
UNIVERSIDADE FEDERAL DO AMAZONAS

PRÓ-REITORIA DE PESQUISA E PÓS-GRADUAÇÃO

INSTITUTO DE CIÊNCIAS EXATAS

PROGRAMA DE PÓS-GRADUAÇÃO EM QUÍMICA

Theoretical Study of the Pt/T iO2 Interface in

Photocatalytic Systems

Ericson Hamissés Nunes Souza Thaines

Manaus - AM

April - 2024



Ericson Hamissés Nunes Souza Thaines

Theoretical Study of the Pt/T iO2 Interface in

Photocatalytic Systems

Tese de doutorado submetida ao Programa de Pós-
Graduação em Química da Universidade Federal
do Amazonas exigida para o título de doutorado
em Química.

Orientador

Prof. Dr. Leandro Aparecido Pocrifka

Coorientador

Prof. Dr. Renato Garcia de Freitas Sobrinho

Universidade Federal do Amazonas

Pró-Reitoria de Pesquisa e Pós-Graduação

Instituto de Ciências Exatas

Manaus - AM

April - 2024



Ficha Catalográfica

T364e    Estudo teórico da interface Pt/TiO2 em sistemas fotocatalíticos /
Ericon Hamissés Nunes Souza Thaines . 2024
   166 f.: il. color; 31 cm.

   Orientador: Leandro Aparecido Pocrifka
   Coorientador: Renato Garcia de Freitas Sobrinho
   Tese (Doutorado em Química) - Universidade Federal do
Amazonas.

   1. Refinamento de Rietveld. 2. Dft. 3. Neb. 4. Interface
Pt(111)/TiO2(hkl). 5. Modelagem de materiais. I. Pocrifka, Leandro
Aparecido. II. Universidade Federal do Amazonas III. Título

Ficha catalográfica elaborada automaticamente de acordo com os dados fornecidos pelo(a) autor(a).

Thaines, Ericon Hamissés Nunes Souza



I dedicate this work to my parents and my wife for all the support and understanding they gave

me.



ACKNOWLEDGEMENTS

First, I would like to thank my parents (Diva and Erickson) and my brothers (Pablo

and Djuliano) for their love, encouragement, and help throughout my life. I want to

thank my wife (Karine) for her love, being a companion, and her support and strength

in difficult times. To everyone in my family, especially my aunt Rute and my uncle

Enildo, for all her support and love, Rutiane and Mattheus are my brothers-cousins. To

my in-laws (Rodolfo and Clara) and sisters-in-law (Joany and Meire) for all the support

provided.

I want to express my deep gratitude to Professor Dr. Leandro Aparecido Pocrifka, who

accepted this mentoring adventure without him the PhD could not have happened.

Also, I want to express my deep gratitude to Professor Dr. Renato Garcia de Freitas

Sobrinho for his advisor, friendship, concern for learning, good coffee and conversations,

and for accepting and trusting me as his advisor since 2015.

To all GEMaTA-LEEN colleagues and professors, especially Professor Dr. Raimundo

Ribeiro Passos, who was present at my qualification presentation, João, Marinaldo,

Magno, Brenner, Cezar, Ananias, Gabriel, Fagnaldo, Leonan, João Pedro, and Rebeca.

To all LCM/LMM group Gabriel, Iuri, Vanessa, Marcos, Matheus, José Luiz, Caio,

Simone, Junieli, Isabella, thanks for the coffee moments, papers discussion, jokes, and

Carolina candy. To all #Quarantine group, Bakinha, Leo gap, Leozão, Shawan, Vitor,

Carmine, Elton, Kaká, Bonato, and Rodrigo for the jokes, fun and dark humor.

To all EDJA family for their support and for making the teaching class lighter and more

exciting.

To the financial support for the PPGQ/UFAM through CAPES, CNPQ and FAPEAM.



“Do your best in the conditions you have, while you don’t have better conditions, to do

even better!”(Mario Sergio Cortella)



Resumo

O presente trabalho apresenta um estudo das propriedades estruturais e eletrônicas do

TiO2, Fe - doped TiO2, Pt(1 1 1)/TiO2(hkl) interface, e Pt3(1 1 1)/TiO2(hkl) interface,

sondando as propriedades fotocatlíticas a partir de uma abordagem teórica. O estudo

dos materiais tem como partida a caracterização por difração de raio-X, onde foi in-

dexado picos relacionados as fases TiO2 - anatase, TiO2 - rutilo, e Pt. As fases anatase

e rutilo TiO2 dopadas com Fe, Pt(1 1 1)/TiO2(hkl) interface, e Pt3(1 1 1)/TiO2(hkl)

interface, foram investigadas usando uma abordagem experimental e teórica, e as fases

caracterizadas por difração de raios-X com refinamento Rietveld. As propriedades

eletrônicas foram caracterizadas usando cálculos DFT/ondas planas. A reação de di-

visão da água nas superfícies anatase (0 1 0) TiO2 e TiO2-Fe foi investigada. As energias

de ativação de 0,29 eV e 0,08 eV foram estimadas para estruturas de anatase pura TiO2 e

anatase TiO2-Fe. A partir do refinamento de Rietveld, foram analisados as deformações

na rede cristalina das fases utilizando a análise do µstrain, onde observa-se que a fase

TiO2 - anatase sofre maior deformação em relação a fase Pt, como pode ser observado

nos valores calculados de bulk modulus (B0), visto que B0−Pt > B0−T iO2 . A simulação

do material ocorreu utilizando os parâmetros cristalográficos obtidos previamente com

o refinamento de Rietveld. O estudo da interface Pt(1 1 1)/TiO2(h k l) foi realizado

considerando dois planos da fase TiO2, (1 0 1) e (0 0 1), os quais foram observados

no refinamento de Rietveld. A partir da análise de PDOS da interface, foi observado

um novo estado eletrônico entre as bandas de valência e banda de condução da fase

TiO2, atribuído à fase Pt. A modelagem teórica da interface Pt3(1 1 1)/TiO2(h k l)

considerando a fração de aproximadamente 60% da fase TiO2 e 40% da fase FasePt

determinada no refinamento Rietveld. A interface Pt3(1 1 1)/TiO2(1 0 1) apresentou

a menor energia de ativação para divisão da molécula de hidrogênio de 0,19 eV com

caráter exotérmico. Para a divisão da água, ambas as interfaces Pt3(1 1 1)/TiO2(h k l)

apresentaram a mesma energia de ativação ∼ 1,4 eV com caráter endotérmico.

Palavras-chave: Refinamento de Rietveld, DFT, NEB, Interface Pt(1 1 1)/TiO2(h k l),

Modelagem de Materiais.



Abstract

The present work presents a study of the structural and electronic properties of TiO2,

Fe - doped TiO2, Pt(1 1 1)/TiO2(hkl) interface, and Pt3(1 1 1)/TiO2(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 TiO2 - anatase, TiO2 - rutile, and Pt were indexed. Anatase and rutile

phases of TiO2 doped with Fe, Pt(1 1 1)/TiO2(hkl) interface, and Pt3(1 1 1)/TiO2(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) TiO2 and TiO2-Fe was investigated. Activation

energies of 0.29 eV and 0.08 eV were estimated for pure anatase TiO2 and anatase

TiO2-Fe structures. From Rietveld refinement, deformations in the crystal lattice of the

phases were analyzed using µstrain analysis, where it is observed that the anatase TiO2

phase undergoes greater deformation compared to the Pt phase, as can be seen in the

calculated values of bulk modulus (B0), since B0−Pt > B0−T iO2 . Material simulation was

carried out using the crystallographic parameters obtained previously with Rietveld

refinement. The study of the Pt(1 1 1)/TiO2(h k l) interface was conducted considering

two planes of the TiO2 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 TiO2 phase, attributed to the Pt phase, was

observed. Theoretical modeling of the Pt3(1 1 1)/TiO2(h k l) interface considering

approximately 60% of the TiO2 phase and 40% of the Pt phase determined in the

Rietveld refinement. The Pt3(1 1 1)/TiO2(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)/TiO2(h k l) presented the same activation energy ∼

1.4 eV with endothermic character.

