band and 0.5 eV to about 1 eV, Figure 8d, with
predominance to spin down near the valence band; an overlap of the 3d states of 7% can be
seen in the PDOS for both systems. Fe?* states in the band gap should also be reflected in the
photocatalytic property compared to pure 770,.The electronic band structures were determined

for the two systems doping with Fe atoms, Figure 9 a-b.



Chapter 3. Influence of Fe — Doping on the Structural and Electronic Properties of the TiOq
Anatase : Rutile 72

(@)

Energy (eV)

—
X
= h
=
N
Py
>
N
x—
m-
Z—
>

(b)

. gy

Energy (eV)

-3
-4

-5

-6 : » i —

r X m T Z R A 4 X R M A
Figure 9 — Band structure for (a) a-7'iO-F'e and (b) r-1iOy—F'e.

It can be observed that there is a general trend of the existence of a defect in the band
structure between the valence band and conduction band for both systems attributed to the iron
atom. For a-T70-F'e, Figure 9-a, the band gap with the biggest energy is 2.41 eV with the defect
near the conduction band, and for r-70 -F'e, Figure 9-b, the band gap with the lowest energy
is 2.37 eV with the defect near the valence band.

The quantum efficiency of a photocatalyst is affected by the transfer rate of electrons and
holes generated by an excitation. The charge rate of charge carriers can be indirectly assessed by

the effective mass of electrons and holes, which can be related to the following equation [35]:
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(3.8)

where m* is the effective mass of charge carriers,  is the wave vector, % is the reduced Planck’s
constant, and v is the transfer rate of electrons and holes. The is inversely proportional to their;
namely, the greater the effective mass of the carriers, the slower the transfer rate of the carriers, as
shown in eq 3.7. Therefore, the small effective mass can promote the migration of charge carriers
and inhibit the recombination of charge carriers. To explain the difference in photocatalytic
efficiency between phases anatase and rutile, as well as pure and doped, the effective mass of
the electron (m}_) and hole (m; ) was calculated along the directions designated for the band

gap, Table 8, solving the eq 3.7 in the bands of valence and conduction of the systems.

Table 2 — Effective mass of electron and hole for a-7:0, , a-TiOy—Fe, r-Ti0,, and r-
TiOg—Fe.

* *
System ml_ my .

Anatase calculation 0.1609 0.3203
[31] 0.1412 0.2028
a-Ti10y—Fesy, calculation 0.2401 0.2854

Rutile calculation 0.2570 0.8613
[31] 0.1284 1.0018
a-Ti10y—Fesy, Calculation 0.5333 0.6427

From Table 8, it is observed that the and the anatase phase is smaller than the rutile
phase, indicating that the transfer rate of the holes and electrons in the anatase phase is possibly
faster. When doped with the iron atom, a decrease in the effective masses of the holes is noted,
in which the a-Ti02-Fe has a less effective mass. This indicates that the photoexcited charge
carriers of a-7i0; and a-TiO2-Fe migrate more easily and transfer to their interior surface to
participate in photocatalytic reactions due to their lighter effective masses. However, when
the ratio analyzed, a value of 0.5 and 0.3 is observed for anatase and rutile, respectively, and
approximately 0.8 for both phases doped with the iron atom. With doping, the rate of mobility of
charge carriers increases with respect to pure phases. Through DFT calculations of the difference
in the photocatalytic activity of the 7Oy polymorphs, Zang et al. [36] also observed that the
effective masses of charge carriers of the anatase phase are less than of charge carriers in the
rutile phase.

In order to study the behavior with Fe-doped phases stability, the local density electronic

entropy was calculated, Figure 10 a-b.
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Figure 10 — Local density of electronic entropy for (a) a-77O,-Fe and (b) r-TiOy—Fe.

Electronic entropy is usually thought of as a small quantitative correction and can be

calculated from the band structure following equation [37]:

gband _ / plf —Inf + (1 — f)in(1 — f)dE, (3.9)

where p is the density of states, f is the Fermi distribution function, and kp is Boltzmann

constant. A local density of states can be defined following equation:

p(E,r) = Z [%i(r)?|0(EF — e:), (3.10)

the factor |1;(r)?| means that each state contributes more to the high-density regions. It is
observed in Figure 10 a-b that the contours of the isolines of the local density electronic entropy
represent the effect of the iron atom on the neighboring oxygen and titanium atoms, in which
the electronic entropy is located on the iron atom for both systems.

Also, a covalent character is observed between the iron atom and the oxygen atoms
due to the overlapping of the isolines. The a-7i0»-F'e system has a maximum value of 0.0348
kp/atom, and the r-T'iO2-F'e system has a maximum value of 0.0006 kg /atom; that is, the a-
T'iO; phase has greater doping effects. When the Fe atom is inserted into the crystalline structure
of anatase and rutile 77O phases, the electronic structure is modified. This was observed by
Sauvage et al. [38] that studied the effects of F'e doping on anatase 7iO; for application in
Lithium-Ion Batteries and Photocatalysis experimentally. A band gap decrease was observed,
and an improvement by Fe doping in charge/discharge. Through DFT/PBE+U calculations of
the Rh, Nb-codoped rutile 770,. Ghuman and Singh [39] observed that the electronic density is

located in the doping atoms and has a covalent character between the doping and neighboring
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oxygen atom.
Table 3 shows the water adsorption energies and bond distances for a water molecule

on the 7' (or Fe) adsorption sites at the (0 1 0) surface.

Table 3 — Estimated water adsorption energies (E,4;) and bond distances for a water
molecule on the surface for the a-7:O, , a-Ti02-Fe, r-Ti0,, and r-TiOy—Fe.

System Eads (eV) Tisurface_ow (A) FeSUTfULCﬁ_OU) (A)

Anatase -0.6149 2.2390
a-T70,—Fe  -0.9360 2.1842

Rutile -1.2422 2.1296

r-TiOy—Fe  -0.4608 2.0529

The adsorption energy (E,q4s) on a-1'iO is predicted to be about 0.6 eV larger than r-T05
, and distance on a-TiO5 is about 0.1 A longer than the distance on r-T%Os, in good agreement
with values reported by Selloni et al. [40]. The authors [40] observed a similar length of the
Tt sur face—Ow presented a range about from 2.1 A to023 A, and E,u; presented a range about
from -0.6 eV to -1.0 eV depending on the adorption site at the a-7O5 surface. The Tz face=Ouw
bond decrease and the E,4s increase were observed in the Fe-doped 702 anatase and rutile,
where the anatase phase Ty, foce—Ow bond length is bigger than the rutile phase, and the
anatase phase I, s is the smallest, which presented -0.9360 eV. The metal-doped 7'iO; presents
adsorption energy that is smaller than pure 770, . Yang et al. [41] studied the super hydrophilic
Fe3t-doped TiO; by experimental and DFT approach. Through the hydroxyl adsorption on
the T'iO2 and Fe@T'i0,, adsorption energy was obtained the -1.59 eV and -1.66 eV, respectively,
a short variation between the pure and doped systems. The same behavior was observed by
Shao et al. [42] that studied the nickel-doped T'iO; in electrochemical activities. According to
authors [42], the adsorption energy of a water molecule on 770 (0 0 1) presented -0.936 eV,
and Ni-doped 7O (0 0 1) presented -1.165 eV. This behavior observed in the doped 7O, ,
with the smallest adsorption energy, evidences that the water molecule binds to the anatase
surface weaklier than Fe-doped. In contrast, the water molecule binds to the surface rutile more
strongly than the Fe-doped. Therefore, the TiOz-anatase points more toward a behavior where
binding with a water molecule is neither too strong nor too weak and is more sensitive to iron
doping than the T'iOs-rutile about the local density electronic entropy. Thus, for the application
as a catalyst, as used for water splitting reaction, the anatase phase can present an improved

performance than the rutile. In this sense, the 7703-anatase was chosen to simulate the initial
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water-splitting reaction.

3.5 Reaction path of the water splitting

Water splitting was studied on the pure a-7i0; and a-7'iO>-F'e systems from the struc-
tural and electronic properties. The geometries of the surface in the plane (0 1 0) with species of
the initial states (IS), transition state (TS), and final state (FS) are involved in the mechanism for
the water splitting between the pure a-7i0O», and a-TiO»-Fe systems are shown in Figure 11 a,b,
respectively.

In order to obtain a molecular scale understanding of the fundamental reaction path and
estimate the activation energy barrier for water splitting, CI-NEB calculations were performed
with ten images, where the initial and final states were proposed from the mechanism [43]:

HQOads + hEV = OH(;ds + IT[Jr (311)

ads’

where Hy0 45 + hEV, OH:

odss and H;”ds are adsorbed on pure a-7%0> and a-1iO»-F'e systems

surface. The activation energy barrier (F,) was calculated following equation:

Eo = Ers — Ejs, (3.12)

where Erg is the energy of the transition state and Eg is the energy of the initial state. The

reaction energy (AFE) is calculated as:

AE = Epg — Frg, (3.13)

where Erg is the energy of the final state.

The IS corresponds to the (0 1 0) surface with a chemically adsorbed H>O molecule, and
the FS corresponds to surfaces that have dissociated water molecules such as OH and H species
adsorbed on the surface, in which the OH and H groups attached to the 77 and O atoms of
the surface, respectively. For the reaction path, different TS was found for the pure a-7':O2 and
a-TiOy-Fe surfaces, as observed in Figures 11-a and 11-b, respectively. It is observed that the
H,0 molecule is distorted, resulting in HO-H with a bond length of approximately 1.00 A for
the pure a-TiO; surface, Figures 11-a. However, for the a-TiO>-F'e surface, the TS consists of
dissociation of the H50O molecule, with OH attached to the Fe atom and the H at a distance of

1.23 A from the surface oxygen atom, Figure 11-b.
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Figure 11 — Reaction pathway and reaction barrier of single water molecule dissociation
on (a) a-7705 and (b) a-T'iOs—Fe.

The reaction energy (AFE) calculations indicate that the cleavage of the water molecule
has a small exothermic character, both pure a-70O; (AE = -0.007 eV) and a-TiO>-Fe (AE =
- 0.06 eV). Although the differences in the values of AE were insignificant for both systems,
the activation energy barriers (F,) predicted for the cleavage of water on pure a-7%0>, and
a-TiOy-Fe surfaces are 0.29 eV and 0.08 eV, respectively. Xu et al. [44] simulated the water
splitting in different oxides using the NEB method. One of them was the rutile 77O in the plane
(11 0), which obtained an activation energy barrier for the water splitting of approximately 0.38

eV. Ghuman et al. [45] studied the mechanism of adsorption and dissociation of water on the
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surface of pure r-702 and doped with Fe (II) atoms through the NEB method. For r-Ti0,, the
activation energy barrier for water dissociation in the study was approximately 0.9 eV; for rutile
Ti02 doped with Fe (II) atom, it was approximately 0.2 eV. Therefore, the values found in the
present work compared with the literature indicate that the surface a-7i0, -Fe is energetically
more favorable for the cleavage of the water in relation to the pure a-7i0; surface.

The Ey(a—1i0,—Fe) < Ea(a—Ti0,) can be related to the structural and electronic properties
of the Fe-doped T'iO; . Thus, It is possible to notice that the 7% — O bond length in the pure 70O,
present 1.93 A while the Fe — O bond length in the Fe-doped Ti0O, present 1.86 A. Analyzing
the electronic charge density (An(r)), the pure TiO; present the An(r)iprq = 1.3148 e/ A3,
and Fe-doped TiO; present An(r)iorqr =6.2353 ¢~/ A3, which can be seen in Figure 33 in the
annex Al-supplementary information. In this sense, the Fe-doped 7'iO; enhanced structural
and electronic properties, which can be attributed to the smallest activation energy for water-
splitting. We performed a photoelectrochemistry study of water splitting on the pure 790,
and Fe-doped TiO; to provide experimental support about why Fe-doped TiO; provides less
activation energy for water-splitting, see experimental set — up in Figure 34 . When we evaluate
the photocurrent as a function of the wavelength (1)), we observe a different behavior between
pure TiO5 and Fe-doped TiO3 , see in Figure 34a. We have observed that both pure 77O, and
Fe-doped TiO5 show photocurrent close to A = 320 nm. However, Fe-doped 790> demonstrates
a higher photocurrent than pure 7O, , and increased photocurrent in the wavelength between
500 nm and 600 nm contrasts with pure 702, which only responds at A = 320 nm. As a result, Fle-
doped T'iO; exhibits a significant increase in the photocurrent as a function of the wavelength
curve, indicating better charge separation, particularly in the visible region. In addition, we then
measured the time-dependent photocurrent response in the ON and OFF states, see in Figure
34b. The photocurrent response is enhanced by F'e doping when compared with pure TOs.
Therefore, the photocatalytic properties of the Fe-doped 1O, are better than the pure 7O ,
indicating the smaller activation energy for the water-splitting reaction, previously shown in the
theoretical calculation. In this sense, the photoelectrochemical (PEC) water-splitting performance
was analyzed for pure 770, and Fe-doped TiO> , see in Figure S9. The PEC performance was
best for the Fe-doped T'iO2 under AM 1.5G. The photocurrent of the pure 703, Fe-doped
TiO5 dark and illuminated are 425, 0, and 1200 pA.cm™2, respectively, at 0.8 V versus reversible
hydrogen electrode (RHE), suggesting much more efficient charge separation and collection of

the Fe-doped TiO; than pure T705.
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Furthermore, a photoelectrochemistry study of water splitting on the pure 7O pho-
toanode and Fe-doped 702 photoanodes was performed in a photoelectrochemical cell as
presented in Figure 34a in order to provide experimental support. When evaluated the pho-
tocurrent as a function of the wavelength (1), it is possible to observe an increasing of 300 %
at 320 nm in photocurrent values for TiO>-Fe compared to 770, materials, as presented in
Figure 34b. It is possible to observed that both pure 7702 and Fe-doped TiO2 photoanodes
presented photocurrent close to A ~ 320 nm. However, it is important to stress out that F'e-doped
Ti0O4 photoanodes demonstrated photocurrent in the wavelength between 450 nm and 650 nm
contrasts with pure 770> photoanode , which presented band only at A ~ 320 nm. As a result,
Fe-doped TiO, photoanodes exhibits a significant increase in the photocurrent as a function
of the wavelength curve, indicating better charge separation, particularly in the visible region.
In addition, it was measured photocurrent transients generated during photoirradiation (£ =
0.5 V) time-dependent for Fe-doped 170, and TiO, photoanodes, as presented in Figure 34c.
It is possible to notice that the photocurrent response is enhanced by 350 % for Fe-doping
Ti0 photoanodes when compared with pure 7702 photoanode. Therefore, the photocatalytic
properties of the Fe-doped 1O, are better than the pure 7iO5, indicating the smaller activation
energy for the water-splitting reaction, previously shown in the theoretical calculation.

The photoelectrochemical water splitting measurements were performed under radiated
Ti0, photoanode and Fe-doped Ti0O, radiated and non-radiated (dark) photoanodes using
linear scan voltammetry, as presented in Figure 34d. As evinced in Figure 32d, Fe-doped
Ti0O photoanodes under AM 1.5G presented improvement along photoelectrochemical water
splitting reaction. It is possible to observe an enhancement of 135% along the photocurrent at
1.2V for Fe-doped photoanode compared to pure 7O, photoanode.

Finally, the present study focused primarily on theoretical investigations of the initial
water splitting reaction mechanism. However, it is important to observe that a photoelectrochem-
istry study of water splitting was conducted as part of this study to provide experimental sup-
port. Thus, the theoretical simulations aimed to provide insights into the reaction mechanisms
of water-splitting, offering a molecular-scale understanding of the initial reaction mechanism

and estimating activation energy barriers.
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3.6 Conclusions

The metal-doping strategy to enhance the 70O photocatalytic properties toward water
splitting is adequate but lacks a better understanding of the mechanism. The effect of the Fe
atoms in the structural and electronic properties of the doped anatase and rutile phases as well
as water-splitting on their (0 1 0) surfaces, was investigated in the present study.