Keywords: Rietveld Refinement, DFT, NEB, TiO2, Pt(1 1 1)/TiO2(h k l) 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 O2 and H2 reactions on the TiO2 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) TiO2 anatase plane presented hole mobility to the O2/H2O potential, and the (0 0 1)

plane showed electron mobility to the H+/H2O potential. Due to the 3.2 eV and 3.0 eV

band gap values for the anatase and rutile phases, respectively, TiO2 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 CO2 conversion to CO using Mn-doped TiO2

anatase. According to the authors [15], DFT calculations demonstrated that doping

could promote surface vacancy formation and change the material’s light response
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range. Sui et al. [16] studied photocatalytic H2 evolution on anatase TiO2 through trans-

mission electron microscopy (TEM) and DFT calculations. The authors [16] reported

a self-hydrogenated shell generated around TiO2 nanoparticles when applying UV

irradiation.

Titanium dioxide (TiO2), 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 TiO2 electrodes under

ultraviolet light was described by Fujishima and Honda [20]. Yang et al. [21] studied

water splitting on TiO2 anatase using temperature-programmed-desorption (TPD) and

time-of-flight (TOF) methods. According to the authors [21], water splitting occurs on

the surface of TiO2 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 TiO2 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

TiO2 nanorod surface. However, the practical use of pure TiO2 in energy conversion

processes is limited by its band gap value, which restricts its absorption of solar radia-

tion. Thus, TiO2-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 TiO2, with a particular focus on band gap engineering

through doping with metallic atoms [24–26] or metal/TiO2 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 TiO2 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 TiO2, enhancing its

utility in renewable energy applications. Fe 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 TiO2 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 TiO2 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 TiO2 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 Fe-doped TiO2. The mentioned methods have

advantages and disadvantages, but it is possible to observe difficulties in obtaining Fe-

doped TiO2. The Fe-doped TiO2 materials are well-known and have been previously

studied to enhance the TiO2 photocatalytic properties [42–45]. However, to enhance

understanding of Fe-doped TiO2 material behavior, it needs to provide a detailed

description and comprehensive discussion on the influence of Fe doping on TiO2

structure and photocatalytic performance. The description can also explore the effects of

the iron atom state with oxygen vacancy and TiO2 structure behavior with Fe doping.

The metal/oxide materials, such as the Pt/TiO2 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 TiO2

and minimizing the use of Pt, which is a noble metal expensive [53–55]. The Pt/TiO2

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(1 1 1) from a First-principle study. The authors [60] proposed better Pt(1 1 1) activity

for HER and water reorganization energy from a microkinetic model based on DFT,

suggesting that at low pH, HER proceeds:

H3O
+ +∗ +e− → H∗ +H2O (reaction-1)

and the mechanism:

H3O
+ +H∗ + e− → H2 +H2O +∗ . (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

TiO2 (Pt/TiO2) is widely studied for its catalytic and photocatalytic properties as a cost-

effective alternative catalyst [65–67]. Pt/TiO2 forms a Schottky junction, resulting from

the interface between a n-type semiconductor (TiO2) 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/TiO2 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/TiO2 interface can inhibit or

prolong the recombination of electrons and holes due to the distinct electronic structures

of TiO2 and Pt [46, 70]. However, other interfaces presented higher HGR values than

the Pt/TiO2, which can be related to a competition of phenomena on the Pt/TiO2

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].

Figure 1 – a) General representation of the H2 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 (−H) 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/TiO2(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. Nørskov et al. [76] studied Cyclic Voltammograms for hydrogen on Pt(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. Marković 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, Nørskov et

al. obtained DFT calculations for the HER in an electrochemical double layer on the

Pt(1 1 1) electrode. The authors investigated the Tafel reaction 2Hads→ H2, where the

energy barrier was 0.55 eV, and the Heyrovsky reaction Hads +H+ + e− → H2, 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 Pt(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 (Eads) of H on Pt(1 1 1). It was found that

the Eads 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 TiO2, Fe - doped TiO2,

Pt(111)/TiO2(hkl) interface, and Pt3(111)/TiO2(hkl) aiming to investigate the struc-

tural and electronic properties while monitoring their application in photocatalytic

systems.
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77 MARKOVIĆ, N.; GRGUR, B.; ROSS, P. N. Temperature-dependent hydrogen

electrochemistry on platinum low-index single-crystal surfaces in acid solutions. The

Journal of Physical Chemistry B, ACS Publications, v. 101, n. 27, p. 5405–5413, 1997. 23

78 SHIH, A. J.; ARULMOZHI, N.; KOPER, M. T. Electrocatalysis under cover:

enhanced hydrogen evolution via defective graphene-covered pt (111). ACS Catalysis,

ACS Publications, v. 11, n. 17, p. 10892–10901, 2021. 23

79 LIU, L.; LIU, Y.; LIU, C. Enhancing the understanding of hydrogen evolution and

oxidation reactions on pt (111) through ab initio simulation of electrode/electrolyte

kinetics. Journal of the American Chemical Society, ACS Publications, v. 142, n. 11, p.

4985–4989, 2020. 23

80 LAMOUREUX, P. S.; SINGH, A. R.; CHAN, K. ph effects on hydrogen evolution

and oxidation over pt (111): insights from first-principles. Acs Catalysis, ACS

Publications, v. 9, n. 7, p. 6194–6201, 2019. 23



Bibliography 33

81 YAN, L. et al. Hydrogen adsorption on pt (111) revisited from random phase

approximation. The Journal of chemical physics, AIP Publishing, v. 149, n. 16, 2018. 23



34

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 Schrödinger equation
The equation presented by Erwin Schrödinger 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 (t):

[
− h̄2

2m
∇2 + V (r⃗)

]
Ψ(r⃗, t) = ih̄

∂Ψ

∂t
(r⃗, t), (2.1)

where Ψ is the wave function, h̄ is the reduced Planck constant, m is the mass of the

particle, V is the potential in which the particle is moving, and ∇2 is the Laplacian

operator acting on the coordinates of the system, written as,
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∇2 =
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2
. (2.2)

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

simplified form as,

Ĥψ = Eψ, (2.3)

where Ĥ is the Hamiltonian mathematical operator and E is the energy of the system.

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

Ĥ = T̂ + V̂ , (2.4)

where T̂ is the operator of kinetic energy, expressed as the sum of ∇2, equation (2.2),

over all particles in the system:

T̂ = − h̄
2

2

∑
k

∇2

mk

, (2.5)

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

attraction between electrons and nuclei as follows:

V̂ =
1

4πϵ0

∑
i

∑
i<j

eiej
∆rij

, (2.6)

where ∆rij is the distance between particles, ei and ej represent the charges of the

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

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

V̂ =
1

4πϵ0

−
∑
i

∑
I

(
ZIe

2

∆riI

)
︸ ︷︷ ︸
nucleus-electron attraction

+
∑
i

∑
j<i

(
e2

∆rij

)
︸ ︷︷ ︸

electron-electron repulsion

+
∑
I

∑
J<I

(
ZIZJe

2

∆RIJ

)
︸ ︷︷ ︸
nucleus-nucleus repulsion

 . (2.7)

Although the Schrödinger 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+
2 , He+,

Li2+, 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 Schrödinger 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:

Ĥ = T̂n(R⃗) + T̂e(r⃗) + V̂ne(R⃗, r⃗) + V̂ee(r⃗) + V̂nn(R⃗). (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:

Ĥele = −1

2

∑
i

∇2− 1

2

∑
i

∑
I

(
ZI

|R⃗I − r⃗i|

)
+
∑
i

∑
j<i

(
1

|r⃗i − r⃗j |

)
+
∑
I

∑
J<I

(
ZIZJ

|R⃗I − R⃗J |

)
. (2.9)

It is noticeable in the equation above (2.9) that the nuclear kinetic term is not represented. Thus,

Ĥele (2.9) is used in the Schrödinger equation (2.3) to describe the motion of electrons in a fixed

nuclear field.