The Fe-doped anatase and rutile 770, have been successfully synthesized up to 10%
of atomic ratio. The Rietveld refinement is in good agreement with the previously reported
experiments. The lattice parameters are decreased, leading to smaller unit cell volume. Further-
more, replacing a Ti*" with a spin-polarized Fe*" atom in the unit cell must lead to oxygen
vacancy. The effect of this modification has been assessed through DFT/PW calculations. A
defect in the band structure between the valence and conduction bands with large 3d states of
Fe?* contribution has been shown. The predicted band gaps for anatase and rutile are 3.17 eV
and 2.95 eV, respectively, close to the experimental values. However, we have shown that the
Fe-doped T'i0O; lead to smaller band gaps. The anatase phase presents greater sensitivity to
Fe-doping with respect to the rutile phase. The effective mass of the carriers was calculated,
indicating that the transfer rate of holes and electrons in the anatase is faster than in rutile.

The water adsorption on the 7" and Fe sites was estimated to assess the surface reactivity
towards water-splitting. The adsorption energy is estimated to be larger (in absolute values)
for rutile compared to anatase. Water tends to adsorb on the F'e sites than on the 7' sites, with
adsorption energies -0.9360 eV more stable.

The mechanism of water splitting leading to adsorbed OH" and H* species has been
investigated. The transition states of the anatase 702 mechanism showed an activation energy
barrier of 0.29 eV, and Fe-doped anatase 7'iO; presented an activation energy barrier of 0.08
eV. This is an indication that the Fe-doped anatase 770, favors that water splitting. Experi-
mental measurements evidence the improvement of water splitting reaction for Fe-doped 7O,

compared to Ti0O> photoanodes.
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Influence of Strain Ef fect and TiOo(h

k 1) on the Structural and Electronic

Properties of Pt(111)/Ti09 (h k)

Inter faces

4.1 Abstract

The Pt(1 1 1)/TiO2(h k I) interface has pho-
tocatalytic potential for hydrogen evolution
reactions (HER), which has been extensively
explored. However, the influence of the strain
effects a TiO2(h k I) phase within this inter-
face remains a considerable subject for com-
prehension. In this context, we studied Pt(1

1 1)/TiO2(h k I) interfaces through a combi-
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nation of experimental and theoretical methods. The Pt(1 1 1)/TiOz(h k I) interfaces were

characterized through X-ray diffraction (XRD) using Rietveld refinement, where different planes

were observed for the phases, such as Ti02(1 0 1), TiO2(0 0 1) and Pt(1 1 1). From the refine-

ment, the deformation in the phase was analyzed through the ustrain, where the TiO5 phase is

prone to suffer greater deformation than the Pt phase. This can be evidenced by pstrainrio, >

pstrainp; and the bulk modulus (By), where By_p; > Bo_ri0,. Therefore, the strain along the
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Pt(111)/TiO2(h k) interface can be induced by the Pt phase. The electronic properties of the
Pt(111)/TiOx2(h k1) interface were carried out using DFT/Plane waves calculations. The PDOS
behavior of the Pt(1 1 1)/TiO2(h k I) showed a new state between valence and conduction bands,
with the largest contribution of the Pt — 5d state. The behavior of the d-band demonstrated that
the Pt(111)/Ti02(0 0 1) interface has antibonding states below the Fermi energy, while the
Pt(111)/Ti02(1 0 1) interface has antibonding states above the Fermi energy. We propose that
the Pt(111)/TiO2(1 0 1) interface exhibits better photocatalytic activity compared to the Pt(1 1
1)/Ti02(0 0 1) interface due to the improved electronic properties induced by the strain along
the Pt(111)/TiO2(h k) interface, and the behavior of the d-band.

Keywords: Rietveld refinement, DFT, Pt(1 1 1)/TiO(h k I) interface, materials modeling.

4.2 Experimental and Theoretical

4.2.1 Materials Preparation

The Pt(1 11)/TiO2(h k I) interface was synthesized using the Pechini method [1] The
precursors used were citric acid (Synth PA), ethylene glycol (Mallinckrodt), and titanium (IV)
isopropoxide (Ti[OCH (CHs)2]4/Sigma - Aldrich) for the TiO, phase precursor and hexahy-
drate chloroplatinic acid (H2PtCls - H>O/Sigma - Aldrich) for Pt precursor. All reagents used
presented analytical purity.

The primary solution was obtained by dissolving the metal precursor in the ethylene
glycol under stirring at 70 °C. Then, citric acid was then added. After complete dissolution and
obtaining a homogeneous solution, the solution was heated at 110 °C for an hour to undergo
polyesterification, resulting in a gel-like solution calcined at 500 °C for two hours. Thus, the

obtained material was in the form of powder, and it could be characterized.

4.2.2 Materials Characterization

The Pt(1 11)/TiO(h k I) interface was characterized through X-ray diffraction analysis
using a Rigaku Demax /2500 PC diffractometer, where the used source is C'u - Ko radiation (A
= 0.154 nm). The analysis covered 26 degree range of 10° to 130°, employing a step increment

and time of 0.01° and 0.1 s, respectively. The crystallographic phases were determined through
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Rietveld refinement [2] implemented in the General Structure Analysis System II (GSAS-II)
software [3]. The initial mathematical representation of Rietveld refinement and subsequent
formulations, as described in previous studies [4], formulated that the diffraction peak width
is a function of the d-spacing and diffraction angle. Hence, for peaks characterized near the
diffraction angle, distinct variations in their widths become apparent. The variations in the
experimental data are characterized using the peak profile function introduced by Stephens [5].
Therefore, variations in half-widths of reflections indicating anisotropic effects were noted, and
to elucidate these effects, a model proposed by Larson and von Dreele [6] was employed.

The International Center for Diffraction Data (ICDD) database was used to characterize
the crystalline phases. Additionally, to compensate for the line broadening due to instrumental

effects, employed the following method:

62 = (B%a:p - Bgtandard)’ (41)

where B, is the full-width at half-maximum (FWHM) of the peak, 3Standard was obtained
from standard LaBs powder (SRM660-National Institute of Standard Technology) using the

Caglioti equation [7]:

Bstandard = (Utan92 + Vitan + W)% (4.2)

The lattice parameters determined through Rietveld refinement were used to calculate the
electronic properties for the 7'iO2-anatase and platinum unit cells, which also used to proposed

the theoretical model for Pt(1 1 1)/TiOs(h k 1) interface.

4.2.3 Computational details

All theoretical calculations were conducted using density functional theory [8, 9] plane-
wave (DFT/PW) calculation implemented on the Quantum-ESPRESSO package [10]. The
exchange-correlation interactions were described by Perdew and Wang [11] (P W91) functional
to calculate the energies used in calculating the bulk modulus. The electronic properties were
calculated using the exchange-correlation interactions described by the functional developed by
Perdew-Burke-Ernzerhof [12] (PBE) and ultrasoft pseudopotentials proposed by Vanderbilt [13],
with electrons from O (2s, 2p), T'i (3s, 3p, 4s, 3d), and Pt (4f, 5d, 6s) shells explicitly included.

We performed the optimization convergence test of the system, and the plane-wave basis set the
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cutoff for the smooth wave functions was 55 Ry. The electronic structure calculations were car-
ried out using a DFT/PBE+U approach with the Hubbard correction. We use the value of U,y =
3.5 eV for d-T'i and p-O [14], considering DFT/PBE+U;+U,,. For the Brillouin zone, integrations
were performed 4 x 4 x 2 k-points (Pt(1 1 1)/TiO>(0 0 1) interface), and 6 x 4 x 2 k-points (Pt(1 1
1)/Ti02(1 0 1) interface) mesh sampling based on the Monkhorst-Pack scheme [15]. The Pt(1 1
1)/TiO2(h k 1) interface was simulated from a 3 x 2 slab constructed for the (1 0 1) and (0 0 1)
planes with 78 atoms of the anatase 70, phase and 7 atoms of the platinum phase in the plane
(11 1) considering a maximum fraction of approximately 60% of the 7702 phase and 40% of the
Pt phase determined in the Rietveld refinement.

The d-band structure analysis, was calculated from Projected Density of States (PDOS)

for Ti and Pt d-band center, where d-band center (¢4) can be calculated from:

E
ey — J=20 B E)E (4.3)
JEE na(BYdE
where ng(E) is e density of states of 7' and Pt d-orbitals, obtained from PDOS.
The charge density difference (Ang) was calculated according to equation:
And = And(AB) - And(A) - And(B), (44)

where Ang4p) is charge density of the Pt(1 1 1)/TiO2(h k) interface, Ang( ) is charge density
of the isolated Pt(1 1 1), and Angp) charge density of the isolated T'iOz(h k I). The adsorption

energy (Fqqs) of the Pt(1 1 1) onto TiOz(h k I) was according to equation:

Eads = Esys - EA - EB: (45)

where E; is the energy of the Pt(111)/TiO2(h k) interface; E 4 is the energy of the isolated Pt(1

1 1) calculated using the same protocol and Eg is the energy of the isolated 7¢Oz (h k ).

4.3 Results and discussion

4.3.1 Characterization and properties structural
The crystalline characterization phases and structural properties of the Pt(111)/TiO2(h

k 1) interface were studied by XRD and Rietveld refinement, Figure 12.
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Figure 12 — XRD and Rietveld refinement pattern for Pt/Ti0, crystalline phases.

Also, cartesian coordinates of 7?0y and Pt crystalline phases obtained from Rietveld
refinement were presented in annex Bl-supplementary information Table 10 and Table 11. As
observed, the reflections set correspond to two different crystalline phases of 770, and Pt,
whereas XRD patterns showed the 77O reflections at 25.2978 (1 0 1)-hkl plane, 37.6865 (0 0 4)-hkI
plane, 48.0438 (2 0 0)-hkl plane, 53.9373 (1 0 5)-hkl plane, 55.2413 (2 1 1)-hkl plane, 62.7398 (2 0
4)-hkl plane, 70.2382 (2 2 0)-hkl plane, 75.1285 (2 1 5)-hkl plane, and 123.0532 (4 0 4)-hkl plane
related to 7709 — anatase crystalline phase (17O — CIF ICSD 93098). Furthermore, reflections at
39.7178 (1 1 1)-hkl plane, 46.2382 (2 0 0)-hkl plane, 67.4796 (2 2 0)-hkl plane, 81.4984 (3 1 1)-hkl
plane, 85.7366 (2 2 2)-hkl plane, 103.3416 (4 0 0)-hkl plane, 117.6865 (3 3 1)-hkl plane, and 123.0532
(3 3 2)-hkl plane related to Pt crystalline phase (Pt - CIF ICSD 243678). The structural and
statistical parameters related to the Rietveld refinement, shown in Figure 12, are presented in
Table 4. The acceptance of refinement data depends on whether the weighted index (R,,,) is
lower than 10% [16] and the variance between the observed values and the values expected
under the model in question (x?) is lower than two [16]. Therefore, the Rietveld refinement for
the Pt/Ti0, interface agreed with Rietveld proceedings.

As shown in Table 13, lattice parameters (a, b, c,a, 8, and ) were in agreement with
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Table 4 — Structural and statistical parameters using Rietveld refinement for Pt/TiO,
materials.

Parameters/phase Tetragonal/Anatase - 70O,  Cubic/Pt

a/A 3.77891(11) 3.91492(3)
b/A 3.77891 (0) 3.91492 (0)
c/A 9.4799(5) 3.91492 (0)
a == /degrees 90.0 90.0
V/A3 135.374(9) 60.0026(15)
Particle size/nm 12.81 12.43
Wt. Fraction 0.59919 0.40081
e 1.25
R(F2) 0.0211
wRp 0.0451
GOF 1.16

those values obtained for file card CIF - ICSD 93098 for anatase 70> - tetragonal crystalline
phase (space group 141/amdZ, a = b = 3.7840(7) A, ¢=95002) A, and a = 3 = v = 90.0°) and
tile card CIF - ICSD 243678 for Pt - cubic crystalline phase (space group Fm-3m, a =b =c =
3.92316(2) A, and a = 3 = v = 90.0°). Furthermore, particle size and pstrain were evaluated as
described below.

The constant wavelength (CW) profile implemented into the GSAS — I routine uses a
pseudo-Voigt convolution and asymmetry function and the microstrain broadening description

of Stephens et al. [5]. The Gaussian broadening of the peak (¢2) modifies with 26 as:

o2 = Utan®0 + Vtand + W, (4.6)

where U, V, and W are the coefficients described by Caglioti et al. [7], and the Lorentzian

broadening will follow,

X
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where for which the two terms accommodate potential sample crystallite size and microstrain

broadening, respectively. Therefore, the particle size broadening can be calculated from:

Ad B A20cotd

7z ¥ = constant, (4.8)

from Bragg’s law, then:

Ad B 2A20cot0sinb

o/ 4.
= e “9)

thus, the broadening is:

M
2d2cosh

A20, (4.10)
where the term Ad/d? is related to the Lorentzian broadening (X).

It is possible to notice in Table 13 that the particle size is 12.81 nm and 12.43 nm for
Ti0, and Pt crystalline phases, respectively. Kibis et al. [17] studied Pt/TiO, activity in low-
temperature ammonia oxidation. Moreover, the authors also performed Rietveld refinement
for Pt/TiOy samples. According to the authors [17], Pt/Ti0O2 samples were obtained from two
methods, which presented 4.7 nm and 18.8 nm. Particle sizes vary from 4 nm up to 20 nm, also
shown in the literature [18-20]. Therefore, the lattice parameters and particle size presented
herein agree with the literature.

The structural behavior of the Pt(1 1 1)/TiO2(h k I) interface was also studied through
the microstrain (pstrain) behavior of the Pt and 70O, phases and the bulk modulus behavior
titted from an equation of states (EOS), as shown in Figure 13a-d.

The pstrain is observed through non-uniform lattice distortions, which create deviations
in the d-spacing on a plane, resulting in peak broadening in the diffraction pattern [21, 22]. The

3D graphical representation of pstrain is obtained through the S,;; values from the Rietveld

refinement. The pstrain along the [h k I]-direction be calculated from [5]:

nd?
s(hkl) = 2 4.11
where I'? for a cubic symmetry (Pt — phase) is:
2 = Syoo(h? + k* 4+ 1) + 3S990(h2k% 4 K212 + E21?), (4.12)

and for a tetragonal symmetry (770, — phase) is:
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Figure 13 — ustrain contour plots obtained using Stephen’s anisotropic strain model in
GSAS-II package. The size of each volume represents the overall pstrain
from (a) T©O, with projection for [1 0 1] direction and (b) Pt with projection
for [1 1 1] direction. Equation of state (EOS) from DFT - data Murnaghan
and Keane fitting for (c) 770, and (d) Pt.

I'2 = Syo0(h? 4+ k%) + Sooa(I*) + 3S200(A%1%) + 3Sa02(R21% + E212), (4.13)

where Syk1 are parameters adjustable from Rietveld refinement and restricted by phase’s
symmetry.

In Figure 13a, it is possible to observe the pstrain for the 70O phase with projection
in the [1 0 1] direction, which presents a tetragonal system with anisotropic strain parameters
S400, S004, S220, and Sap2. The maximum values found for the 770, phase pstrain in Figure 13a
were on the order of 2210° in the z and y axes. Muregesan et al. [23] studied the anatase 7705

phase at different temperatures synthesized via sol-gel route and analyzed the jstrain using
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the Rietveld refinement. A ccording to the authors [23], at 773 K observed, a maximum value
of the ustrain of 52102 in the 2 and y axes, and 873 K of 102102 in the z, y, and z axes. The
current study agrees with the experimental results observed at 773.15 K (500 °C) of the ustrain
values as described by the authors [23]. It is possible to notice the absence of ustrain r;o,)
z-axis projections, which can be analyzed by parameters Si09 > > Spo4, suggesting that the 7O,
crystallite is anisotropic. In Figure 13b shows the 3D pstrain for the Pt phase with projection
in the [1 1 1], which presents a cubic system with parameters Siop and Sazp. T he maximum
values found for the Pt phase ustrain in Figure 13b were on the order of 12102 in the z and y
axes. As observed in Figures 13a-b, the magnitude of pstrain is different in the 79Oy and Pt
phases (ustrain r;o,) > pstrainpt), indicating bigger deformation and defects in the 703 phase
caused by the Pt phase.

As exposed above, the TiO, and Pt phases exhibited deformation, with ustrain ro,)
> ustrainp.. However, materials can exhibit two stress types: tensile and compressive strain.
Thus, modifying the lattice parameters of materials is possible from the fully relaxed geometry
to the tensile and compressive deformation. In this sense, obtaining a graph of energy vs. lattice
volume from the modification is possible, which generates a quasi-parabolic graph that can
be adjusted using an equation of state (EOS). The chosen EOS must have parameters for a
specific material, such as properties obtained under the same synthesis experimental condition
or proximity. Therefore, the EOS is defined as the relationship between energy and lattice
volume that describes the behavior of materials under tension and compression. The simplest
approach for an isothermal EOS is in terms of the bulk modulus (By), defined as the ability to
resist volume variation with uniform stress and compression deformation.

The anisotropic microstrain (ustrain) behavior observed for the 702 and Pt phases can
be discussed in light of the B, values [24, 25] shown in Figures 13c-d. It is possible to notice in
Figure 13c that the By value for the 770, phase is 234.4 GPa, adjusted by the equation developed
by Keane [26], and in Figure 13d, the B, value for the Pt phase is 287.8 GPa, adjusted by the
equation developed by Murnaghan [27]. The bulk modulus (By) of a given material can be

described as:

opr
By=-V <6V>T, (4.14)

where By represents the resistance of the material to isotropic compression [28]. Murnaghan

proposed the following equation:
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where 1} is the equilibrium volume. Keane assumptions that pressure can be expressed with a

power series on the deformation of the material following the expression:

P B, Vo) Bo B, Vo
=0 (2) 1] - —1)in2 4.1
n=wr | (V) (B' "y (416

00
where B, — 1> B, > B, /2 and By= B, the above equation reduces to the Murnaghan equation.
Ti0, and Pt are distinct materials with different crystal structures, bonding characteristics,
and responses to compression and tesion. Thus, the use of different EOS reflects the distinct
characteristics of each phase.

Dong et al. [29] studied the structural transformation of the anatase 770, phase using
synchrotron X-ray diffraction and Raman spectroscopy under different pressures. The authors
[29] used the Birch-Murnaghan equation of state to fit the experimental values and obtained a
By value of 243 GPa for anatase 7702 nanoparticles. Similarly, Pischedda et al. [30] used X-ray
diffraction and Raman spectroscopy under different pressures to study the structural stability of
the anatase 7702 phase. The authors [30] also used the Birch-Murnaghan equation state to fit the
experimental data and obtained a B value of 237 GPa. Cagin et al. [31] studied the mechanical
and thermal properties of the transition metals with a face-centered cubic structure. According
to the authors [31], by varying the temperature from 300 K to 1500 K and monitoring the B
values, a decrease in values was observed, and a value of 256.24 GPa was reported for Pt at
300 K. However, an experimental value of B for Pt of the 278.3 GPa can be found [32]. The
choice of EOS should provide parameters for a specific material, such as properties obtained
under the same synthesis conditions or proximity. It is important to note that the By obtained for
Ti09 and Pt phases are close experimental values reported in the literature. In order to study
the pressure as a function of the volume, the 770, and Pt phases was analyzed a pressure vs.
unit-cell volume as shown in Figure 14.

It is possible to notice in Figure 14a-b that the increase of the pressure leads to a decrease
in the values of unit-cell volume for both 770, and Pt phases. The smaller unit-cell volume is
related to the shorter bond length, leading to a compressed structure and volume with increased
pressure [33, 34]. The rate of volume changing can be observed by first-order exponential
decay fitting in Figure 14a-b, where the decay constant for 7O, and Pt were t(_7;0,) =

64.891 (R? = 0.9999) and Pt t(;_py = 35.029 (R?=0.9999). Thus, the TiO; phase presented a
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Figure 14 — Pressure as a function of unit-cell volume with first-order exponential decay
of materials a) 77O and b) Pt.

bigger volume change rate than the Pt phase. The analysis enthalpy (H) plays a pivotal role
in determining structural and electronic properties in materials. It is possible to observe that
at minimum energy volume, the 7O phase presented H v, r;0,) = -952.2 kJ.mol™1, and the
Pt phase presented H v, py) = -467.6 kJ.mol~ 1. The TiO, phase presented in the literature an
AvH

-938.72 kJ.mol~ 1 [35], and the Pt phase is well defined that A s H?

0 —
(solid—anatase/TiO2) (Pt—c)

=0 kJ.mol~! [36]. However, it is possible to find the binding energies of the one Pt atom in
the metal cluster of the 420-480 k.J.mol~! [37]. Therefore, the TiO5 phase provides a bigger
enthalpy variation (AH) than the Pt phase, in which AH 70, = -1.66 kJ.mol ~land AHp; =
-0.58 kJ.mol L.

In summary, the 72O5 phase displays a higher susceptibility to deformation its crystalline
structure when compared to the Pt phase. This observation is consistent with the results obtained
from pstrain (ustrainrio,) > pstrainp) and bulk modulus (B(o—ri0,)<B(o—pr))- Consequently,
at the Pt(111)/TiO(h k) interface, the 7O phase undergoes stress induced by the Pt phase,
in which the 7O, phase has a bigger volume change rate with ¢(7;0,) > tp+ and produces
more energy with the volume change (AH 1;0,) > AHp;). Thus, the stress along the Pt(1 1
1)/TiO(h k I) interface induced by the Pt phase has the potential to enhance the material’s

catalytic performance by tuning its electronic and structural properties.

4.3.2 Theoretical model for Pt(1 1 1)/Ti0O5(h k1) interface

As discussed previously, XDR and Rietveld refinement evidence the formation of the

Pt(111)/Ti0O2(h k1), where the Pt phase presented reflections at 39.7178 (1 1 1)-hkl plane with
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the biggest intensity and the 70O, phase presented reflections at 25.2978 (1 0 1)-hkl plane and
37.6865 (0 0 4)-hkl plane with the biggest intensity, where wt. fraction of the 70O phase is 60%,
and the Pt phase is 40%, approximately. In this sense, DFT analysis was carried out in order to
model possible Pt(111)/Ti02(001)and Pt(11 1)/Ti02(1 0 1) interfaces with wt. fraction close

to the determined by Rietveld refinement, shown in Figures 15a-b.

Figure 15 — The optimized structures of (a) Pt(1 1 1)/TiO(0 0 1) interface and (b) Pt(1
11)/Ti0O5(1 0 1) interface.

The Pt - Pt, Pt - O, and Pt - T'i bond lengths play a fundamental role in the structural
and electronic properties of the Pt(1 1 1)/T4O2(h k I) interface. Thus, analyzing bond length
variation between atoms at the interface is pivotal to probing the interface behavior. All the
bond lengths of the optimized structures of the Pt(1 1 1)/TiOx(h k I) interface can be seen in
Table 12 in the annex Bl-supplementary information. It is possible to observe that the Pt - Pt
bond length on the Pt; phase varies from 2.5186 A up to 2.8105 A for Pt(111)/Ti05(00 1) and
Pt(111)/TiO2(1 01) interface. A similar Pt - Pt bond length was reported in the literature,
such as varied between 2.50 A to 2.80 A [38-41]. The Pt(111)/TiO2(0 0 1) interface presented
only one Pt - O bond with 2.0811 A length, and the Pt(1 1 1)/T%iO2(1 0 1) interface presented
two Pt - O bond with 2.0094 and 2.1374 length. However, the Pt(1 1 1)/Ti02(0 0 1) interface
presented an 8-fold Pt - T'i bond that varies from 2.3723 up to 2.7775 , which the bond lengths
of the Pt atom presented with four-coordinated 7 atom (7" — 4c), five-coordinated 7" atom
(T'i — 5¢), and six-coordinated 7 atom (7' — 6¢). The Pt(1 1 1)/TiO2(1 0 1) interface presented
a 3-fold Pt - T bond that varies from 2.4752 A up to 2.7628 A, which the bond lengths of the
Pt atom presented only with six-coordinated 7" atom (7" — 6¢). Through DFT calculation of
the bonding and electron energy-level alignment at Metal(0 0 1)/TiO2(0 0 1) interfaces, Chen et
al. [42] observed a similar length of the Pt - O and Pt - T bond presented 2.04 A and 2.73 A,
respectively. All the bond length observed for Pt(111)/Ti02(00 1) and Pt(111)/TiO2(101)

interface agreed with literature data [38-42].
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4.3.3 Electronic properties for Pt(1 1 1)/T7Os(h k) interface

Platinum (Pt) and titanium dioxide (7205) are well-known and have been previously
studied for their electronic properties, mainly in photoelectrochemistry reactions [43]. From
structures determined by Rietveld refinement, the 70O, presents a semiconductor behavior,
with an energy band gap of 3.00 eV, where the experimental energy band gap is 3.20 eV [44],
and Pt presents metallic behavior with conduction and valence bands overlapping, see in annex
Bl-supplementary information Figure 36. The Projected Density of States (PDOS) was performed
for the Pt(1 1 1)/TiOz(h k I) interface, as shown in Figure 16.
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Figure 16 — Projected Density of States (PDOS) (a) Pt(111)/Ti04(0 0 1) interface and
(b) Pt(111)/TiO5(1 01 interface.

It is possible to notice in Figure 16a-b that the PDOS behavior is different when compared
with the isolate 77O and Pt phases, see in annex Bl-supplementary information Figure 36. The
Ti02 phase PDOS is similar to both PDOS in Figure 16a-b, but there is no energy band gap
between valence and conduction bands, presenting a metallic behavior. Both PDOS of the phases
presented the O - 2p state with the largest contribution in the valence band (VB) and the 7% - 3d
state with the largest contribution in the conduction band (CB). Further, a new state between VB
and CB is observed with the largest contribution of the Pt - 5d state, which is close to the Fermi
energy (Er). The Pt - 5d state in the Pt(1 1 1)/Ti02(0 0 1) interface, Figure 16a, is localized to
the smallest energy below Er close -2.0 eV, while the Pt - 5d state in the Pt(111)/T%O2(101)
interface, Figure 16b, is localized to biggest energy close to 0 eV. Wang et al. [45] studied the
size effect of the platinum particles on 77O support through DFT. The authors [45] performed
PDOS for different Pt,/Ti0O>(1 0 1), where the Ptg/Ti0>(1 0 1) system was observed in Pt - d
states below Fermi energy, which suggested a strong interaction between the first layer of the

Pt and the TiO2 support. Tamura et al. [46] used the First-principles study to investigate the
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electronic and structural properties of the Pt/TiO; interface. The authors [46] built a unit cell
considering the Pt(0 0 1)/TiO2(0 0 1) interface and calculated the PDOS, where Pt - d states
close to the Fermi energy and between VB and CB were observed. Still analyzing the PDOS of
the Pt(111)/TiOx(h k I) interface, Figure 16a-b, the contribution of the O - 2p and T - 3d states
can be observed close or overlapping the Pt - 5d states within the range of -2 to 0 eV, indicating
the formation of the Pt - O, and Pt - Ti bonds, which was discussed previously, the Pt(1 1
1)/Ti02(0 0 1) interface presented only one Pt - O bond and eight Pt - T'i bonds and the Pt(1 1
1)/TiO5(1 0 1) interface showed two Pt - O bonds and three Pt - Ti bonds.

The bonds between the atmos of the optimized structure can also be observed in
the charge density distribution (An) and electron localization function (ELF) of the Pt(1 1

1)/TiO2(h k I) interface, as shown in Figure 17.
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Figure 17 - 2D Charge density distribution (An) and electron localization function
(ELF) of the (a) - (c) Pt(111)/TiO5(0 0 1) interface and (b) — (d) Pt(1 1
1)/TiO(1 0 1) interface.

It is possible to observe in Figure 17a-d that the 2D charge density distribution (An) and
electron localization function (ELF') are located on the oxygen atoms in the 7O phase and
located on the Pt atoms in the Pt phase for both systems. The Pt(1 1 1)/TiO2(0 0 1) interface,
Figure 17a, presented a 7" - O bond with a more ionic character than the Pt(1 1 1)/T%O2(1 0 1)
interface, where the value ELF 0.03, Figure 17c. The Pt(1 1 1)/T%O2(0 0 1) interface, Figure 17b,

shows that the 7% - O bond has more covalent character due to the overlapping of the isolines
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and the value ELF 0.2, Figure 17-d. Further, the o verlapping of the isolines and value ELF is
observed between the 7902 and Pt phases, evidenced by the Pt - O and Pt - T bonds observed
in the Pt(111)/TiOx(h k) interface in the optimized structures, Figure 15a-b, and PDOS, Figure
16a-b. Still analyzing the charge density distribution (An), the Pt(1 1 1)/TiO2(0 0 1) interface,
Figure 17a, presented the An maximum values (Any,q,) about 1.54 and the Pt(1 1 1)/TiO2(0 0
1) interface about 1.47. The difference in the An,,,, shows that the electronic behavior of the
Pt(111)/TiO2(h k1) interface changes with the T'iO5 plane.

The charge density distribution (An) of the 7'iO3 phase is well described in the literature,
demonstrating that An is accumulated in the oxygen atoms due to the electronegativity values
of oxygen and titanium atoms [47](O = 3.5, T'i = 1.32, and Pt = 1.44 on the Pauling scale) [48].
However, the An of the Pt(1 1 1)/TiO2(h k I) interface is not well described in the literature,
which depends on the kind of the interface studied, like size clusters of the Pt phase, crystalline
arrangement of Pt phase or only one Pt atom, and the 7O phase planes. Zhang et al. [49]
studied the Pt/Ti0O interface for SO, gas sensing through experimental and density functional
theory investigation. The authors [49] described the metal/semiconductor interface considering
Pt single atom on the 79O (1 0 1) surface and calculated the electronic properties. The charge
density of the Pt/T'iOs interface showed that it accumulated in the oxygen atoms, and the
overlapping of the An-basins between oxygen and titanium atoms led to a structure of the
covalent character. Furthermore, the Pt single atom presented a smooth accumulated of the
charge, but this behavior can be associated with the SOz molecule adsorbed on the Ti O, surface.
On the other hand, Wu et al. [50], investigated Pt cluster on the 7O surface with oxygen
vacancies for electrocatalyst hydrogen evolution. The authors [50] studied the Pt4/TiO2(1 0 1)
and Pt4/Ti0O5(1 0 1)-Oy interfaces using the DFT and calculated the electronic properties. The
Pty cluster used was pyramid-like, and the charge density distribution of the Pt4/Ti02(1 0 1)-
Oy interface showed a structure with charge density accumulated strength in the oxygen atoms
and platinum atoms close to the 7905 surface, where the platinum atom further away from 790,
surface presented charge density distribution close of the zero. Moreover, the charge density
distribution shown in the interface was localized, indicating an ionic character and An maximum
values of about 0.7. Another kind of Pt/Ti0; interface was described by Chen et al. [42] using
density functional theory. The authors [42] built a unit-cell model with Pt(0 0 1)-fcc/TiO2(00 1)
considering two kinds of interface, one with Pt - O bonds interface and with another Pt - T

bonds interface. The density charge of the interfaces showed the accumulation of the charge in
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the oxygen atoms and platinum atoms close to the 7O, surface for the interface with Pt - O
bonds and an increase accumulated of the charge in the titanium atoms and platinum atoms
for the interface with Pt - T'i bonds. Therefore, the type of Pt/Ti0, interface that is studied
impacts how the interface can be used in practical applications.

Metal/oxide interfaces, such as Pt/T'iO3, have practical applications in many important
catalytic or photocatalytic reactions [51-53]. Therefore, it is essential to analyze the behavior of
the d-band, as it plays a fundamental role in the reactivity of metal or alloy surfaces. Table 5
shows the d-band center (¢4) and d-band width (w,) of the Pt(1 1 1)/TiOs(h k 1) interface.
Table 5 — Electronic structure of the d-band projected: d-band center (¢;), d-band width

(wq) and Fermi energy (Er) of the T'iO,, Pt isolate phase and Pt(1 1 1)/TiO(h
k I) interface.