Ĥeleψele(R⃗, r⃗) = Eeff (R⃗)ψele(R⃗), (2.10)

where Eeff is the effective nuclear potential function and depends on the nuclear coordinates.

Thus, the nuclear Hamiltonian is described as:

Hnuclear = T̂n(R⃗) + Eeff (R⃗). (2.11)
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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 (ψ) 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]:

N [n] ≡
∫
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 = T̂ + V̂ + Û , (2.13)

where T̂ is the operator for kinetic energy,

T̂ ≡ 1

2

∫
∇ψ∗(r)∇ψ(r)dr, (2.14)

V̂ is the operator for Coulombic repulsion,

V̂ ≡
∫
v(r)ψ∗(r)ψ(r)dr, (2.15)

Û is the external potential,

Û =
1

2

∫
1

|r − r′|
ψ∗(r)ψ∗(r′)ψ(r′)ψ(r)drdr′, (2.16)

where Û 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 (Ψ) is defined by the following

equation:

n(r) ≡ (Ψ, ψ∗(r)ψ(r)Ψ), (2.17)

or in terms of the integral:

n(r) =

∫
ψ∗(r)ψ(r). (2.18)

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

states that, for a given Ĥ , the ground state wave function Ψ generates the minimum energy.

Thus, assuming a second potential with the ground state Ψ′, which produces the same density

n(r), it is possible to denote the Hamiltonian and ground state energies associated with Ψ and

Ψ′ by Ĥ , Ĥ , E, and E′, respectively. This is obtained through the minimization property of the

ground state,

E′ = (Ψ′, H ′Ψ′) < (Ψ, H ′Ψ) = (Ψ, (H + V ′ − V )Ψ), (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 < E′ +

∫
[v′(r)− v(r)]n(r)dr. (2.21)

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

E + E′ < E + E′. (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 Ψ is a functional of n(r), as are the kinetic and interaction energies.

Therefore, a functional is defined as:

F [n(r)] ≡ (Ψ, (T̂ + Û)Ψ), (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,

Ev[n] ≡
∫
v(r)n(r)dr + F [n]. (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] = E0, (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. J. 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:

Ev[n] =

∫
v(r)n(r)dr +

1

2

∫ ∫
n(r)n′(r)

|r − r′|
drdr′ +G[n], (2.26)

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

form:

G[n] ≡ Ts[n] + Exc[n], (2.27)

where Ts[n] is the kinetic energy functional of a system of non-interacting electrons with density

n(r) and Exc is the non-classical electron-electron interaction term of exchange and correlation.

From a stationary property, can obtain the condition:

∫
δn(r)dr = o, (2.28)

one can write the equation ∫
δn(r)

{
veff +

δTs[n]

δn(r)

}
dr = 0, (2.29)

where,

veff = v(r) +

∫
n(r′)

|r − r′|
dr′ + µxc(n(r)), (2.30)

where,

µxc =
nδExc(n)

δn
, (2.31)

where µxc is the exchange and correlation contribution term for a chemical potential of a uniform

gas with density n.

Therefore, for a given veff and µ, one obtains n(r) which satisfies equations (2.28) and

(2.29) by solving the Schrödinger equation for a particle

{
−1

2
∇2 + veff

}
ψi(r) = ϵiψi, (2.32)

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

n(r) =

N∑
i=1

|ψi(r)|2, (2.33)

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

written as NKS Kohn-Sham orbitals (ψi(r)) by the Slater determinant:
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ΨKS =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣

ψ1(r1) ψ2(r2) · · · ψN (r1)

ψ1(r2) ψ2(r2) · · · ψN (r2)

...
...

. . .
...

ψ1(rN ) ψ2(rN ) · · · ψN (rN )

∣∣∣∣∣∣∣∣∣∣∣∣∣
. (2.34)

The orbitals are eigenfunctions of the Kohn-Sham Hamiltonian:

HKS = −1

2
∇2 + veff (r). (2.35)

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(r) =
N∑
i=1

|ϕi(r)|2

Vxc =
δExc(n)

δn
(r)

veff

ĤKSψi(r) = ϵiψi

n’ ≈ n 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:

E0[n(r)] =
N∑
i

ϵi −
1

2

∫
n′(r)n(r)

|r − r′|
drdr′ + Exc[n(r)]−

∫
n(r)µxc(r)dr. (2.36)

The potential µxc 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 a⃗, b⃗, and c⃗, 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:

r′ = r + u1a⃗+ u2⃗b+ u3c⃗, (2.37)

where un are integers, the periodic structure is defined concerning the set of points r′ for all

integer values of un. 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 = u1a⃗+ u2⃗b+ u3c⃗, (2.38)

where a⃗, b⃗ e c⃗ are 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 + Rn) = 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 a⃗, b⃗, and c⃗ are

obtained

2.4.1 Bloch’s Theorem

Swiss physicist Felix Bloch demonstrated that the solutions to the Schrödinger equation

for a periodic potential, defined by equation (2.39), must be in the form of plane waves (eiK.r)

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

ψ(r +R) = ψnK(r) = eiK.runK(r), (2.40)

where unk takes the form of the equation (2.39):

unK(r +R) = unK(r), (2.41)

where K are vectors in reciprocal space and unK(r) are the Bloch orbitals. The term n is known

as the band index.

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

unK(r) =
∑
G

CiGe
iG.r, (2.42)

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

be written as follows:
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ψn,K(r) =
∑
G

CiGe
iG.r. (2.43)

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

{
−1

2
∇2 + veff

}∑
G

Ci,K+Ge
i(K+G).r = ϵi

∑
G

Ci,K+Ge
i(K+G).r, (2.44)

and multiplying the above equation by e−i(K+G′).r and integrating over the space of a unit cell,

obtain:

∑
G′

[HGG′ + VG−G′ ] = ϵiCi,K+G, (2.45)

where

HGG′ =
1

2
|K +G|2δGG′ , (2.46)

which represents the kinetic energy, and:

VG−G′ = Vion(G−G′) + VH(G−G′) + Vxc(G−G′), (2.47)

where Vion(G−G′) is the electron-nucleus interaction, VH(G−G′) is the Coulombic repulsion,

and Vxc(G − G′) is the exchange-correlation term, the potentials defined by VG−G′ being the

Fourier component.

VG−G′ =

∫
vc
V̂ (r)ei(G−G′).rdr. (2.48)

Bloch’s theorem is interpreted as a boundary condition for the solution of the Schrödinger

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:

ϕc(k,r) = N− 1
2

∑
R

eik.Rϕc(r − R), (2.49)

and the OPW in the form:

ϕOPW (k,r) = (NΩ)−
1
2 eik.r −

∑
c

λc,kϕc(k.r), (2.50)

where ⟨ϕc|ϕOPW ⟩ = 0, N is the number of unit cells, Ω is the volume of the unit cell, and the sum

is over the core states.