TiO, Pt PH111)/TiOx(001) Pt(111)/TiOx101)

d-band shape Tid-band Ptd-band Tid-band Ptd-band 7Tid-band Pt d-band
€d -7.03 -3.73 -4.40 -2.72 -4.43 -2.48
Wy 4.34 2.27 3.26 1.76 1.46 1.91
Ep 8.64 16.96 7.33 2.78

The d-band center (¢;) and d-band width (wg) provide important characteristics of
the catalytic process of the system, such as correlating the ¢4 shifts up of the material with
antibonding states above Fermi energy. Analyzing the isolated phases of Pt and 70, it was
observed that the €;_70, and €;_p; were -7.03 eV and -3.73 eV, respectively. However, by
coupling the phases and forming the Pt(1 1 1)/TiOz(h k I) interface, there was a shift in the ¢4
value towards more positive values. At the Pt(1 1 1)/Ti02(0 0 1) interface, the energy levels
of €(4—_ri0,)and €4 py) were found to be -4.40 eV and -2.72 eV, respectively. The ¢; values were
below the Fermi energy level, which indicates that the antibonding states are also below the
Fermi energy. In contrast, at the Pt(1 1 1)/TiO(1 0 1) interface, the €4_7;0,) and €4_py) values
were -4.43 eV and -2.48 eV, respectively, with the ¢4 values closer the Fermi energy level, which
indicates the possibility that the antibonding states are above the Fermi energy. Therefore, the
Pt(111)/TiO>(1 01) interface can present the most significant trend in the activity of some
catalytic processes than the Pt(1 1 1)/TO2(0 0 1) interface, once that d-band center upshift
lead to a stronger interaction adsorbate-surface. Zhou et al. [54] investigated the Pt/Ti0O,
interface for CO molecule oxidation, monitoring the crystal facets of 7i0,. The authors [54]

using the operando XAS/DRIFT and DFT studies, related the CO oxidation activity in the
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orderPt(111)/Ti0O2(101)> Pt(111)/TiO2(100)> Pt(111)/TiO2(0 0 1). Zhang et al. [55],
studied the morphology and facets dependent on the 7O, phase in the Pt/TiO; interface.
According to the authors [55], the activity CO conversion with water gas shift following the
order Pt(1 1 1)/TiO2(1 00) ~ Pt(111)/TiOx(1 01) > Pt(111)/TiO2(0 0 1). On the other
hand, Wu et al. [56], studied the Pt/Ti0 interactions with different facets of the 770, for
hydrodeoxygenation (HDO) of m-cresol. The authors [56] used experimental and theoretical
approaches and proposed that the CO chemisorption and adsorption, which is correlated with
the HDO reactions, follow the order Pt(1 1 1)/TiO2(1 00) > Pt(111)/Ti0O2(001) > Pt(11
1)/Ti02(1 0 1) of the encapsulation degree. Chen et al. [57], investigated the facet-engineered
T'i0; drives photocatalytic activity and Pt/Ti0O interface stability. According to the author [57],
the Pt/Ti02(0 0 1) and Pt/Ti0O2(1 0 1) interfaces are very much alike for use as catalysts for
hydrogen evolution reaction, with proton adsorption energy small for both interfaces. However,
the Pt/TiO2(1 0 1) interface is superior to the Pt/TiO2(0 0 1) interface for catalysts for oxygen
evolution reaction.

The catalytic or photocatalytic activity of the Pt(1 1 1)/T%O(h k I) interface depends on
the type of reaction being studied. The reactivity of the interface is related to the presence of
oxygen vacancies, which is a pivotal parameter towards improving catalytic or photocatalytic
reactions [58, 59]. However, the catalytic or photocatalytic characteristic can be discussed in light
of the d-band shape of the interface, as discussed previously with the d-band center (¢;), and
one can relate the ¢4 shift with d-band width (wy), also shown in Table 5. The isolated phases of
T'iO3 and Pt presented w(4_7i0,) and w4_py) of 4.34 eV and 2.27 eV, respectively. For both Pt(1
11)/TiO5(h k I) interfaces, the w, values decrease, whereas the Pt(1 1 1)/Ti0O2(0 0 1) interface,
the wy values of w(g_r;) and w;_py) were found to be 3.26 and 1.76, respectively. However,
at the Pt(1 1 1)/TiO5(1 0 1) interface, the w(4_r;0,) was smaller and w;_py) slightly bigger,
with values of 1.46 and 1.91, respectively. The Pt(1 1 1)/TiOz(1 0 1) interface d-band center
(eq4) is near the Fermi energy level than Pt(1 1 1)/TiO>(0 0 1) interface, which can be related to
interfaces wq_ p; with different values. Kolb et al. [60] presented, from the study about the strain
in palladium materials, that an increase in the w, causes the ¢, to shift towards the Fermi energy
level, while a decrease in the wy causes the ¢4 to shift below the Fermi energy level. Therefore, the
catalytic or photocatalytic behavior of the Pt(1 1 1)/TiO(h k I) interface is influenced not only by
the presence of oxygen vacancies but also by the intricate interplay of d-band characteristics. The

Pt(111)/TiO«(1 0 1) interface tends to exhibit essential characteristics in reactions where states
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above the Fermi level are determining steps. However, the Pt(1 1 1)/TO2(0 0 1) interface is
better suited for reactions requiring stable bonding due to the possible presence of antibonding
states below the Fermi level.

In order to understand the interfacial interactions between the Pt(1 1 1) phase and
TiO(h k I) phase, the charge density difference (Ang ), charge transfer (Ag), and the adsorption

energy (Fqqs) were calculated, as shown in Figure 18a-b.

Aq =-0.4442 b) Aq =-0.5650

AE, 4 pe=-0.8116 Ry AE 4, pe = -0.4855 Ry

Figure 18 — Charge density difference (Angy) of (a) Pt(111)/TiO4(0 0 1) interface and (b)
Pt(111)/TiO4(1 0 1). The yellow isosurface is the electron depletion region,
and the cyan isosurface is the electron accumulation region, where the
isosurface value is (a) 0.001 electron Bohr~! and (b) 0.003 electron Bohr—!.
Ag/10* represents charge transfer denoted in electrons, and AFE, 4 (Ry)
represent the adsorption energy of the Pt phase.

Figure 18a indicates that the electron depletion and accumulation regions in the Pt(1 1
1)/Ti02(0 0 1) interface occur mainly in the 7O phase. On the other hand, Figure 18b shows
that in the same interface, the electron depletion region is localized to the Pt(1 1 1) phase,
whereas the electron accumulation region is localized to the Pt(1 1 1)/T%O(1 0 1) interface
region. Therefore, the electron (e™) injection in the P#(1 1 1)/7iO2(0 0 1) interface occur between
Ti - O bond of the Ti0(0 0 1) with a charge transfer (Ag/10%) of the 0.4442 e~, and in the Pt(1 1
1)/Ti02(1 0 1) interface about 0.5650 e~ is transferred from TiOz(1 0 1) phase to Pt(1 1 1)phase.
The adsorption energy (AE,q4s) on the Pt(1 1 1)/Ti02(0 0 1) interface is predicted to be about 0.4
Ry smaller than Pt(1 1 1)/TO2(1 0 1) interface, which showed that there are strong interfacial
interactions in the Pt(1 1 1)/TiO2(0 0 1) interface than in the Pt(1 1 1)/TiO2(1 0 1) interface ,
which can be observed by the number of coordination bonds (Pt - T, Pt - O), previously shown
in Figura 15. Pt(1 1 1)/TiO2(0 0 1) interface exhibited the highest number of metal/oxide bonds,
resulting in lower adsorption energy, and the Pt(1 1 1)/TiO(1 0 1) interface presented the

lowest bond, corresponding to the highest adsorption energy. Previously, the Pt/TiO; interface
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interfacial behavior was described in the literature [50, 54, 61], showing that the Pt phase on
the TiOx(h k I) surfaces changes the electronic properties of the interface. However, the specific
electronic interactions and charge transfers described strongly depend on the kind of interface
studied, which leads to predicting the better Pt/TiO, interface that can be used in practical

applications.

4.4 Conclusions

The use of Pt(111)/TiOz(h k) interface to improve catalytic or photocatalytic properties
in comparison to the isolated phases, which can reduce costs, especially the high price of the
platinum metal, is an adequate approach but requires better comprehension of the interaction
metal/oxide. The influence of Pt(1 1 1) on the structural and electronic properties of TiO2(h
k I) was investigated through a combined experimental and theoretical investigation, such as
Pechini method synthesis, XRD/Rietveld refinement, and density functional theory.

Based on the XDR and Rietveld refinement, it has been demonstrated that the Pt(1 1
1)/ TiOx(h k I) interface is formed through the Pechini method. The most significant symmetry
planes between Pt and 7O, phases were observed to be Pt(1 1 1), TiO2(1 0 1), and T%O2(0
0 1). However, other planes were also detected, but with reflections of lower intensity. In the
analysis of the structural properties, it was observed that the crystalline structure of the 7O,
phase is more susceptible to deformation than the Pt phase. This is evident from the values
of pstrain (ustrainrio, > pstrainpt) and bulk modulus (B(g_r1i0,)<B(o-pr))- As a result, at the
Pt(111)/TiOxz(h k I) interface, the TiO2 phase undergoes stress induced by the Pt phase, in
which the 770, phase has a bigger volume change rate with ¢;_7;0, > t;—p; and produces more
energy with the volume change (AH70, > AHp;).

The Pt(111)/Ti02(001)and Pt(111)/TiO2(1 0 1) interfaces were considered as the
theoretical model from XDR/ Rietveld refinement results where the electronic and structural
properties were obtained through DFT analysis. The Pt(111)/TiO2(001) and Pt(111)/TiO2(1
0 1) interfaces both presented Pt — O and Pt — Ti bonds. However, both interfaces presented
more Pt —T% bonds than Pt — O bonds. Therefore, the Pt — T bonds influence the interaction of
the metal/oxide interface. The electronic properties of the Pt(1 1 1)/TiOz(h k I) interface were
investigated in the light of the PDOS, charge density distribution (An), electron localization
function (FLF), d-band center (¢4) and d-band width (wg). The PDOS behavior of the Pt(1 1
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1)/TiOz(h k I) is different when compared with the isolate 770, and Pt phases, where a new
state between VB and CB is observed with the largest contribution of the Pt — 5d state. The An
and ELF showed that they are located on the oxygen atoms in the 705 phase and the Pt atoms
in the Pt phase for both interfaces. At the Pt(1 1 1)/TiOz(h k I) interface, was observed Pt - O
and Pt —T'i bonds. However, the interaction between Pt(1 1 1) and TiOz(h k I) mainly occurs
through the Pt — T bonds. The behavior of the d-band demonstrated that the Pt(1 1 1)/TO2(0
0 1) interface has antibonding states below the Fermi energy, while the Pt(111)/Ti02(101)
interface has antibonding states above the Fermi energy. This has an impact on the catalytic or
photocatalytic properties of the Pt(1 1 1)/TiO2(h k I) interface. Finally, at the Pt(1 11)/T%O2(0 0
1) interface, the charge is observed in the 7% — O bond of the TiO2(0 0 1) phase, and at the Pt(1 1
1)/TiO2(1 0 1) interface the electrons is transferred from P#(1 1 1) phase to TiOz(1 0 1) phase.
Therefore, a structural and electronic comprehension of the Pt(111)/TiO2(h k I) interface
can optimize the design and production of catalysts and photocatalysts based on the metal/oxide
interface, which the Pt(1 1 1)/Ti02(0 0 1) and Pt(1 1 1)/Ti0O2(1 0 1) interfaces presented
structural and electronic properties that can be achieve desired catalytic or photocatalytic

behavior in practical applications.
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The Role of Pt3(111)in Hydrogen and

Water Splitting on the Pts(111)/TiO9(h

k 1) Inter face: Theoretical Insights

The Pt/Ti0O; interface presents potential as
a photocatalyst for hydrogen evolution reac-
tions (HER). However, the comprehension of
hydrogen and water splitting on the Pt(1 1
1) surface interface remains a considerable
subject. We proposed the Pt3(111)/TiO(h k
l) interface based on X-ray diffraction (XRD)
with Rietveld refinement analysis, where re-
flections attributed to Pt(1 1 1) and anatase
TiOy(h k 1) were observed. The theoretical
modeling of the Pt3(1 1 1)/TiOz(h k 1) inter-

face considering the fraction of approximately

Reaction coordinate

60% of the TiO, phase and 40% of the Pt phase determined in the Rietveld refinement. The

electronic properties were obtained using DFT/plane-wave calculation on a model with 39

atoms. The band structure and PDOS behavior of Pt3(1 1 1)/TiO2(h k I) showed a new state

between the valence and conduction bands, with contributions from the Pt — 5d state, giving

the Pt3(111)/TiO2(h k I) interface a metallic behavior. The initial steps of the hydrogen and

water splitting and the transition state were determined by the nudged elastic band (NEB)
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method, considering H, — H

ads

+ H}, and HyO,ds — OH

ads

+ H,. onthe Pt3(11 1) surface
of the Pt3(111)/Ti02(h k I) interface. The Pt3(1 1 1)/Ti0O2(1 0 1) interface presented the lowest
activation energy for hydrogen molecule splitting of 0.19 eV with exothermic character. For
water splitting, both Pt3(1 1 1)/TiO(h k I) interfaces presented the same activation energy ~
1.4 eV with endothermic character. Therefore, when the hydrogen molecule splitting occurs on
the Pt3(1 1 1) surface is favorable, but for water splitting is not favorable, which may be an
indication of the limitation in the hydrogen production rate (HGR) values compared with other
catalysts.

Keywords: Pt3(111)/TiO(h k) interface, hydrogen splitting, water splitting, climbing nudged

elastic band method, materials modeling.

5.1 Theoretical Details

The theoretical modeling of the Pt3(1 1 1)/TOx(h k I) interface was based on the ma-
terial obtained experimentally from a polymeric resin prepared by the Pechini method and
characterized by X - ray diffraction with Rietveld refinement , see in Figure 37. The crystal-
lographic parameters estimated by Rietveld refinement were used to calculate the electronic
and structural properties and simulate the reactions on the Pt3(1 1 1)/TiO2(h k I) interface.
The theoretical calculations were conducted using density functional theory [1, 2] plane-wave
(DFT/plane-wave) implemented on the Quantum-ESPRESSO [3] package. The electronic and
structural properties were calculated using the electronic exchange and correlation interactions
described by the functional developed by Perdew-Burke-Ernzerhof [4] (PBE) and ultrasoft
pseudopotentials proposed by Vanderbilt, with electrons from O (2s, 2p), T (3s, 3p, 4s, 3d),
and Pt (4f, 5d, 6s) shells. We performed the optimization convergence test of the system, and
the plane-wave basis set the energy cutoff for the smooth wave functions to be 55 Ry and the
charge density cutoff to be 550 Ry. The electronic structure calculations were performed using a
DFT/PBE+U approach with the Hubbard correction. We use the value of Ueff = 3.5 eV for d - T"
and p - O, considering DFT/PBE+U;+U,. For the Brillouin zone, integrations were performed 4
x 4 x 2 k-points (Pt3(1 1 1)/TiO2(h0 0 1) interface), and 2 x 4 x 1 k-points (Pt3(1 11)/TO2(1 0 1)
interface) mesh sampling based on the Monkhorst-Pack scheme [5]. The Pt3(1 1 1)/TiO2(h k
l) interface was simulated from a 2 x 2 slab constructed for the (1 0 1) and (0 0 1) planes with

36 atoms of the anatase TiO2 phase and 3 atoms of the platinum phase in the (1 1 1) - plane
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considering a maximum fraction of approximately 60% of the TiO; phase and 40% of the Pt
phase determined in the Rietveld refinement.

The Pt3(1 1 1)/TiO2(h k I) interfaces were based on the orthorhombic system, and the
electronic band structures (BS) were calculated using the k-points path reported by Curtarolo
et al. [6]. The hydrogen and water splitting was simulated with climbing nudged elastic band
method (CI-NEB), with the k-points grid was set a the I' point. The d-band structure analysis
was calculated from the Projected Density of States (PDOS) for T and Pt d-band center, where

d-band center (¢4) can be calculated from:

E
(= JE By (E)E
I ny(B)dE
where ng(E) is e density of states of 7' and Pt d-orbitals, obtained from PDOS.