Considering that there is no overlap between core states:

∫
ϕ∗c(r − R)ϕ′c(r − R’)dr = δcc′δRR’, (2.51)

and the λc,k coefficient is defined as:

λc,k = Ω− 1
2

∫
eik.rϕ∗c(r)dr, (2.52)

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

ϕc(k,r + R’) = eik.R’ϕc(k,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 |ϕc⟩ as:

P̂ =
∑
c

|ϕc⟩ ⟨ϕc| , (2.54)
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Figure 3 – Construction of the wave function ϕ(r) using the pseudopotential method.
Adapted from [23].

and an OPW can be expressed as follows:

|k + G⟩OPW = (1− P̂ ) |k + G⟩ = |k + G⟩ −
∑
c

|ϕc⟩ ⟨ϕc|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:

|ϕki⟩ ≡ |ki⟩ = (1− P̂ )
∑

G

CkG |k + G⟩ . (2.56)

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

follows:

Ĥ |ϕki⟩ = ϵki |ϕki⟩ . (2.57)

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

equation can be written in the form:

(
Ĥ +

∑
c

(ϵki − ϵc) |ϕc⟩ ⟨ϕc|

)
|k + G⟩ = ϵki |k + G⟩ . (2.58)

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

repulsive potential VR can be written as:
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V̂R =
∑
c

(ϵki − ϵc) |ϕc⟩ ⟨ϕc| . (2.59)

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

(Ĥ + V̂R) |ϕki⟩ = ϵki |ϕki⟩ . (2.60)

The equation above possesses the same eigenvalue as equation (2.57). Thus, one can write |ϕki⟩

= (1 - P̂ ) |ϕPS
ki ⟩, where |ϕPS

ki ⟩ is the smooth part of |ϕki⟩,so one can write equation (2.60) in the

form:

(Ĥ + V̂R) |ϕPS
ki ⟩ = ϵki |ϕPS

ki ⟩ , (2.61)

where |ϕPS
ki ⟩ is called the pseudofunction. If the Hamiltonian can be written as:

Ĥ = − h̄2

2m
∇2 + V̂ ,

where V̂ is the potential of the periodic system, the Schrödinger equation (2.61) can be written

as:

(
− h̄2

2m
∇2 + V̂PS

)
|ϕPS

ki ⟩ = ϵki |ϕPS
ki ⟩ , (2.62)

where V̂PS = V̂ (r) + V̂R 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:

yic = s

k2∑
k=1

mkLk|F 2|Gik, (2.63)
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where s is a scale factor, mk is the multiplicity factor for the k-th reflection, Lk is the Lorentz

polarization factor, Fk is the structure factor, and Gik 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):

G =

√
C0

Hk
√
π
e

[
C0(2θi−θk)2

K2
k

]
, (2.64)

and

L =

√
C1

Hk
√
π

1[
1 + C1(2θi−θk)2

K2
k

] , (2.65)

where C0 = 4 ln 2, C1 = 4, and Hk represent the total full width at half maximum of the Bragg

reflection (k), which can be defined as:

Hk = Utang2θ + V tangθ +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 = ηL+ (1− η)G, (2.67)

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

η = 1.36603q − 0.47719q2 + 0.1116q3, (2.68)

where:

q =
HL

H
. (2.69)

Additionally, it is considered:

H = (H5
G +AH4

GHL +BH3
GB

2
L + CH2

GH
3
L +DHGH

4
L +H5

L)
1
5 , (2.70)

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

The Lorentzian fraction can be written as:

η = NA +NB(2θ),
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where NA and NB are refinement parameters. The pseudo-Voigt equation (2.67) can be rewritten

as:

pV − TCHZ = ηL+ (1− η)G, (2.71)

where pV −TCHZ was proposed by Thompson-Cox-Hastings [25] and in this case,G represents

the full width at half maximum (HG), and pV − TCHZ is used as a function of HG and HL

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 2nd 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.

Figure 4 – Coordinate system to describe a state of strain. a) absence of deformation
and b) after deformation. x̂, ŷ, and ẑ are orthogonal vectors.

Adapted from [17].

The vectors x̂, ŷ, and ẑ are orthogonal vectors of unit length, and the relationship between
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the new axes x′, y′, and z′ can be expressed as follows [17]:

x’ = (1 + ϵxx)x̂+ ϵxyŷ + ϵxzẑ; (2.72)

y’ = ϵyxx̂+ (1 + ϵyy)ŷ + ϵyzẑ; (2.73)

z’ = ϵzxx̂+ ϵzyŷ + (1 + ϵzz)ẑ, (2.74)

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

r′ = xx′ + yy′ + zz′.

Thus, the displacement R caused by elongation is given by:

R ≡ r′ − r = x(x′ − x̂) + y(y′ − ŷ) + z(z′ − ẑ). (2.75)

Considering the equations 2.72, 2.73, and 2.74, R is written as:

R ≡ (xϵxx + yϵyx + zϵzx)x̂+ (xϵxy + yϵyy + zϵzy)ŷ + (xϵxz + yϵyz + zϵzz)ẑ. (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)x̂+ v(r)ŷ + w(r)ẑ. (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,

xϵxx ∼= x
∂u

∂x
; yϵyx ∼= y

∂v

∂y
; etc. (2.78)

The coefficients ϵαβ can be related to the coefficients eαβ , which are related to the deformation of

the solid, as follows:

exx ≡ ϵxx =
∂u

∂x
; eyy ≡ ϵyy =

∂y

∂y
; ezz ≡ ϵzz =

∂w

∂z
, (2.79)

The other components of strain, exy, eyz , and ezx, are defined in terms of changes in the angles

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

exy ≡ x′ · y′ ∼= ϵyx + ϵxy = ∂u
∂y + ∂v

∂x ; (2.80)

eyz ≡ y′ · z′ ∼= ϵzy + ϵyz =
∂v
∂z + ∂w

∂y ; (2.81)

ezx ≡ z′ · x′ ∼= ϵzx + ϵxz =
∂u
∂z + ∂w

∂x . (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]:

exx = S11Xx + S12Yy + S13Zz + S14Yz + S15Zx + S16Xy; (2.83)

eyy = S21Xx + S22Yy + S23Zz + S24Yz + S25Zx + S26Xy; (2.84)

ezz = S31Xx + S32Yy + S33Zz + S34Yz + S35Zx + S36Xy; (2.85)

eyz = S41Xx + S42Yy + S43Zz + S44Yz + S45Zx + S46Xy; (2.86)

ezx = S51Xx + S52Yy + S53Zz + S54Yz + S55Zx + S56Xy; (2.87)

exy = S61Xx + S62Yy + S63Zz + S64Yz + S65Zx + S66Xy, (2.88)

and,

Xx = C11exx + C12eyy + C13ezz + C14eyz + C15ezx + C16exy; (2.89)

Yy = C21exx + C22eyy + C23ezz + C24eyz + C25ezx + C26exy; (2.90)

Zz = C31exx + C32eyy + C33ezz + C34eyz + C35ezx + C36exy; (2.91)

Yz = C41exx + C42eyy + C43ezz + C44eyz + C45ezx + C46exy; (2.92)

Zx = C51exx + C52eyy + C53ezz + C54eyz + C55ezx + C56exy; (2.93)

Xy = C61exx + C62eyy + C63ezz + C64eyz + C65ezx + C66exy, (2.94)

(2.95)

where Sij are strain constants, X , Y , and Z are the stress components, and Cij are the elastic

stiffness constants in Voigt notation.

2.7 Anisotropic Microstrain
The microstrain broadening (µstrain) 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

d2
=Mhkl = Ah2 +Bk2 + Cl2 +Dkl + Ehl + Fhk, (2.96)

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

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

Cij = ⟨(αi− < ai >) · (αj− < αj >)⟩ . (2.97)

Cii = σ2(αi) is the variance of αi and not the elastic stiffness constant. The parameter Mhkl

varies linearly with αi, so the variance of Mhkl is given by:

σ2(Mhkl) =
∑
i,j

Cij
∂M

∂αi

∂M

∂αj
. (2.98)

Relating the partial derivatives to equation 2.96, obtain:

∂M

∂α1
= h2;

∂M

∂α2
= k2;

∂M

∂α3
= l2;

∂M

∂α4
= kl;

∂M

∂α5
= hl;

∂M

∂α6
= hk. (2.99)

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

∂M

∂αi

∂M

∂αj
=



h4 h2k2 h2l2 h2kl h3l h3k

h2k2 k4 k2l2 k3l hk2l hk3

h2l2 k2l2 l4 kl3 hl3 hkl2

h2kl k3l kl3 k2l2 hkl2 hk2l

h3l hk2l hl3 hkl2 h2l2 h2kl

h3k hk3 hkl2 hk2l h2kl h2k2


. (2.100)

So equation 2.98 can be rewritten as:

σ2(MHKL) =
∑
HKL

SHKLh
HkklL, (2.101)

where the term SHKL is defined by H +K +L = 4. In the most general case, the triclinic system

has 15 independent parameters SHKL. For the description of anisotropic broadening, there are

restrictions, as shown in two examples in Table 1.

Using the Bragg equation, sin θ = λ/(2d) = λM
1
2 /2), the contribution of anisotropic

broadening to the full width at half maximum (FWHM ) of the diffraction line is given by [26]:

Γ2
A = σ2(Mhkl). (2.102)

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

expression for Γ2
A for the cubic system with m− 3 and m− 3m symmetries as follows:

Γ2
A = S400(h

4 + k4 + l4) + 3S220(h
2k2 + h2l2 + k2l2), (2.103)
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Table 1 – Restrictions on the anisotropic broadening parameters (Shkl).

Adapted [26].

Crystal system Restrictions on parameters Parameters Shkl

Cubic A = B = C, D = E = F = 0 S400 = S040 = S004, S220 = S202 = S022

Tetragonal A = B, D = E = F = 0 S400 = S040, S202 = S022, S004, S022

and for the tetragonal system with 4/mmm symmetry:

Γ2
A = S400(h

4 + k4) + S004(l
4) + 3S220(h

2k2) + 3S202(h
2l2 + k2l2). (2.104)

Stephens’ model, implemented in the GSAS − II program, the Gaussian variance (σ2)

varies with the 2θ angle as follows:

σ2 = (U + σ2sd
4)tang2θ + V tangθ +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 γ, 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 γ:

γ =
X +Xecosϕ

cosθ
+ (Y + Yecosϕ+ γSd

2)tangθ, (2.106)

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

γ =
X +XScosϕ

cosθ
+ (Y + Yecosϕ+ γSd

2)tangθ. (2.107)

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 (σ2s ) and one Lorentzian (γs), and they are determined as follows:

σs = (1− η)Γs, (2.108)

and

Γs = ηΓs. (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:

Ss(hkl) =
πd2

1800

√∑
HKL

SHKLhHkK lL100%, (2.110)
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where the function is appropriate for Laue symmetry.

2.7.1 Microstrain Analysis

Microstrain in the GSAS − II 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 (∆ij(g)):

∆ij(g) =
1

Ng

Ng∑
k=1

∆εi(Rk, g)∆εj(Rk, g) +
1

Ng

Ng∑
k=1

1

Vk

∫
dr∆εi(Rk + r, g)∆εj(Rk + r, g), (2.111)

where the first term is related to functions depending on the crystal orientation g and the position

vector (Rk), the second term is related to elastic strain with (Rk+r,g), and ε denotes the strain

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

σh(y)Ph(y) =
∞∑
l=0

[
2

(2l + 1)

]
Iml (h,y) (l = par), (2.112)

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

p−h(y)], and Iml is the variance of the microstrain distribution defined as follows:

Iml (h,y) =
6∑

i=1

6∑
j=1

EiEjρiρjtijl(h,y), (2.113)

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

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

tijl(h,y) = A0
ijl(y)P

0
l (Φ) +

l∑
m=1

[Am
ijl(y)cos mβ +Bm

ijl(y)sen mβ]P
m
l (Φ), (2.114)

where Φ is the polar angle, β is the azimuthal angle, and:

Am
ijl = αm0

ijl P
0
l (Ψ) +

l∑
n=1

(αmn
ijl cos nγ + βmn

ijl sen nγ)P
n
l (Ψ) (m = 0, ..., l), (2.115)

and

Bijl(y) = γm0
ijl P

0
l (Ψ) +

l∑
n=1

(γmn
ijl cos nγ + δmn

ijl sen nγ)P
n
l (Ψ) (m = 1, ..., l), (2.116)

where the coefficients αmn
ijl , βmnijl, γijlmn, and δmn

ijl are obtained from the coefficients Cmn
ijl .

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

Iml (h,y) =

15∑
ν=1

tvl(h,y)jv4(a1, a2, a3), (2.117)
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and

tijl(h,y) =

µl∑
µ=1

Cµ
ijl(y)jµ(a1, a2, a3). (2.118)

The functions tvl(h,y) are linear combinations of tijl(h,y), and Cµijl(h,y) are linear combina-

tions of Aijlm and Bm
ijl. Relating equations 2.118 and 2.117, obtain:

Iml (h,y) =

µl+4∑
µ=1

Eµl(y)jµ,l+4(a1, a2, a3). (2.119)

In the GSAS program, to simultaneously 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:

eij =
∂uj
∂ri

. (2.123)

Strain is a dimensionless tensor field, and the stress tensor (
∑

) can be defined as,∑
=

1

2
(e+ e′), (2.124)

where e′ indicates the modification, the diagonal elements
∑

ii of the tensor represent the

elongation fraction of an element aligned along the i axis. In contrast, the off-diagonal elements

(
∑

ij) 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 (τ ) is defined with elements given by:

F (ri) =
∑
j

∂τij
∂rij

, (2.125)

where τij is the force acting on a face perpendicular to the i and j directions.

The bulk modulus (B0) of a given material can be described as:

B0 = −V
(
∂P

∂V

)
T

, (2.126)

where B0 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 (B0) and the first derivative of

pressure B′
0. 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 =

(
−∂F
∂V

)
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:

P (V ) = −
(
∂F

∂f

)
T

(
∂f

∂F

)
, (2.128)

or,

P (f) = −
(
∂F

∂f

)
T

. (2.129)

From equation (2.127), one can obtain B′
0:

B′
0 =

(
∂B0

∂P

)
. (2.130)

Assuming that the bulk modulus (B0) varies linearly with pressure, one can write the relation-

ship:

−V ∂P
∂V

= B0 +B′
0P. (2.131)

Integrating the above equation (2.131), we obtain the equation of state proposed by Murnaghan

[31] as follows:

P =
B0

B′
0

[(
V0
V

)B′
0

− 1

]
, (2.132)

where V0 is the equilibrium volume, or its inverse form:(
1 +

B′
0

B0
P

)− 1
B′
0
=
V

V0
. (2.133)

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

B0
=

B′
0

(B′
∞)2

[(
V0
V

B′
∞
)

− 1

]
−
(
B′

0

B′
∞

− 1

)
ln
V0
V
, (2.134)

where, B′
0 − 1 > B′

∞ > B′
0/2, and when B′

0 = B′
∞ the equation above (2.134) reduces to the

Murnaghan equation (2.132).
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3

Influence of Fe−Doping on the

Structural and Electronic Properties of

the T iO2 Anatase : Rutile

3.1 Abstract
The Fe-doped anatase and rutile TiO2 phases

were investigated using a combined exper-

imental and theoretical approach. The Fe-

doped phases were characterized by X-ray

diffraction with Rietveld refinement. The

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 TiO2 phases. The band gap values decreased to 3.00 and 2.13 eV with the Fe doping

for anatase and rutile TiO2-Fe phases, respectively. The water-splitting reaction on the anatase

(0 1 0) TiO2 and TiO2-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 TiO2 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 H2O, OH ·, and H+

on the (0 1 0) TiO2 surface. The activation energies of 0.29 eV and 0.08 eV were estimated for

pure anatase TiO2 and anatase TiO2-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: TiO2, water splitting, Rietveld refinement, Materials Modelling, NEB

3.2 Experimental and Computational Details

3.2.1 Materials Preparation

Titanium dioxide (TiO2) and Fe-doped TiO2 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 (C12H28O4Ti - Sigma-Aldrich®–97%), and ferric

chloride hexahydrate ( 5.0 wt% FeCl2 · 4H2O - Sigma- Aldrich®).