(5.1)

The coordinates (x y z) determined by Rietveld refinement and used in the theoretical

calculations are shown in annex C1 - supplementary information.

5.2 Results and discussion

5.2.1 Computational Modeling for Pt3(1 1 1)/T:Os(h k 1) Interface

The modeling of the Pt3(1 1 1)/TiOx(h k I) interface was based on the X-ray diffraction
(XDR) and Rietveld refinement, shown in Figure 37 and Table 14. Analyzing the XDR, it is
possible to observe reflections related to the platinum (Pt) and dioxide titanium (7702) phases,
which reflections at 39.7178 (1 1 1) — hkl surface related to Pt crystalline phase (Pt - CIF ICSD
243678), and reflections at 25.2978 (101) — hkl surface and 37.6865 (0 0 4)-hkl surface to the
anatase 7105 crystalline phase (17'iO2 — CIF ICSD 93098). The weight fraction of the TiO; phase
constituted ~ 60%, while the Pt phase contributed ~ 40%. Thus, Density Functional Theory
(DFT) analysis was conducted for modeling Pt3(1 1 1)/T%O>(0 0 1) and Pt3(1 1 1)/TiO2(1 0
1) interfaces with weight fractions approximately determined by Rietveld refinement, Figures
19a-b.

The bond lengths and type are factors that influence both the structural and electronic
properties of the Pt3(1 1 1)/TiO2(h k I) interface. In Figure 19a-b, the Pt — Pt, Pt — T, and Pt —
O bonds at the interface can be observed, and the analysis of bond lengths between atoms is

pivotal for understanding interface behavior. All the bond lengths of the optimized structures of
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(a) (b)

Figure 19 — The optimized structures of (a)Pt3(1 1 1)/7iO4(0 0 1) interface and (b) Pt;(1
1 1)/TiO5(1 0 1) interface. The red balls represent the oxygen atoms, the
gray balls represent the titanium atoms, and the blue balls represent the
platinum atoms.

the Pt3(111)/TiO2(h k I) interface can be observed in Figure 38 and Table 15 . In the Pt3(1 1
1)/Ti02(0 0 1) interface, Figure 19a, and Pt3(1 1 1)/TO(1 0 1) interface, Figure 19b, the Pt — Pt
bond length on the Pt3 ranging from 2.4817 A up to 2.6397 A. The Pt — Pt bond length , whether
in a cluster or supported on oxides, is reported to range from 2.50 A to 2.80 A [7-12]. The Pts(1
11)/Ti02(0 0 1) interface exhibits a single Pt — T'i bond with a length of 2.6203 A, involving a
five-coordinated 7' atom (7i-5C), and the Pt3(1 1 1)/TiO2(1 0 1) interface displays four Pt —
Ti bonds ranging from 2.6372 A to 2.8049 A, involving both four-coordinated 7' atoms (7%-4C)
and five-coordinated 7' atoms (7'-5C). The Pt3(1 1 1)/TiO2(0 0 1) interface presented six Pt —
O bonds ranging from 1.8569 A up to 2.0568 A, and the Pt3(111)/TiO(1 0 1) interface two Pt —
O bonds with 2.0206 A and 2.0643 A. The observed bond lengths in the Pt3(111)/TiOz(h k1)

interfaces agree with the bond lengths reported in the literature [12-15].

5.2.2 Electronic Structure

The electronic structure was studied, analyzing the band’s structures and projected
density of states (PDOS) for the Pt3(1 1 1)/TiOxz(h k I) interface, shown in Figure 20a-b.

The electronic BS and PDOS calculated for Pt3(1 1 1)/TiO2(h k ) interface indicate a
metallic behavior in both interfaces, where the overlapping of the valence and conduction bands
are observed. For the isolated phase, the anatase 77O exhibits semiconductor behavior, with an
indirect band gap (M — I'/k—path) calculated of 3.00 eV, while the experimentally determined
band gap is 3.20 eV [16]. Additionally, the platinum phase exhibits metallic behavior, as shown in
annex C1 - supplementary information Figure 38 . The PDOS behavior of the Pt3(111)/TiOz(h
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Figure 20 — Band Structures (BS) and Projected density of States (PDOS) for (a) Pt5(1 1
1)/Ti05(0 0 1) interface and (b) Pt3(1 1 1)/TiO4(1 0 1) interface.

k I) interfaces is similar to that of the anatase 770, phase, as shown in Figure 20a-b. In both
interfaces, it is possible to notice that the O — 2p states are localized in the valence band (VB)
below the Fermi energy (E'r), while the T - 3d states are in the conduction band (CB) above Er
when compared to the PDOS of anatase 770 (see Figure 39a). The metallic behavior observed
in the Pt3(111)/TiO2(h k I) interfaces is attributed to a new state between the VB and CB. In
the Pt3(111)/Ti02(0 0 1) interface, Figure 20a, the O - 2p states and Pt — 5d states are localized
in this intermediate state between VB and CB, which can be associated with the Pt — O bonds
observed in the interface. However, in the Pt3(1 1 1)/T%O(1 0 1) interface, Figure 20b, the Pt —
5d states are localized in this intermediate state between VB and CB, as this interface exhibits 7%

— Pt bonds in the interface structure. Jin et al. [17] studied single metal /7O interfaces and their
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photocatalytic properties using DFT at the PBE exchange-correlation level. According to the
authors [17], the electronic band structure of the Pt/7'iOz(1 0 1) interface presented new bands
between the VB and CB associated with the single platinum metal. Wang et al. [18] reported a
study on the gas-sensing properties of the Pt3/Ti02(1 0 1) interface. The authors [18] calculated
the electronic structure of the Pt3/Ti0>(1 0 1) interface using DFT, also at the PBE level. The
electronic band structure of the Pt3/TiO2(1 0 1) interface revealed states between the VB and
CB, exhibiting similar behavior as Jin et al. [17] observed.

The emergence of states between the VB and CB in the Pt3(1 1 1)/TiO2(h k I) inter-
faces emphasizes the different bonding configurations, influencing the electronic structures,
as observed in the BS and PDOS. Thus, the bonding within the optimized Pt3(1 1 1)/TiO2(h
k 1)) interfaces is also evident in the charge density distribution (An) and electron localization

function (ELF —n(r)) of the Pt3(1 1 1)/TiO(h k I) interfaces, presented in Figure 21.
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Figure 21 — 2D Charge density distribution (An) and 2D electron localization function
(ELF —n(r))of the (a) — (c) Pt3(1 1 1)/Ti0O+(0 0 1) interface and (b) — (d)
Pt3(111)/TiOy(1 0 1)) interface.

In Figure 21a-d, the 2D charge density distribution (An) and electron localization func-
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tion (ELF —n(r)) are mainly localized on the oxygen atoms in the 70O, phase and the Pt atoms
in the Pt phase for both interfaces. The Pt3(1 1 1)/Ti02(0 0 1) interface, Figure 21a, exhibited
An maximum values (An,,q,) of approximately 1.54, while the Pt3(1 1 1)/Ti02(1 0 1) interface,
Figure 21b, presented values around 1.47. The variation in An,,, indicates that the electronic
structure of the Pt3(1 1 1)/Ti02(0 0 1) interfaces depend on the TiO2(0 0 1) and T'iO2(1 0 1)
surfaces. Analyzing the 2D ELF - n(r) maps, the Pt3(1 1 1)/TiO2(0 0 1) interface in Figure 21c
exhibits 7' — O bonds with ionic characteristics, displaying 7(r) values between ~ 0.06 and ~ 0.2,
and the Pt — O more covalent character than one Pt — T'i bond, with the 7(r) values ~ 0.5 and ~
0.2, respectively. In contrast, the Pt3(1 1 1)/Ti0O2(1 0 1) interface in Figure 21d demonstrates a
more covalent character in the 7% — O bonds compared to the Pt3(1 1 1)/T¢O>(0 0 1) interface,
with 7n(r) values ranging between ~ 0.2 and ~ 0.5, and the Pt — O bonds more covalent character
than the Pt — T' bonds, with the 7(r) values ~ 0.5 and ~ 0.2, respectively. The overlapping
isolines basins observed in both interfaces further evidenced all the bonds observed.

The anatase 77O phase has been extensively discussed in the literature [19, 20], demon-
strating that the An localizes on the oxygen atoms, which is attributed to the differing elec-
tronegativity values of oxygen and titanium atoms (O = 3.5, T = 1.32 on the Pauling scale [21]).
However, the description of An for the Pt3(1 1 1)/TiOx2(h k I) interface depends on factors such
as the type of interface described, such as the use of clusters for the description of the Pt phase,
crystalline type of the Pt phase, or the presence of only single Pt atom, along with variations
in the TiOz(h k I) planes. The Pt/Ti0, interface can be described with a Pt single atom on
the T'iO2(1 0 1), which was reported by Zhang et al. [22]. Density functional theory (DFT) and
analysis of the An at the interface pointed to an accumulation in the oxygen atoms, and the
overlapping An-basins in the 7' — O bonds, indicating a covalent character in the structure.
Additionally, the Pt single atom exhibited a gradual accumulation of charge, a behavior that
can be associated with the adsorption of sulfur dioxide molecules on the 7O surface. In
contrast, Wu et al. [23] opted to use Pt clusters to investigate the Pt/TiO; interface, with appli-
cation on electrocatalytic hydrogen evolution. The authors [23] built the Pt4/Ti02(1 0 1) and
Pty /Ti02(101)VoV interfaces using density functional theory (DFT) to analyze the electronic
structure. The Pt cluster presented a pyramid-like structure, exhibiting An at the Pt4/TiO(1
0 1)VoV interface, localized on the oxygen and platinum atoms near the 70, surface. The
platinum atom positioned farther from the 770, surface displayed An ~ 0. Furthermore, the

An localized at the interface indicated a covalent character, with 0 < An < 0.7. Another type
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of Pt/Ti0O; interface was built using a unit cell model derived from the isolated phases, as
reported by Chen et al. [13]. The Pt(0 0 1) — fcc/T'iO2(0 0 1) interface was constructed based on
the unit cell of the isolated phase, producing two interface types: the first with Pt — O bonds and
the second with Pt — Ti bonds. The An of the interface localized on the oxygen and platinum
atoms near the 7704 surface for the first interface, while an increased localization of An was
observed on the titanium and platinum atoms for the second interface. Therefore, a few types of
Pt/TiO, interfaces can be studied or constructed, and these variations may have implications

for the interface’s diverse properties in various applications.

5.2.3 Reaction path of the hydrogen molecule splitting on the
Pt3(1 1 1)/TiO5(h k 1) interfaces

Hydrogen molecule splitting was studied on the Pt3(1 1 1)/TOx(h k I) interfaces, con-
sidering their structural and electronic properties. The geometries of the interfaces, with species
of the initial states (I.5), transition state (7'S), and final state (F'S), are involved in the mecha-
nism for hydrogen splitting for the Pt3(1 1 1)/Ti02(0 0 1) interface and Pt3(1 1 1)/TiO2(1 0 1)
interface, as shown in Figure 22.

One hydrogen molecule was selected to aim for a molecular-scale understanding of
the fundamental reaction pathway and to estimate the activation energy barrier for hydrogen
molecule splitting, using CI-NEB calculations with ten images-steps, where 1.S and F'S were

proposed from a fundamental step of the physisorbed H — H (H>) to the dissociated state (/1*):

H — Hpny = Hygs + oy, (reaction-2)

where 2H* are the species adsorbed on the Pt3(111)/TiOx(h k I) interfaces. Hydrogen molecule

splitting activation energy barrier (E,) can be determined using the following equation:

E, = Ers — Ejs, (5.2)

where E7g and Erg are the energies of transition and initial states, respectively. The endothermic

and exothermic of the reaction can be calculated by reaction energy (AE):

AFE = Eps — Ejg, (5.3)
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Figure 22 — Reaction pathway and reaction barrier of single hydrogen molecule splitting
(@) Pt3(111)/Ti0O2(00 1) interface and (b) Pt3(1 1 1)/TiO5(1 0 1) interface.
The yellow balls represent the hydrogen atoms.

where Erg and Erg are the energy of the final and initial states, respectively. All of the images
of initial, transition, and final states of hydrogen splitting reactions can be seen in annex C1 -
supplementary information, Figure 40.

The IS corresponds to the reagents in the reaction, where the H> molecule is physisorbed
on the Pt3(111)/Ti02(h k I) interface surfaces. The F'S corresponds to the products, including

dissociated hydrogen molecules, such as 2H

x1s species adsorbed on the interface surface. The Ho

molecule dissociation on the Pt(1 1 1) surface is related to a spontaneous process [24, 25]. Thus,
the H, molecule was placed on the Pt(1 1 1) surface direction, where the Pt(1 1 1) surface has one

adsorbed hydrogen, to simulate the initial spillover process [26, 27]. In both Pt3(111)/TiOz(h



Chapter 5. The Role of Pt3(111)in Hydrogen and Water Splitting on the Pt3(111)/TiO2(h k1)
Inter face: Theoretical Insights 122

k 1) interfaces, the Hy molecule is oriented towards Pt(1 1 1), with one of the hydrogen atoms
positioned near the surface and the other farther away. This H» molecule geometry occurs when
the H> molecule is produced by coupling the two H atoms desorbed from one metal/oxide
surface [28]. For the reaction path, different TS values were determined for the Pt3(111)/TO2(0
0 1) interface, Figure 22a, and Pt3(1 1 1)/TiO2(1 0 1) interface, Figure 22b. It is possible to notice
that the H, molecule is dissociated on the Pt3(1 1 1)/Ti02(0 0 1) interface, with 0.8243 A H - -
H bond length and 2.0336/2.0889 H - - Pt bonds lengths. However, for the Pt3(1 1 1)/TiO2(1 0
1) interface, the TS consists of the Hy molecule physisorbed on the surface yet with 0.7847 A H —
H bond length and 2.1537/2.1232 A H - - Pt bonds lengths.

The AFE calculation indicates that the hydrogen molecule splitting has an exothermic
character for thePt3(1 1 1)/Ti05(0 0 1) interface (AE=-1.13 eV) andPt3(1 1 1)/TiO2(0 0 1)
interface (AE=-0.39 eV). However, the E, predicted for thePt3(1 1 1)/Ti02(0 0 1) interface
andPt3(1 1 1)/Ti02(1 0 1) interface are 0.36 eV and 0.19 eV, respectively. Kwon et al. [29] studied
the Pt/Ti0; interface for Hs sensing using an electrical measurement system. The authors [29]
reported that the initial stage of H» sensing involves the Hy molecules dissociation, with an
activation energy of 36.4 k] /mol (~1.5 eV). However, with the spillover phenomenon, which
occurs from the hydrogen-rich metal surface to sites where the surface is hydrogen-poor, the
activation energy (F,) is smaller. The initial mechanism involves the dissociation of H molecules
into 2H* on the metal surface, as reported by Wang et al. [30], who studied semi-hydrogenation
under hydrogen spillover on the Pt/zeolite interface. The author used the DFT/CI-NEB method
to simulate the Hy — 2H™* reaction on the Pt(1 1 1)/zeolite interface and determined F, = 0.36
eV for the reaction. The Pt3(1 1 1)/TiO2(h k I) interfaces are little reported, and their application
to hydrogen molecule splitting has not been studied yet. However, a similar structure, like
Aus(111)/TiO2(1 0 1) interface, was related by Wan et al. [31], who investigated adsorption,
dissociation, and spillover hydrogen on the Au,(1 1 1)/T%O2(1 0 1) interfaces. Through the
DFT/CI-NEB method to simulate the Hs dissociation on the Aus(1 1 1)/Ti05(1 0 1) interface
presented F, = 0.20 eV. Therefore, the determined E, values aligned with the literature values,
indicating that thePt3(1 1 1)/T%0O2(1 0 1) interface is energetically more favorable for hydrogen
molecule splitting than the Pt3(1 1 1)/7T%0O2(0 0 1) interface. On the other hand, thePt3(1 1
1)/Ti02(0 0 1) interface exhibits a more spontaneous process for hydrogen molecule splitting
compared to the Pt3(111)/Ti0(1 0 1) interface, as it has a smaller AE.

The difference between F, and AFE of the Pt3(1 1 1)/TiO2(h k I) interfaces can be related
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to the electronic properties and the reaction mechanism, mainly to the transition state (7°S). As
shown previously, The Pt3(111)/TiO2(0 0 1) interface presented An,q, value bigger than the
Pt3(111)/Ti02(1 0 1) interface, which can be associated with the more spontaneous process.
However, the smaller E, presented by Pt3(1 1 1)/Ti0O2(1 0 1) interface can be linked to the

differences in 7'S — step and the PDOS structure, as shown in Figure 23.
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Figure 23 — Projected density of States (PDOS) for hydrogen splitting on the Pt5(1 1
1)/Ti02(0 0 1) interface (a) I.S, (b) T'S, (c) F'S, and for Pt3(111)/TiO(101)
interface (d) IS, (e) T'S, and (f) F'S.

It is possible to observe in Figure 23a-f that the Pt — 5d states, green lines in PDOS,
are localized near of the Fermi energy (Er). In the initial state (IS) of the Pt3(1 1 1)/TiO2(0

0 1) interface, shown in Figure 23a, the H — 1s state of the H» molecule, cyan line in PDOS,
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is localized around -4.0 eV, and the H — 1s state of the H atom surface, orange line in PDOS,
presented about -7.0 eV. For the IS of the Pt3(1 1 1)/Ti0O2(1 0 1) interface, shown in Figure
23d, the H — 1s state of the Hy molecule is localized near -6.0 eV, and the H — 15 state of the H
atom surface -10 eV. This indicates that the hydrogen interaction is more stable in the Pt3(1 1
1)/TiO5(1 0 1) interface for the IS.

In the transition state (7'S) of the Pt3(1 1 1)/Ti02(0 0 1) interface, as shown in Figure
23b, the Hy molecule is dissociated. The H — 1s state of the H atoms from the Hy molecule is
localized at a small energy level, approximately -7.7 eV (shown in the inset graph in Figure
23b), with the Pt — 5d state overlapping. The H — 1s state of the H atom on the surface does
not change its localization, remaining around -7.0 eV. On the other hand, for the TS of the
Pt3(111)/TiO5(1 0 1) interface, shown in Figure 23e, the Hy molecule is not dissociated and
is physisorbed on the surface. The H — 1s state of the Hy molecule is localized above -7.5 eV
(shown in the inset graph in Figure 23e), with the Pt — 5d state and H — 1s state of the H atom
on the surface overlapping. Therefore, the transition state on the Pt3(111)/7O2(0 0 1) interface
exhibits states at lower energy levels than the Pt3(1 1 1)/T%0O2(1 0 1) interface. This suggests
that more energy is required for the hydrogen molecule splitting reaction to follow, resulting in
a higher activation energy (E,).

In the final state (F'S) of the Pt3(1 1 1)/T%O2(0 0 1) interface, shown in Figure 23c, the H
— 1s state of the H atoms from the Hs molecule is localized in two regions: one at a lower energy
level between -6.0 eV and -7.0 eV, and the other at a higher energy level between 2.0 eV and
3.0 eV above EF. The H — 1s state of the H atom on the surface is localized slightly below -7.0
eV (shown in the inset graph in Figure 23c). For the T'S of the Pt3(1 1 1)/Ti02(0 0 1) interface,
shown in Figure 23f, the H — 1s state of the H atoms from the H> molecule is localized -6.0
eV and -5.0 eV. The H — 1s state of the H atom on the surface is localized slightly below -10
eV, similar to the 1.5 (shown in the inset graph in Figure 23f). Thus, states localized at a lower
energy level in the Pt3(1 1 1)/Ti02(0 0 1) interface suggest a more spontaneous process, leading
the atoms to a more stable state.

The PDOS structure of hydrogen molecule splitting on the Pt3(1 1 1)/TiO2(h k I) inter-
faces contributes insights into the relationship between E, and AE, presenting the energy level
of states. Analyzing the behavior of the d-band can also play a fundamental role in understand-
ing the reactivity of the Pt3(1 1 1)/TiO2(h k I) interfaces. Table 6 shows the d-band center (ed),
d-band width (wg), and Fermi energy (Er) levels of the isolated Pt3(1 1 1)/TiOxz(h k I) interfaces,
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initial state (1.5), transition state (7'S), and final state (F'S) of hydrogen molecule splitting on the
Pt3(111)/TiOy(h k1) interfaces.

Table 6 — Electronic structure of the d-band projected: d-band center (¢;), d-band width
(wq) and Fermi energy (Er) of the T'i0,, Pt isolate phase and hydrogen split-
ting states on the Pt3(1 1 1)/TiO4(h k I) interface.

Pts(111)/TiOx(001) Pta(111)/TiO5(101)

d-band shape — 4 3 Prd-band Tid-band Dtd-band
€d -3.37 -2.93 -4.84 -2.05
Wy 4.88 2.56 5.44 1.78
Er -1.74 -0.44
Initial state
Ti d-band Ptd-band Tid-band Ptd-band
€d -4.40 -2.76 -6.62 -2.71
Wy 6.25 2.92 6.94 2.36
Er -1.96 -0.07
Transition state
Ti d-band Ptd-band Tid-band Ptd-band
€4 -4.42 -2.96 -6.69 -2.32
Wy 6.24 3.13 6.97 2.01
Er -1.75 -0.01
Final state
Ti d-band Ptd-band Tid-band Ptd-band
€4 -4.38 -3.32 -6.78 -2.97
Wy 6.22 3.18 6.98 2.37
Er -1.86 0.02

Analyzing the isolated Pt3(1 1 1)/TiOz(h k I) interfaces, it was observed that the Pt3(1
1 1)/Ti0O2(0 0 1) interface the energy levels of ¢;_7; and €4 p; were found to be -3.37 eV and
-2.76 eV, respectively. The Fermi energy is -1.96 eV, suggesting the presence of antibonding
states above the Fermi energy, given that the ¢; values are near the Fermi level. In contrast,
the Pt3(111)/Ti0O2(1 0 1) interface exhibited ¢;_1; and e4_p; values of -4.84 eV and -2.05 eV,
respectively. Both ¢, values are well below the Fermi energy level, indicating the presence of
antibonding states below the Fermi energy. For the 1.5, overall ¢; and wy values indicate a shift
to lower energy. The e¢4_p; of the Pt3(1 1 1)/TiO>(0 0 1) interface varies by 0.17 eV, while the
ed—pt of the Pt3(1 1 1)/Ti02(1 0 1) interface varies by 0.66 eV. This suggests that the Pt3(1 1
1)/TiO2(1 0 1) interface is more influence on the interaction with hydrogen molecule. In the
TS, the Pt3(1 1 1)/Ti0O2(0 0 1) interface presented a wq_p; value of 3.13 eV, while the Pt3(1 1
1)/Ti02(1 0 1) interface showed a w,_ p; value of 2.01 eV, with the ¢;_p; at a higher energy level.
This indicates that the Pt3(1 1 1)/Ti02(1 0 1 interface has a smaller £, compared to the Pt3(1 1

1)/Ti0O2(0 0 1) interface. The smaller wg values suggest a more selective reactivity during the
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hydrogen splitting process, contributing to £, reduction. For FS, the ¢;_p; value of -3.32 eV for
the Pt3(111)/Ti02(0 0 1) interface indicates that the state is more stable than the FS for the
Pt3(111)/TiO2(1 0 1) interface, which has e;_p; values of -2.97 eV. Therefore, as shown in the
PDOS structure (Figure 23c-f), the hydrogen molecule splitting on the Pt3(111)/Ti02(0 0 1)
interface presents a more spontaneous process.

In summary, the reaction path of hydrogen molecule splitting on the Pt3(1 1 1)/TiO(h
k I) interfaces involved distinct reaction states. The initial state (/.5) presented the physisorption
of the Hy molecule on the Pt3(1 1 1)/TiOz(h k ) interface, where the hydrogen molecule was
oriented by thePt(1 1 1) surface. Different transition states (7'S) were determined for the Pt3(1
11)/Ti0O2(0 0 1) and Pt3(1 1 1)/TiO2(1 0 1) interfaces, indicating distinct reaction pathways.
The calculated AE values suggest an exothermic reaction of the hydrogen molecule splitting
for both interfaces. However, The E, value is smaller for the Pt3(1 1 1)/Ti0O>(1 0 1) interface.
The PDOS analysis provided the interactions between hydrogen and Pt atoms in the 1.5, T'S,
and F'S, highlighting the stability of the reaction state on the Pt3(1 1 1)/TO2(0 0 1) interface .
The d-band analysis showed the influence of the Pt3(1 1 1)/T%02(1 0 1) interface on hydrogen

molecule interaction, with implications for reactivity and E, reduced.

5.2.4 Reaction path of the water splitting on the Pt3(1 1 1)/TiO5(h

Ic 1) interface

Water splitting was studied on the Pt3(1 1 1)/TiO2(h k I) interfaces, considering their
structural and electronic properties. The geometries of the interfaces, with species of the initial
states (/.5), transition state (7'S), and final state (F'S), are involved in the mechanism for water
splitting on thePt3(1 1 1)/T¢O2(0 0 1) interface and Pt3(1 1 1)/TiO>(1 0 1) interface, as shown
in Figure 24.

One water molecule was selected to aim for a molecular-scale understanding of the
fundamental reaction pathway and to estimate the activation energy barrier for water splitting,
using CI-NEB calculations with nine images-steps, where I.S and FS were proposed from a

fundamental step of the adsorbed H — O — H (H30) to the dissociated states (OH* + H*):

Hy044s — OHp g + Hyy, (reaction-3)

where OH* and H* are the species adsorbed on the Pt3(1 1 1)/TiO2(h k I) interfaces. The water
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Figure 24 — Reaction pathway and reaction barrier of water splitting molecule splitting
(@) Pt3(111)/TiO5(0 0 1) interface and (b) Pt3(111)/TiO5(1 0 1) interface.
The yellow balls represent the hydrogen atoms.

splitting activation energy barrier (£,) was determined by equation (5.2), and the endothermic
and exothermic reaction was calculated by reaction energy (AE) — equation (5.3). All of the
images of initial, transition, and final states of hydrogen splitting reactions can be seen in annex

C1 - supplementary information, Figure 41.
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The IS of splitting on the Pt3(1 1 1)/TiOz(h k 1) interfaces correspond to the water
molecule adsorbed on the interface surfaces. The F'S corresponds to the dissociated water
molecule, such as OH*, and H*, species adsorbed on the interface surface. In both Pt3(1 1
1)/TiO2(h k I) interfaces, one of the H atoms from the water molecule is oriented towards the
Pt3(111) surface, with one of the H atoms positioned near the 770»(1 0 1) surface in the Pt3(1
1 1)/Ti0O>(1 0 1) interface. For the water splitting reaction path, similar TS were determined
for the Pt3(111)/Ti0O2(0 0 1) interface, Figure 24a, and Pt3(1 1 1)/T%O(1 0 1) interface, Figure
24b. It is possible to observe that the water molecule is dissociated on the Pt3(1 1 1)/TiO2(0
0 1) interface, with 2.0543 A OH* — Pt bond length and 1.6364 A H — Pt bonds lengths. In the
Pt3(111)/TiO5(1 0 1) interface, the water molecule is dissociated with 2.0792 A O H* — Pt bond
length and 1.6244 A H — Pt bonds lengths. The AFE calculation indicates that the water molecule
splitting has an endothermic character for the Pt3(1 1 1)/T%02(0 0 1) interface (AE=0.60 eV)
and Pt3(111)/Ti02(0 0 1) interface (AE=0.69 eV). However, the E, predicted for the Pt3(1 1
1)/Ti02(0 0 1) interface and Pt3(111)/Ti0O2(1 0 1) interface are 1.39 eV and 1.40 eV, respectively,
it’s practically the same F,.

Water splitting on the Pt3(1 1 1)/TiO2(h k I) interfaces has not been reported in the
literature. However, other types of Pt/Ti0; interfaces are discussed, as reported by Kong
et al. [32], who studied the Pt/TiOy/Ni(OH ), structure applied in water electrolysis. The
authors [32] performed a theoretical study with DFT and reported a Pt/TO>(1 0 1) interface,
where the activation energy for water splitting was 0.22 eV. The chosen reaction mechanism
involved adsorbing the water molecule on the 7:O5(1 0 1) surface, with the O H* specie adsorbed
on the Ti0y(1 0 1) surface, and the H* specie adsorbed on the Pt surface. On the other hand,
Dai et al. [33] studied the Pt/TiO2—P25 interface for hydrogen evolution from water splitting.
The authors [33] used Pty and Pt3 clusters for the Pt/Ti0O,—P25 interface, simulating water
splitting by adsorbing the water molecule on the Pt phase at the interface limit with the 7O,
phase’s hydroxyl-rich surface. According to the authors [33], the activation energy was in the
range of approximately 0.58 eV to 1.1 eV. Therefore, when the water splitting reaction occurs on
the Pt surface, the trend is for the activation energy to be higher.

The similar behavior between E, and AF of thePt3(1 1 1)/TiOs(h k 1) interfaces can be
related to the electronic properties and the reaction mechanism, mainly to the transition state
(T'S), which the H* specie is adsorbed on the same Pt atom that the OH* species, leaving the

H* specie there is a diffusion by spillover mechanism. However, the similar behavior presented
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by the Pt3(1 1 1)/TiO>(1 0 1) interface can be analyzed by the PDOS structure, as shown in
Figure 25.

It is possible to observe in Figure 25a-f that the Pt — 5d states, green lines in PDOS, are
localized near the Fermi energy (Er). In the IS of the Pt3(1 1 1)/Ti02(0 0 1) interface, shown
in Figure ??a, the O,, — 2p and H,, — 1s states of the water molecule, cyan and purple lines in
PDOS, respectively, are localized around -10 eV and range from -7 eV to -4 eV . In the IS of the
Pt3(111)/TiO2(1 0 1) interface, shown in Figure 25d, the O, — 2p and H - 1s states of the water
molecule are localized around -9 eV and range from -7 eV to -4 eV, at very similar energy levels
to the Pt3(111)/Ti0O2(0 0 1) interface.

In the TS of the Pt3(1 1 1)/T%02(0 0 1) interface, as shown in Figure 7b, the water
molecule is dissociated. The O,, — 2p and H,, — 1s states of the water molecule are localized at a
high energy level, approximately -8 eV, and a range from -3 eV to -1 eV, with the Pt — 5d state
overlapping. In the T'S of the Pt3(111)/TiO(1 0 1) interface, shown in Figure 25e, O,, — 2p and
H,, — 1s states are localized above -8 eV and in a range from -4 eV to -2 eV, with the Pt — 5d state
overlapping. Thus, the transition state on the Pt3(1 1 1)/TO2(0 0 1) interface exhibits states at
similar energy levels to the Pt3(1 1 1)/Ti02(1 0 1) interface. This indicates that a similar amount
of energy is required for the water splitting reaction to follow, resulting in the same activation
energy (Fg).

In the F'S of the Pt3(1 1 1)/Ti02(0 0 1) interface, shown in Figure 25c, the O,, — 2p and
H,, —1s from the water molecule are localized at a lower energy level around -7 eV and range
from -4 eV to -2 eV. In the T'S of the Pt3(1 1 1)/TiO>(0 0 1) interface, shown in Figure 25f, the
Oy —2p and H,, — 1s from the water molecule are localized around -7 eV and range from -4 eV
to -2 eV. The PDOS structure comparison of 1.5, T'S, and F'S for the Pt3(111)/T%02(0 0 1) and
Pt3(111)/Ti02(1 0 1) interfaces suggests that the water splitting reaction is energetically the
same, as shown previously with the activation energy. In both interfaces, the water splitting is
not favorable when considering the reaction on the Pt3(1 1 1) surface.