Samples preparation. Titanium dioxide (TiO2) material was prepared as follows: initially, the

polymeric resin was prepared with the molar ratio 1:8:32 (AC : EG : C12H28O4Ti). 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 C12H28O4Ti 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 TiO2 material

was obtained in powder form. The Fe–doped TiO2 (TiO2–Fe 5%) material was prepared as

follows: initially, the polymeric resin precursor was the same for the TiO2 material, but the

molar ratio was 1:8:32:5 (AC : EG : C12H28O4Ti : FeCl2 · 4H2O). After to obtained the TiO2

polymer resin, approximately 32.6 mg of the FeCl2 ·4H2O 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 TiO2 material was obtained in

powder form. The experimental set – up and the powder form materials can be seen in the annex

A1-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 α radiation (λ=0.154 nm) and uses the 2θ range from 20° up to 120º,

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:

β =
√
β2Exp − β2Standard, (3.1)

where β is the full-width at half-maximum (FWHM) of the peak, βStandard was obtained from

standard LaB6 powder (SRM660-National Institute of Standard Technology) using the Caglioti

[7] equation:

βStandard =
√
utanθ2 + vtanθ + 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, l):

ρ(x, y, z) =
1

2

Nx/2∑
h=−Nx/2

Ny/2∑
k=−Ny/2

Nz/2∑
l=−Nz/2

F (h)exp[−2πi(hx+ ky + kz)], (3.3)

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

vector (h, k, l), which represent the coordinates of one vector from the reciprocal space with
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base (a∗, b∗, c∗), 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(θ)/λ < 0.6Å−1

along with the (0 0 1)-hkl reflections for TiO2 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 TiO2-anatase, TiO2-

rutile, and Fe-doped TiO2 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), Ti

(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 Ti-3d electrons of TiO2 and Fe-3d electrons of the iron atom following formalism

[17, 18]:

EGGA+U = EGGA +
U − J

2

∑
σ

(∑
i

ρσii

)
−

∑
i,j

ρσijρ
σ
ji

 , (3.4)

where ρσij 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 ρσij
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Vij ≡
δEGGA+U

δρσij
=
δEGGA

δρσij
+ (U − J)

[
1

2
δij + ρσij

]
. (3.5)

The effective Hubbard term Ueff = 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 Ueff = 5.0 eV (anatase), 5.5 eV (rutile) (Ud < 5.00 eV were considered, please see in annex

A1-supplementary information), and 3.0 eV (Fe-atom) (which is consistent with previously

reported DFT/GGA+U calculations) [16, 18–21].

In order to calculate Fe-doped, a spin-polarized calculation was considered. Starting

magnetization of 0.25 Bohr (µB) was applied on the Fe atom during calculations. The Fe-doped

TiO2 was simulated from a 2 x 2 x 1 supercell constructed with 16 Ti and 32 O atoms for anatase

and rutile TiO2, 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 TiO2 -anatase and TiO2 -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 Å of vacuum. The

energy cutoff was set to 60 Ry, and the k-point grid was set as Γ point. The adsorption energy of

the water molecule (Eads) was according to equation:

Eads = Erelax
sys+H2O − Erelax

sys − Erelax
H2O , (3.6)

where Esys is the energy of the relaxed system; EH2O is the energy of the isolated water molecule

calculated using the same protocol and Esys+H2O is the energy of the relaxed system with

adsorbed one water molecule. The transition state of water-splitting on TiO2-anatase, TiO2-

rutile, and Fe-doped TiO2 surfaces was obtained using Nudged Elastic Band (NEB) method.

The annex A1-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 TiO2 peaks corresponds to two different polymorphic crystalline phases

of TiO2.

Figure 5 – Rietveld refinement pattern for TiO2–Fe5%.

It can be observed in Figure 1 that XRD patterns show reflections at 2θ = 25.0783 (1 0

1)-hkl plane, 2θ = 37.5485 (0 0 4)-hkl plane, 2θ = 47.3291 (2 0 0)-hkl plane, 2θ = 53.1974 (1 0 5)-hkl

plane, 2θ = 54.1755 (2 1 1)-hkl plane, and those of lesser intensity at 2θ = 61.7554 (2 0 4)-hkl plane,

2θ = 67.8683 (1 1 6)-hkl plane, 2θ = 69.0909 (2 2 0)-hkl plane, 2θ = 73.9811 (2 1 5)-hkl plane, 2θ =

81.3166 (2 2 4)-hkl plane, and 2θ = 93.2978 (3 2 1)-hkl plane, which was related to TiO2–anatase

tetragonal crystalline phase (CIF-202242-ICSD). Furthermore, reflections at 2θ = 27.2789 (1 1

0)-hkl plane, 2θ = 35.5924 (1 0 1)-hkl plane, and 2θ = 40.7272 (1 1 1)-hkl plane, which was related

to TiO2–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 TiO2 structure. Abdulla-Al-Mamun et al. [23] studied the photocatalytic cytotoxic activity of

Ag@Fe-doped TiO2 nanocomposites. The Fe-doped TiO2 atomic ratios (in %) of the iron atom

to TiO2 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 TiO2. Moradi et al. [24]

observed the same behavior in Fe-doped TiO2 samples obtained through the sol-gel method.

The XRD patterns showed TiO2 phase-related only characteristic diffraction peaks. Therefore,

the same experimental conditions described herein suggest that Fe atoms are inserted into the

TiO2 structure.

According to TiO2-anatase CIF-202242-ICSD, TiO2-anatase is a tetragonal crystalline

structure of space group number 141(I41/amdZ) and lattice parameter a = b = 3.78479(3)Å, and c

= 9.51237(12) Å. The lattice parameter obtained from Rietveld refinement was a = b =3.84368(23)

Å and c = 9.6558(7) Å. Also, according to TiO2-rutile CIF-7802-ICSD, TiO2-rutile is a tetragonal

crystalline of space group 136 (P42/mnm), and lattice parameter a = b =4.5941 Å, and c = 2.9589

Å. The lattice parameter obtained from Rietveld refinement was a = b = 4.6620(4) Å and c =

3.0082(4) Å. Thus, both TiO2-anatase and TiO2-rutile phases agree with the reference ICSD

structures. The Rietveld refinement exhibited good statistical agreement for theoretical and ICSD

data (χ2 = 2.5). It has been noted that there is no difference between TiO2 pure (P25-degussa)

and Fe-doped TiO2 in the XRD pattern (see Figure 28). The Fe-doped in the TiO2 structure

can be verified from the lattice parameters reported in Table SI2. As the Fe2+ ionic radius (0.61

Å) is smaller than the Ti4+ ionic radius (0.74 Å) [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 TiO2 -anatase:rutile

and Fe–doped TiO2 . As discussed previously, the XDR patterns and Rietveld refinement

suggested that the doping with iron atoms is substitutional and occurs in the TiO2 crystalline

structure. Thus, Rietveld refinement provides the pure TiO2 anatase:rutile and Fe – doped TiO2

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

TiO2-anatase (a-TiO2 ) and Fe-doped TiO2-anatase (a-TiO2-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 atoms.

Figure 6 – Band structure and projected density of states (PDOS) for anatase (a) TiO2

and (b) TiO2–Fe5% from Rietveld refinement structure.

Huang et al. [28] studied the nitrogen concentration effects on the TiO2 anatase. The

authors observed that the major component of the valence band of a-TiO2 is the O-2p state,

while the conduction band is the Ti-3d state. Through first-principles calculations of the mono

and co-doped anatase TiO2 , Ibrahim et al. [29] observed the same electronic properties. For the

anatase TiO2 phase, the k-points are the tetragonal path system, the BS shows that both systems

(a-TiO2 and a-TiO2–Fe5%) are semiconductors with an indirect band gap, and the band gap

values calculated are Eg(a-TiO2 ) = 3.17 eV (M → Γ) and Eg(a-TiO2–Fe5%) = 3.00 eV (M → Γ).

In the literature, the anatase TiO2 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 Fe

doping on the a-TiO2 , where it is possible to find an experimental band gap for TiO2 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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m∗ =
h̄2(
d2E
dκ2

) (3.7)

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 TiO2-rutile (r-

TiO2) and Fe-doped TiO2-rutile (r-TiO2-Fe), 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.

Figure 7 – Band structure and projected density of states (PDOS) for rutile (a) TiO2 and
(b) TiO2–Fe5% from Rietveld refinement structure.