The PDOS structure of water splitting on the Pt3(1 1 1)/TiO2(h k ) interfaces contributes
insights into the energy level of states. The behavior of the d-band can also play a fundamental
role in understanding the reactivity of the Pt3(1 1 1)/TiO2(h k I) interfaces. Table 7 shows the
d-band center (¢4), d-band width (wg), and Fermi energy (EF) levels of the isolated Pt3(1 1
1)/TiO2(h k ) interfaces, initial state (1.5), transition state (7'S), and final state (F'S) of water

splitting on the Pt3(1 1 1)/TiO2(h k I) interfaces.
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Figure 25 — Projected density of States (PDOS) for water splitting on the Pts5(1 1
1)/Ti02(0 0 1) interface (a) 1.5, (b) T'S, (c) 'S, and for Pt3(111)/TiO(10 1)

interface (d) 1.5, (e) T'S, and (f) F'S.

It is possible to notice in Table 7, that in the .S, all the ¢; values have shifted to lower

energy levels, and for w, values there is an increase. The €4_p; of the Pt3(1 1 1)/TiO2(0 0 1)

interface varies by 0.17 eV (eq_py(15) — €a—pi(Fs)) » While the e;_p; of the Pt3(111)/TiO4(1 01)

interface varies by 0.07 €V €4_py(15) — €4—pt(rs)- This suggests that in both Pt3(1 1 1)/TiO2(h

k 1) interfaces, there is a minimal influence on the interaction with the water molecule when

oriented towards the Pt3(1 1 1) surface. In the T'S, the Pt3(1 1 1)/Ti02(0 0 1) interface presented

a wy_ py value of 3.18 eV, while the Pt3(1 11)/Ti0>(1 0 1) interface showed a wy_ p; value of 2.28
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Table 7 — Electronic structure of the d-band projected: d-band center (¢,), d-band width
(wq) and Fermi energy (Er) of the Ti0,, Pt isolate phase and water splitting
states on the Pt3(111)/TiO5(h k 1) interface.

Ptz(111)/TiOx(001) Pta(111)/TiO5(101)

d-band shape o bt d-band Tid-band Ptd-band
€d -3.37 -2.93 -4.84 -2.05
Wy 4.88 2.56 5.44 1.78
Er -1.74 -0.44
Initial state
Tid-band Ptd-band Tid-band Ptd-band
€d -4.54 -3.1 -6.49 -2.12
Wy 6.22 3.12 6.93 2.04
Er -14 -0.12
Transition state
Tid-band Ptd-band Tid-band Ptd-band
€4 -4.53 -3.32 -6.57 -2.40
Wy 6.20 3.18 6.97 2.28
Er -1.65 -0.3
Final state
Ti d-band Ptd-band Tid-band Ptd-band
€d -4.40 -3.17 -6.53 -2.49
Wy 6.22 3.17 7.01 2.23
Er -1.87 -0.47

eV. This suggests that the Pt3(1 1 1)/TiO2(1 0 1) interface could exhibit more selective reactivity
during the water splitting reaction. However, €, p; of the Pt3(111)/TiO(0 0 1) interface varies
by 0.22 eV, and the Pt3(1 1 1)/T%O2(1 0 1) interface varies by 0.28 eV, contributing to similar F,.
For F'S, the ¢;_p; value of -3.17 eV for the Pt3(1 1 1)/Ti02(0 0 1) interface indicates that the
state is more stable than the FS for the Pt3(1 1 1)/TiO2(1 0 1) interface, which has ¢;_ p; values
of -2.49 eV. In contrast, the variation of the €¢;_p; F'S compared with e¢;_p; T'S, is 0.15 eV for
Pt3(111)/Ti0O2(0 0 1) interface and 0.09 eV for Pt3(111)/Ti0O2(1 0 1) interface. Therefore, as
shown in the reaction path (Figure 24), the PDOS structure (Figure 25a-f) and the analysis of
d-band behavior (Table 7), the water splitting on the Pt3(1 1 1) surface of the Pt3(111)/TiO2(h
k 1) interfaces will not be a spontaneous process.

The Pt/Ti0, structure is used as a photocatalyst for hydrogen production from water
splitting and has been reported in the literature to exhibit high hydrogen production rate (HGR)
values, ranging from ~325 to up to 1023 (umol.h 1) [34-37]. However, another structure has been
reported with higher HGR values than the Pt/Ti0O interface, such as Fe30,QCQTiO; structure
with an HGR value of 1593 (umol.h™!) [38], Cu/TiO; interface with an HGR value of 2061
(umol.h~1) [39], or Cu/ NiQNi/TiOy structure with an HGR value of 13,450 (umol.h~") [40].
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Therefore, the Pt/Ti0O- interface, such as Pt3(1 1 1)/TiOz(h k ) interfaces, has an HGR values
limitation, as the water splitting reaction can occur on theP#(1 1 1) surface or 7Oz (h k I) surface.
When it occurs on thePt(1 1 1), as shown here, water splitting is not favorable. The reaction
path of water splitting on the Pt3(1 1 1)/TiO2(h k I) interfaces involves similar reaction states.
The initial state (1.5) presents the adsorption of the water molecule on the Pt3(111)/TiOx(h k
l) interface, where the hydrogen atoms are oriented by the Pt(1 1 1) surface, with one of the H
atoms positioned near the 7iO2(1 0 1) surface in the Pt3(1 1 1)/TiO2(1 0 1) interface. Similar
transition states (TS) were determined for the Pt3(1 1 1)/Ti02(0 0 1) and Pt3(1 1 1)/TiO5(1
0 1) interfaces, indicating the same reaction pathways. The calculated AE values suggest an
endothermic reaction of water splitting for both interfaces. The E, value is similar for the Pt3(1
11)/TiOx2(h k I) interface. The PDOS analysis provided insights into the interactions between
OH* and H* species from the water molecule and Pt atoms in the I.S, T'S, and F'S, highlighting
the energy levels of the reaction state on the Pt3(1 1 1)/Ti0>(0 0 1) interface. The d-band
analysis showed the minimal influence of the Pt3(1 1 1)/TiOz(1 0 1) interface on water molecule

interaction, with implications for reactivity and F, value.

5.3 Conclusions

The investigation into hydrogen and water splitting on the Pt3(1 1 1)/TiO(h k ) inter-
face is adequate but requires a more comprehensive understanding of the reaction mechanism.
The structural and electronic properties of the Pt3(1 1 1)/TiO2(h k I) interface, as well as hydro-
gen and water splitting on the Pt3(1 1 1) surface, were investigated through DFT/plane-wave
and DFT/CI-NEB.

The Pt3(1 1 1)/TiO2(h k 1) interface has been theoretically modeled based on X-ray
diffraction with Rietveld refinement and synthesized using the Pechini method. The structural
analysis showed that the Pt3(1 1 1)/TO(h k I) interfaces exhibited Pt — Pt, Pt -T'i, and Pt
— O bonds. In the Pt3(1 1 1)/TiO2(0 0 1) interface, more Pt — O bonds are observed in the
interface, while in the Pt3(1 1 1)/TO2(1 0 1) interface, more Pt — T'i bonds in the interface. The
electronic properties of the Pt3(1 1 1)/TiO2(h k I) interface were investigated by analysis of
the band structure, PDOS, charge density distribution (An), and electron localization function
(ELF - n(r)). The BS and PDOS behavior for Pt3(1 1 1)/TiOs(h k I) interface indicate the

metallic behavior in both interfaces, where the overlapping of the valence and conduction bands.
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The Pt3(111)/TiO2(0 0 1) interface, exhibited Angy,q. ~1.54, while the Pt3(111)/TiO2(10 1)
interface, presented Any,q.~1.47. The 2D ELF — n(r) maps showed that the Pt3(1 1 1)/Ti02(0
0 1) interface exhibits T — O bonds with ionic characteristics, and the Pt — O more covalent
character than one Pt — T'i bond. The Pt3(1 1 1)/Ti0O2(1 0 1) interface demonstrates a more
covalent character in the 7' — O bonds compared to the Pt3(1 1 1)/7Ti02(0 0 1) interface, and the
Pt — O bonds more covalent character than the Pt — 7' bonds.

The mechanism reaction of the hydrogen molecule splitting leads to the H, molecule
physisorbed in the reaction’s initial state (1.5). The transition states (TS) showed that the Pt3(1
11)/Ti02(0 0 1) interface presented the H; molecule dissociated and F,=0.36 eV. For Pt3(1 1
1)/Ti0(1 0 1) interface, the TS presented the H» molecule physisorbed and E,=0.19 eV. Thus,
the Pt3(1 1 1)/Ti02(1 0 1) interface is energetically more favorable for hydrogen molecule
splitting, and the Pt3(1 1 1)/TO2(0 0 1) interface exhibits a more spontaneous process for
hydrogen molecule with a smaller AE. The mechanism reaction of the water splitting leads
to the water molecule absorbed on the Pt(1 1 1) surface of the Pt3(1 1 1)/TiOo(h k I) interface
in the reaction’s IS. Similar TS and F, value were determined for the Pt3(1 1 1)/Ti0O2(0 0 1)
and Pt3(111)/TiO2(1 0 1) interfaces, indicating the same reaction pathways. The AE values
suggest an endothermic reaction of water splitting for both interfaces. Therefore, water splitting
is not favorable on thePt3(1 1 1)/TiOx(h k I) interface, which may indicate the HGR values are

limited compared to other structures for water splitting.
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6

FINAL REMARKS

Our study presented the interaction between iron doping and 70, photocatalytic
properties, highlighting the potential for enhancing water splitting efficiency. Through the
synthesis by the Pechini method and structural characterization, the Fe doping on anatase
and rutile phases was elucidated. The results of the Fe-doped 770,’s structural and electronic
properties also offer insights into the improved photocatalytic activity. Through DFT calculation,
the electronic structure modifications induced by Fe doping showed the efficiency of water
splitting for sustainable energy applications.

Furthermore, our investigation into the Pt(1 1 1)/TiOx(h k I) interface showed the influ-
ence of the strains and facets on the structural and electronic properties. A Pt/tio2 theoretical
model and structural and electronic properties were proposed through experimental and theo-
retical analysis. This analysis presented the metal/oxide interactions and characteristics of the
Pt(111)/TiO2(h k) interface, with percentages between metal and oxide.

Finally, our theoretical exploration of hydrogen and water splitting on the Pt3(1 1
1)/TiO2(h k I) interface offers insights into reaction mechanisms and interface-driven catalysis.
Through DFT/CI-NEB calculation, the structural and electronic properties influencing hydrogen
and water splitting reactions were presented. Our results show the energetically favorable nature
of hydrogen molecule splitting on specific interface orientations, highlighting the potential for

efficient catalytic performance. However, challenges remain on the water splitting efficacy.
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A1l - SUPPLEMENTARY INFORMATION

A.1 Supplementary Experimental Set-up

a)

32,6 mg
ferric chloride
6.27 mL of the ethylene glycol 8.97 g of the citric acid 1047 mL hexahydrate
ium i i [ X °
Titanium isopropoxide g8 § .\‘.0
0o’ o °
80°C o 600 °C
— q '.'.‘3' 3 ﬁ
yay two hour

Thermal treatment

Figure 26 — a) Experimental Set-up and b) 7i0, and Fe-doped 7O, in powder form.
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A.2 Structural Description

Figure 27 — Supercell TiO,-anatase left and F'e-doped with vacancy right (a) and 7%:O-
rutile and Fe-doped with vacancy right (b) in the plane (0 1 0) with possible
doping sites (1-8).
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Figure 28 — Rietveld refinement pattern for 70O, P25-Degussa.

A.3 Electronic and Optical Properties
A.3.1 Band Structure
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Figure 29 — Band structure for anatase 770, (a) and rutile 770, (b) from Rietveld refine-
ment structure with U,; = 3.3 eV.
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A.3.2 2 Experimental and Theoretical Solid State UV-Vis
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Figure 30 — UV-Vis diffuse reflectance spectroscopy with Wood-Tauc plots (a) pure 77O,
and (b) Fe-doped T70s.

A.3.2.1 Frequency-Depend Optical Dielectric Constant

The optical dielectric function e was calculated in the range of 0 -10 eV. The optical
dielectric constant within the framework of the random-phase approximation (RPA) [1] based
on DFT ground-state calculations. The mentioned dielectric function consists of frequency-

dependent real (¢") and imaginary part ('), according to the equation:

e(w) = € (w) +ie'(w), (A1)

The imaginary part, €'(w), can be calculated using the Kubo-Greenwood formalism [2]. Once we
know the imaginary part, the real part can be obtained using the Kramers-Kroning relations
[3]. Following Geldasa et al. [4], the refractive index(n), extinction coefficient (), absorption
coefficient (), reflectivity (R), and optical conductivity (o) are calculated from the real and

imaginary part of the dielectric function as follows:

(B e(E)? + € 1
) = [YLEEHER +e(B) |, (A2)
W(E) = \/er —l—e;E) —€(E)|*? ; (A3)
a(B) = FTHE) (A.4)
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_ (1(B) =1+ w(E?
B = ) T 1P+ w(B7 (A9
o(E) = “’i(rw). (A.6)

The calculations were performed using the same protocol but at the gamma point using the

GIPAW pseudopotential [5].
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Figure 31 — (a) Real and (b) imaginary part of the dielectric function, (c) energy loss
spectrum, (d) refractive index, (e)extinction coefficient, (f) reflectivity.

A.4 Electronic Charge Density
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Figure 32 — (a) Experimental photocurrent as a function of wavelength spectra for Fle-
doped T'iOy and TiO, photoanodes and (b) Theoretical absorption coeftfi-
cient as a function of wavelength spectra for Fe-doped 770, and T'iO,.
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Figure 33 — Electronic charge density obtained for the system a) pure 770, and b) Fle-
doped 7T'iOs.

A.5 Photoelectrochemistry Study
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Figure 34 — a) Photoelectrochemical cell used in all water splitting studies b) Photocur-
rent spectra for Fe-doped 70, and TiO, photoanodes, c¢) Photocurrent
transients generated during photoirradiation (E = 0.5 V) for Fe-doped 7O,
and 770, photoanodes and d) Linear sweep voltammetry obtained for
Fe-doped TiO, and TiO, photoanodes, v = 10 mV s~*. All photoelectro-
chemical water splitting measurements were performed in a three-electrode
configuration using a reversible hydrogen electrode (RHE) and a counter
electrode of platinum wire. AM 1.5G (Newport Oriel Instrument model
66881 QTH).

A.6 Tables
A.7 Coordinates
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Table 8 — Total energy Fe doped TiO,-anatase and T7O,-rutile.