Schmidt et al. [32] studied the electronic and optical properties of the polymorph TiO2.

The authors reported for TiO2 rutile predominantly 2p-O states in the valence band and 3d-Ti

states in the conduction band. The electronic band structures were calculated for the rutile TiO2

phase, where the k-points are the tetragonal path system [22]. The BS shows that both systems

(r-TiO2 and r-TiO2 - Fe5% ) have the behavior of a semiconductor with an indirect band gap,

and the gap values calculated are Eg(r-TiO2 ) = 2.95 eV (Γ →M ) and Eg(r-TiO2 – Fe5% ) = 2.13

eV (Γ →M ). The rutile TiO2 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-TiO2, where it is possible to find an experimental band gap for TiO2 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 Ti4+ by Fe2+ ion, which presents an

ionic radius of 0.605 Å and 0.63 Å [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 TiO2 and Fe-doped TiO2 , as shown in the Figure 30, and the optical

properties were calculated for pure TiO2 and Fe-doped TiO2 . The band gap energy for pure

TiO2 is 3.22 eV and Fe-doped TiO2 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 TiO2 (a-

TiO2 ) presented E g = 3.17 eV and Fe-doped a-TiO2 with Eg = 3.00 eV (Figure 6), and rutile

TiO2 (r-TiO2 ) presented Eg = 2.95 eV and Fe-doped r-TiO2 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 TiO2, 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 A1-supplementary

information. Reyes et al. [31] studied the doping of iron atoms in TiO2 using the sol-gel method

to prepare materials. The materials of TiO2 were doped with Fe using as a precursor FeCl2

and calcined at 600 ºC. Through Mössbauer characterization of TiO2 with Fe (1.0% wt), sam-

ples presented about 66.81% of Fe2+ species. The same experimental conditions described

by the authors [31] were used in the present work. Therefore, the calculations considered the

substitutional doping of Ti4+ by Fe2+.

The PDOS of the supercell TiO2 -anatase and TiO2-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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TiO2 -anatase and TiO2 -rutile that present the lowest energy (see in annex A1-supplementary

information) is shown in Figure 8 b-d.

Figure 8 – Total density states and PDOS on the p and d orbitals of (a) anatase TiO2, (b)
anatase TiO2-Fe, (c) rutile TiO2, and (d) rutile TiO2–Fe. 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 Fe atoms, 2p orbitals of O atoms mainly contribute

to the valence band, and 3d orbitals of Ti atoms contribute to the conduction band. The most

striking difference from Figure 8 a-c is that the Fe2+ 3d states appear in the PDOS within the

band gap. The Fe2+ 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 Ti can be

seen in the PDOS for both systems. Fe2+ states in the band gap should also be reflected in the

photocatalytic property compared to pure TiO2.The electronic band structures were determined

for the two systems doping with Fe atoms, Figure 9 a-b.
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Figure 9 – Band structure for (a) a-TiO2-Fe and (b) r-TiO2–Fe.

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-TiO2-Fe, Figure 9-a, the band gap with the biggest energy is 2.41 eV with the defect

near the conduction band, and for r-TiO2 -Fe, 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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ν =
h̄κ

m∗ , (3.8)

where m∗ is the effective mass of charge carriers, κ is the wave vector, h̄ is the reduced Planck’s

constant, and ν 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∗
e−) and hole (m∗

h+) 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-TiO2 , a-TiO2–Fe, r-TiO2, and r-
TiO2–Fe.

System m∗
e− m∗

h+

Anatase calculation 0.1609 0.3203
[31] 0.1412 0.2028

a-TiO2–Fe5% calculation 0.2401 0.2854

Rutile calculation 0.2570 0.8613
[31] 0.1284 1.0018

a-TiO2–Fe5% 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-TiO2-Fe has a less effective mass. This indicates that the photoexcited charge

carriers of a-TiO2 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 TiO2 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-TiO2-Fe and (b) r-TiO2–Fe.

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

calculated from the band structure following equation [37]:

Sband
elec = −kB

∫
ρ[f − lnf + (1− f)ln(1− f)]dE, (3.9)

where ρ is the density of states, f is the Fermi distribution function, and kB is Boltzmann

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

ρ(E, r) =
∑
i

|ψi(r)
2|δ(EF − ei), (3.10)

the factor |ψi(r)
2| 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-TiO2-Fe system has a maximum value of 0.0348

kB/atom, and the r-TiO2-Fe system has a maximum value of 0.0006 kB/atom; that is, the a-

TiO2 phase has greater doping effects. When the Fe atom is inserted into the crystalline structure

of anatase and rutile TiO2 phases, the electronic structure is modified. This was observed by

Sauvage et al. [38] that studied the effects of Fe doping on anatase TiO2 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 TiO2. 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 Ti (or Fe) adsorption sites at the (0 1 0) surface.

Table 3 – Estimated water adsorption energies (Eads) and bond distances for a water
molecule on the surface for the a-TiO2 , a-TiO2–Fe, r-TiO2, and r-TiO2–Fe.

System Eads (eV) Tisurface–Ow (Å) Fesurface–Ow (Å)

Anatase -0.6149 2.2390
a-TiO2–Fe -0.9360 2.1842

Rutile -1.2422 2.1296
r-TiO2–Fe -0.4608 2.0529

The adsorption energy (Eads) on a-TiO2 is predicted to be about 0.6 eV larger than r-TiO2

, and distance on a-TiO2 is about 0.1 Å longer than the distance on r-TiO2, in good agreement

with values reported by Selloni et al. [40]. The authors [40] observed a similar length of the

Tisurface–Ow presented a range about from 2.1 Å to 2.3 Å, and Eads presented a range about

from -0.6 eV to -1.0 eV depending on the adorption site at the a-TiO2 surface. The Tisurface–Ow

bond decrease and the Eads increase were observed in the Fe-doped TiO2 anatase and rutile,

where the anatase phase Tisurface–Ow bond length is bigger than the rutile phase, and the

anatase phase Eads is the smallest, which presented -0.9360 eV. The metal-doped TiO2 presents

adsorption energy that is smaller than pure TiO2 . Yang et al. [41] studied the super hydrophilic

Fe3+-doped TiO2 by experimental and DFT approach. Through the hydroxyl adsorption on

the TiO2 and Fe@TiO2, 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 TiO2 in electrochemical activities. According to

authors [42], the adsorption energy of a water molecule on TiO2 (0 0 1) presented -0.936 eV,

and Ni-doped TiO2 (0 0 1) presented -1.165 eV. This behavior observed in the doped TiO2 ,

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 TiO2-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 TiO2-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 TiO2-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-TiO2 and a-TiO2-Fe 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-TiO2, and a-TiO2-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]:

H2Oads + h+BV
⇀↽ OH ·

ads +H+
ads, (3.11)

where H2Oads + h+BV , OH ·
ads, and H+

ads are adsorbed on pure a-TiO2 and a-TiO2-Fe systems

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

Ea = ETS − EIS , (3.12)

where ETS is the energy of the transition state and EIS is the energy of the initial state. The

reaction energy (∆E) is calculated as:

∆E = EFS − EIS , (3.13)

where EFS is the energy of the final state.

The IS corresponds to the (0 1 0) surface with a chemically adsorbed H2O 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 Ti and O atoms of

the surface, respectively. For the reaction path, different TS was found for the pure a-TiO2 and

a-TiO2-Fe surfaces, as observed in Figures 11-a and 11-b, respectively. It is observed that the

H2O molecule is distorted, resulting in HO–H with a bond length of approximately 1.00 Å for

the pure a-TiO2 surface, Figures 11-a. However, for the a-TiO2-Fe surface, the TS consists of

dissociation of the H2O molecule, with OH attached to the Fe atom and the H at a distance of

1.23 Å 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-TiO2 and (b) a-TiO2–Fe.