Polymorph Energy (Ry) Fermi Energy (eV)
Anatase

PURE 2896.600997 8.4178
Til-Fe -3000.652840 8.8990
Ti2-Fe -3000.899930 9.0297
Ti3-Fe -3000.811130 8.7807
Ti4-Fe -3000.868480 8.8943
Ti5-Fe -3000.899859 9.0313
Ti6-Fe -3000.899852 9.0300
Ti7-Fe -3000.899770 9.0312
Ti8-Fe -3000.870270 9.1059
Rutile

PURE -2896.105392 10.7816
Til-Fe -2885.421740 10.1677
Ti2-Fe -2847.495980 10.1051
Ti3-Fe -2885.992590 10.2401
Ti4-Fe -2846.539200 10.1164
Ti5-Fe -2898.032690 10.2593
Ti6-Fe -2898.454610 10.0787
Ti7-Fe -2850.289570 10.0953
Ti8-Fe -2849.085320 10.0977

Table 9 — Structural and statistical parameters using Rietveld refinement 770,(P25) and

Fe doped T0O;.
Parameters/phase T70, Ti0O, (P25) TiO5-Fe
a (ICSD - 202242) r (ICSD-7802) a r a r
a/ A 3.78479 4.5941 3.85743 4.68227 3.84426 4.66687
b/A 3.78479 4.5941 3.85743 4.68227 3.84426 4.66687
c/A 9.51237 2.9589 9.6837 3.0177 9.6562 3.00687
o /degrees 90 90 90 90 90 90
[3/degrees 90 90 90 90 90 90
v/degrees 90 90 920 90 90 920
V/A3 136.3 62.4498 144.091 66.158 142.702 65.489
Wt. Fraction 0.87694 0.12306
x2 4.09 2.5
R (F**2) 0.1057
wRp 0.1084
Rp 0.0780
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Coordinate (x y z) of the TiO2 anatase obtained from Rietveld refinement.

ocooocoooodAddd

0.000000
0.000000
1.892395
1.892395
0.000000
0.000000
1.892395
1.892395
0.000000
0.000000
1.892395
1.892395

0.946198
2.838593
2.838593
0.946198
0.946198
2.838593
2.838593
0.946198
2.838593
0.946198
0.946198
2.838593

3.567139
5.945231
8.323324
1.189046
1.587234
7.925136
6.343419
3.168951
3.965327
5.547044
8.721512
0.790858

Coordinate (x y z) of the 770, anatase;y_ . obtained from Rietveld refinement.

cooococooomAgddd

Coordinate (x y z) of the 7O, rutile obtained from Rietveld refinement.

cooo4d

Coordinate (x y z) of the 7'iO, rutilesy_ . obtained from Rietveld refinement.

cooo=Ad

0.000000
0.000000
1.921840
1.921840
0.000000
0.000000
1.921840
1.921840
0.000000
0.000000
1.921840
1.921840

0.000000
2.297050
1.404416
3.189684
0.892634
3.701466

0.000000
2.331000
1.425174
3.236827
0.905827
3.756174

0.960920
2.882760
2.882760
0.960920
0.960920
2.882760
2.882760
0.960920
2.882760
0.960920
0.960920
2.882760

0.000000
2.297050
1.404416
3.189684
3.701466
0.892634

0.000000
2.331000
1.425174
3.236827
3.756174
0.905827

3.620925
6.034875
8.448825
1.206975
1.611167
8.044633
6.439066
3.216733
4.025116
5.630683
8.853017
0.802783

0.000000
1.479450
0.000000
0.000000
1.479450
1.479450

0.000000
1.504100
0.000000
0.000000
1.504100
1.504100
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Coordinate (x y z) of the supercell 70O, anatase (DFT).
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3.784832177
3.784967548
1.892089708
1.891912238
3.784707694
3.784716393
1.892338832
1.892328844
3.784857431
3.784858625
1.892169074
1.892172981
3.784761081
3.784769485
1.892236207
1.892169180
3.784713857
3.784727106
1.892324959
1.892305802
3.784855996
3.784857607
1.892172119
1.892173953
7.569928460
7.569795267
5.677160653
5.677335272
7.569683617
7.569675780
5.677263551
5.677273422
7.569821399
7.569824686
5.677141125
5.677141932
7.570002999
7.569999429
5.677012525
5.677073146
7.569678805
7.569665120
5.677278112
5.677297699
7.569823813
7.569826010
5.677138352
5.677139928

0.946004184
2.839122858
2.838853601
0.946104415
0.946165411
2.838864944
2.838860138
0.946165989
2.838731466
0.946326642
0.946338365
2.838710405
4.731189363
6.623686312
6.623882964
4.731151418
4.731142391
6.623829836
6.623835216
4.731139997
6.623658808
4.731284542
4.731272171
6.623678945
0.946127014
2.838841365
2.838775689
0.946261114
0.946167715
2.838861929
2.838859499
0.946167400
2.838728509
0.946325561
0.946337914
2.838710460
4.731062063
6.623973942
6.623965610
4.730984877
4.731140763
6.623833534
6.623835391
4.731137963
6.623662194
4.731286782
4.731273247
6.623679084

3.567119844
5.944941128
8.322127598
1.190397089
1.582140590
7.929824461
6.337116688
3.175152240
3.959641571
5.552388566
8.713499162
0.798746235
3.567157320
5.944927985
8.322108401
1.190444003
1.582137655
7.929825849
6.337090627
3.175174794
3.959638788
5.552399753
8.713494674
0.798747584
3.567046061
5.944920090
8.322128681
1.190342057
1.582115721
7.929836738
6.337107083
3.175151040
3.959613281
5.552374522
8.713479154
0.798736304
3.567104928
5.944883127
8.322088603
1.190393474
1.582153489
7.929815150
6.337109571
3.175162213
3.959622298
5.552366996
8.713477919
0.798728894
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Coordinate (x y z) of the supercell Fe-doped 7i0O, anatase (DFT).
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3.8840128845
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1.9251280712
1.9400051390
3.8737910981
3.8581898451
1.9329296920
1.9456635750
3.8628161636
3.8660285907
1.8634676273
1.9883913475
3.8840104261
4.0994172575
2.1147805689
1.9400075010
3.8737889172
3.8236911391
1.5390398755
1.9456653412
3.9442906730
3.8660155971
1.8634704483
1.9366289651
7.7248570101
7.7325307692
5.8151396861
5.8054954029
7.7498977593
7.7465801541
5.7958027019
5.8055166294
7.7702574961
7.6932526303
5.8913063545
5.7551130585
7.7248615104
7.6618137384
5.8528699128
5.8054933018
7.7499028595
5.9210260899
5.8055171761
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6.7343432353
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6.7343466897
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6.7343388830
4.8401833609
4.8219835724
6.7343403577
1.0062012737
2.8861800350
2.8861768102
0.9553491867
1.0193417519
2.8861852327
2.8861892695
0.9863145184
2.8861791880
0.9816475474
0.9622870004
2.8861793635
47661514268
6.7343340445
6.7343362221
4.8169947635
47530142737
6.7343308292
4.7860402728
6.7343352573
4.7907100643
4.8100607064
6.7343380225

3.6608317588
6.1353481083
8.5573868816
1.2405444446
1.6586922393
8.1404369979
6.5404191920
3.2399780268
4.1285404882
5.7154179494
9.0106626708
0.7831474031
3.6608322447
6.1513144223
8.6259624556
1.2405423301
1.6586893083
8.0677298042
6.8365291078
3.2399779389
4.1348841516
5.7154210890
9.0106586501
0.8305181981
3.6184345480
6.1114726001
8.5693470454
1.1770370328
1.6444164439
8.1027867140
6.5445378161
3.2394749214
4.0643079734
5.6297447120
9.0080672607
0.7822822973
3.6184305975
5.9402095795
8.7341568417
1.1770383266
1.6444133891
6.6721524807
3.2394754794
4.0339401780
5.6297421270
9.0080739485
0.8635449615
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Coordinate (x y z) of the supercell 770, rutile (DFT).
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Coordinate (x y z) of the supercell Fe — doped TiO2 rutile (DFT).
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B1 - SUPPLEMENTARY INFORMATION.

Figure 35 — The optimized structures of the (a) Pt(1 1 1)/Ti0,(0 0 1) side view, (b) Pt(1
11)/Ti02(0 0 1) top, (c) Pt(111)/TiO(1 0 1) side view, and (d) Pt(1 1
1)/Ti05(1 0 1) top view.
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Figure 36 — Projected Density of States (PDOS) for (a) 7O, and (b) Pt.

Table 10 — Coordinates (x y z) of the 7O, structure obtained from Rietveld refinement

Ti -0.00000 283.966 118.776
-0.00000 283.966 317.275
189.311 0.94655 593.881
189.311 283.966 356.329
-0.00000 0.94655 831.434
189.311 0.94655 792.380
189.311 283.966 554.828
-0.00000 0.94655 0.79723
189.311 283.966 157.830
-0.00000 0.94655 632.935
-0.00000 283.966 870.487
189.311 0.94655 395.382

cooooo00o=HA440

Table 11 — Coordinates (x y z) of the Pt structure obtained from Rietveld refinement

Pt 0.00000 0.00000 0.00000
Pt -0.00000 196.230 196.230
Pt 196.230 -0.00000 196.230
Pt 196.230 196.230 0.00000
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Table 12 — Bond lengths of the optimized structures of the Pt(1 1 1)/TiOs(h k1)

Distance (A) Pt(111)/TiO,(001) Distance (A) Pt(111)/TiO5(10 1)

Ptl - P2 2.8105 Ptl - P2 2.5389
Ptl - Pt3 2.5203 Ptl - Pt3 2.6023
Pt1 - Pt4 2.6090 Ptl - Pt4 2.5292
Ptl - Pt5 2.6949 Ptl - Pt5 2.6960
Pt1 - Pt6 2.6929 Ptl - Pt6 2.5186
Ptl - Pt7 2.6269 Ptl - Pt7 25715
Pt2 - Pt3 2.6628 P2 - Pt3 2.6204
Pt3 - Pt4 2.7048 Pt3 - Pt4 2.5563
Pt4 - Pt5 2.6690 Pt4 - Pt5 2.6832
Pt5 — Pt6 2.7237 Pt5 - Pt6 2.7724
Pt6 - Pt7 2.7140 Pt6 - Pt7 2.6027
Pt7 - P2 2.6449 Pt7 - P2 2.5303
Pt2 - O1 2.0811 Pt3 - T1(6C) 2.7297

Pt3 - Til(6C) 2.6330 Pt4 - O1 2.0094

P4 - Ti2(5C) 2.3723 Pt5 — Ti2(6C) 2.7628

Pt5 — Ti2(6C) 2.6569 Pt5 - 02 2.1374

Pt5 — Ti3(6C) 2.6767 Pt6 — Ti3(6C) 2.4752

Pt6 — Ti3(6C) 2.6437 - -

Pt6 — Ti4(4C) 2.7367 - -

Pt7 - Ti5(6C) 2.7775 - -

Pt7 — Ti6(6C) 2.6350 - -
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C1 - SUPPLEMENTARY INFORMATION.

C.1 X-ray diffraction (XRD) and Rietveld refinement
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Figure 37 — XRD and Rietveld refinement pattern for Pt/7TiO, crystalline material.
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Table 13 — Structural and statistical parameters using Rietveld refinement for Pt/TiO,

materials.
Parameteros /phase Tetragonal/Anatase - 790,  Cubic/Pt
a/A 3.77891(11) 3.91492(3)
b/A 3.77891 (0) 3.91492 (0)
c/A 9.4799(5) 3.91492 (0)
a =3 =+ /degrees 90.0 90.0
V/A3 135.374(9) 60.0026(15)
Particle size/nm 12.81 12.43
Wt. Fraction 0.59919 0.40081
x> 1.25
R(F2) 0.0211
wRp 0.0451
GOF 1.16
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C.2 Piti(1 1 1)/T:0,(h k1) interfaces bonds.

(a)

Figure 38 — The optimized structures of the (a) Pt5(1 1 1)/T0O2(0 0 1) interface side
and top view and (b) Pt5(1 1 1)/T%0O4(1 0 1) interface side and top view,
respectively.

Table 14 — Bond lengths of the optimized structures of the Pt3(1 1 1)/TiOx(h k)
Distance (A) Pt3(111)/TiO»(001) Distance (A) Pt3(111)/TiO5(101)

Ptl - P2 24817 Ptl - P2 25438
Ptl - Pt3 2.6397 Ptl - Pt3 2.4860
Pt2 - Pt3 2.6042 Pt2 - Pt3 2.5546
Ptl - Til 50 2.6203 Ptl - Til 50 2.6372
Pt1 - O1 2.0238 Pt2 - Til 50 2.7836
Ptl - 02 1.9182 Pt2 - Ti2 40 2.7145
Ptl - O3 2.0035 Pt3 - i35, 2.8049
P2 - O1 2.0568 P2 - O1 2.0643
Pt2 - O4 1.9955 Pt3 - 02 2.0206
Pt2 — 05 1.9848 - -
Pt3 - 06 1.8569 - -

C.3 Band Structure and Projected Density of States (PDOS)
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Figure 39 — Band Structure and Projected Density of States (PDOS) for (a) anatase 770,
and (b) Pt from Rietveld refinement structure.
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C.4 Images of initial, transition, and final states of hydro-

gen and water splitting reactions.

) sy d) y

. Hmolecule_l
W Hmolecule 2

Figure 40 — Images of initial, transition, and final states of hydrogen splitting reactions
(a), (b) and (c) Pt3(111)/Ti02(001),(d), (e), and (f) Pt3(111)/TiO(1 0 1).
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Figure 41 — Images of initial, transition, and final states of water splitting reactions (a),
(b) and (c) Pt3(111)/TiO(00 1), (d), (e), and (f) Pt3(111)/TiO(1 0 1).
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C.5 Coordinates (xy 2)

Table 15 — Coordinates (x y z) of the TiO2 structure obtained from Rietveld refinement.

Ti -0.00000 283.966 118.776
-0.00000 283.966 317.275
189.311 0.94655 593.881
189.311 283.966 356.329
-0.00000 0.94655 831.434
189.311 0.94655 792.380
189.311 283.966 554.828
-0.00000 0.94655 0.79723
189.311 283.966 157.830
-0.00000 0.94655 632.935
-0.00000 283.966 870.487
189.311 0.94655 395.382

ocooQ0o000=A440

Table 16 — Coordinates (x y z) of the Pt structure obtained from Rietveld refinement

Pt 0.00000 0.00000 0.00000
Pt -0.00000 196.230 196.230
Pt 196.230 -0.00000 196.230
Pt 196.230 196.230 0.00000
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C.6 Convergence test
The Figure 42 shows the parameterized cutoff energy for the Pt/TiO; interface on the
(001)and (101) planes.

-4200
-l
-4400 -
-4600 -
—~ -4800
>
3
2 -5000
> 1
o 4
f=
W 5200 \
-5400 | '\
A .\.\0—0—0——.—0—.—.—0—1
-5600 —
T T T T T T T T T T T T
10 20 30 40 50 60 70
Cutoff Energy (Ry)
(a) Pt/TiO5 on the (00 1) plane
-5400
5420 2
-5440 -
-5460 -
> -5480
x© _
> 5500 -
> .
2
g 5504 )
-5540 - \
-5560 — .
| \._—./._’.__._._0—0—0—1
-5580 —
T T T T T T

Cutoff Energy (Ry)

(b) Pt/T'iO3 on the (10 1) plane
Figure 42 — Convergence test of the cutoff energy for the Pt/TiO,/ interface.

The minimum suggested cutoff energy in the pseudopotential file is 39 Ry for the
platinum atom, 47 Ry for the oxygen atom, and 52 Ry for the titanium atom. Thus, an energy
of 55 Ry was chosen for both systems. It can be observed in Figures 42a and 42b that from this

energy onwards, the variation becomes constant
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The parameterization for the k-points is shown in Table 17. The k-points used for the

system with the plane (0 0 1) were 4 x 4 x 2. It is worth noting that the variation between the

energy values is on the order of 107%. Other points were tested. However, k-points > 4 x 4 x 2

required a memory allocation exceeding 60 GB, making calculations for electronic properties

unfeasible. For the system with the plane (1 0 1), the k-points used were 6 x 4 x 2, where the

energy variation is on the order of 107.

Table 17 — Test for the k-point mesh

Energy (Ry)

Energy (Ry)

001)

2X2X1 -5516.15861 4x2x1

-5568.51449

4X4X2 -5516.15844 6x4x2

-5568.51448

-5568.51448

C.7 Publications

¢ Real, C. G, Thaines, E. H. N. S, Pocrifka, L. A., Freitas, R. G., Singh, G., Zanin, H. Free-

standing niobium pentoxide-decorated multiwalled carbon nanotube electrode: Charge

storage mechanism in sodium-ion pseudocapacitor and battery. Journal of Energy Storage,

v. 52, p. 104793, 2022.

e Nunes, W. G., Pires, B. M., Thaines, E. H. N. S., Pereira, G. M., da Silva, L. M., Freitas, R.

G., Zanin, H.. Operando Raman spectroelectrochemical study of polyaniline degradation:

A joint experimental and theoretical analysis. Journal of Energy Storage, v. 55, p. 105770,

2022.

e Freitas, B., Nunes, W. G., Real, C. G., Rodella, C. B., Doubek, G., da Silva, L. M., Thaines,

E. H.N.S,, Pocrifka, L. A., Freitas, R. G., Zanin, H.. Combining in situ electrochemistry,

operando XRD & Raman spectroscopy, and density functional theory to investigate the

fundamentals of Li 2 CO 3 formation in supercapacitors. Journal of Materials Chemistry

A, v. 11, n. 38, p. 20636-20650, 2023.
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