The reaction energy (∆E) calculations indicate that the cleavage of the water molecule

has a small exothermic character, both pure a-TiO2 (∆E = -0.007 eV) and a-TiO2-Fe (∆E =

- 0.06 eV). Although the differences in the values of ∆E were insignificant for both systems,

the activation energy barriers (Ea) predicted for the cleavage of water on pure a-TiO2, and

a-TiO2-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 TiO2 in the plane

(1 1 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-TiO2 and doped with Fe (II) atoms through the NEB method. For r-TiO2, the

activation energy barrier for water dissociation in the study was approximately 0.9 eV; for rutile

TiO2 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-TiO2 -Fe is energetically

more favorable for the cleavage of the water in relation to the pure a-TiO2 surface.

The Ea(a−T iO2−Fe) < Ea(a−T iO2) can be related to the structural and electronic properties

of the Fe-doped TiO2 . Thus, It is possible to notice that the Ti – O bond length in the pure TiO2

present 1.93 Å while the Fe – O bond length in the Fe-doped TiO2 present 1.86 Å. Analyzing

the electronic charge density (∆n(r)), the pure TiO2 present the ∆n(r)total = 1.3148 e−/Å3 ,

and Fe-doped TiO2 present ∆n(r)total =6.2353 e−/Å3, which can be seen in Figure 33 in the

annex A1-supplementary information. In this sense, the Fe-doped TiO2 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 TiO2

and Fe-doped TiO2 to provide experimental support about why Fe-doped TiO2 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 (λ), we observe a different behavior between

pure TiO2 and Fe-doped TiO2 , see in Figure 34a. We have observed that both pure TiO2 and

Fe-doped TiO2 show photocurrent close to λ = 320 nm. However, Fe-doped TiO2 demonstrates

a higher photocurrent than pure TiO2 , and increased photocurrent in the wavelength between

500 nm and 600 nm contrasts with pure TiO2, which only responds at λ = 320 nm. As a result, Fe-

doped TiO2 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 Fe doping when compared with pure TiO2.

Therefore, the photocatalytic properties of the Fe-doped TiO2 are better than the pure TiO2 ,

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 TiO2 and Fe-doped TiO2 , see in Figure S9. The PEC performance was

best for the Fe-doped TiO2 under AM 1.5G. The photocurrent of the pure TiO2, Fe-doped

TiO2 dark and illuminated are 425, 0, and 1200 µA.cm−2, respectively, at 0.8 V versus reversible

hydrogen electrode (RHE), suggesting much more efficient charge separation and collection of

the Fe-doped TiO2 than pure TiO2.
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Furthermore, a photoelectrochemistry study of water splitting on the pure TiO2 pho-

toanode and Fe-doped TiO2 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 (λ), it is possible to observe an increasing of 300 %

at 320 nm in photocurrent values for TiO2-Fe compared to TiO2 materials, as presented in

Figure 34b. It is possible to observed that both pure TiO2 and Fe-doped TiO2 photoanodes

presented photocurrent close to λ≈ 320 nm. However, it is important to stress out that Fe-doped

TiO2 photoanodes demonstrated photocurrent in the wavelength between 450 nm and 650 nm

contrasts with pure TiO2 photoanode , which presented band only at λ ≈ 320 nm. As a result,

Fe-doped TiO2 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 (E =

0.5 V) time-dependent for Fe-doped TiO2 and TiO2 photoanodes, as presented in Figure 34c.

It is possible to notice that the photocurrent response is enhanced by 350 % for Fe-doping

TiO2 photoanodes when compared with pure TiO2 photoanode. Therefore, the photocatalytic

properties of the Fe-doped TiO2 are better than the pure TiO2, 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

TiO2 photoanode and Fe-doped TiO2 radiated and non-radiated (dark) photoanodes using

linear scan voltammetry, as presented in Figure 34d. As evinced in Figure 32d, Fe-doped

TiO2 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

1.2 V for Fe-doped photoanode compared to pure TiO2 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 TiO2 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 TiO2 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 Ti4+ with a spin-polarized Fe2+ 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

Fe2+ 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 TiO2 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 Ti 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 Fe sites than on the Ti 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 TiO2 mechanism showed an activation energy

barrier of 0.29 eV, and Fe-doped anatase TiO2 presented an activation energy barrier of 0.08

eV. This is an indication that the Fe-doped anatase TiO2 favors that water splitting. Experi-

mental measurements evidence the improvement of water splitting reaction for Fe-doped TiO2

compared to TiO2 photoanodes.
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4

Influence of Strain Effect and T iO2(h

k l) on the Structural and Electronic

Properties of P t(1 1 1)/T iO2 (h k l)

Interfaces

4.1 Abstract
The Pt(1 1 1)/TiO2(h k l) 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 l) phase within this inter-

face remains a considerable subject for com-

prehension. In this context, we studied Pt(1

1 1)/TiO2(h k l) interfaces through a combi-

nation of experimental and theoretical methods. The Pt(1 1 1)/TiO2(h k l) interfaces were

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

were observed for the phases, such as TiO2(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 µstrain, where the TiO2 phase is

prone to suffer greater deformation than the Pt phase. This can be evidenced by µstrainT iO2 >

µstrainPt and the bulk modulus (B0), where B0−Pt > B0−T iO2 . Therefore, the strain along the
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Pt(1 1 1)/TiO2(h k l) interface can be induced by the Pt phase. The electronic properties of the

Pt(1 1 1)/TiO2(h k l) interface were carried out using DFT/Plane waves calculations. The PDOS

behavior of the Pt(1 1 1)/TiO2(h k l) 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(1 1 1)/TiO2(0 0 1) interface has antibonding states below the Fermi energy, while the

Pt(1 1 1)/TiO2(1 0 1) interface has antibonding states above the Fermi energy. We propose that

the Pt(1 1 1)/TiO2(1 0 1) interface exhibits better photocatalytic activity compared to the Pt(1 1

1)/TiO2(0 0 1) interface due to the improved electronic properties induced by the strain along

the Pt(1 1 1)/TiO2(h k l) interface, and the behavior of the d-band.

Keywords: Rietveld refinement, DFT, Pt(1 1 1)/TiO2(h k l) interface, materials modeling.

4.2 Experimental and Theoretical

4.2.1 Materials Preparation

The Pt(1 1 1)/TiO2(h k l) 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(CH3)2]4/Sigma - Aldrich) for the TiO2 phase precursor and hexahy-

drate chloroplatinic acid (H2PtCl6 ·H2O/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 ºC. Then, citric acid was then added. After complete dissolution and

obtaining a homogeneous solution, the solution was heated at 110 ºC for an hour to undergo

polyesterification, resulting in a gel-like solution calcined at 500 ºC 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 1 1)/TiO2(h k l) interface was characterized through X-ray diffraction analysis

using a Rigaku Demax/2500 PC diffractometer, where the used source is Cu - Kα radiation (λ

= 0.154 nm). The analysis covered 2θ 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:

β2 = (β2Exp − β2Standard), (4.1)

where βExp is the full-width at half-maximum (FWHM) of the peak, βStandard was obtained

from standard LaB6 powder (SRM660-National Institute of Standard Technology) using the

Caglioti equation [7]:

βStandard = (Utanθ2 + V tanθ +W )
1
2 . (4.2)

The lattice parameters determined through Rietveld refinement were used to calculate the

electronic properties for the TiO2-anatase and platinum unit cells, which also used to proposed

the theoretical model for Pt(1 1 1)/TiO2(h k l) 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), Ti (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 Ueff =

3.5 eV for d-Ti and p-O [14], considering DFT/PBE+Ud+Up. For the Brillouin zone, integrations

were performed 4 x 4 x 2 k-points (Pt(1 1 1)/TiO2(0 0 1) interface), and 6 x 4 x 2 k-points (Pt(1 1

1)/TiO2(1 0 1) interface) mesh sampling based on the Monkhorst-Pack scheme [15]. The Pt(1 1

1)/TiO2(h k l) 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 TiO2 phase and 7 atoms of the platinum phase in the plane

(1 1 1) considering a maximum fraction of approximately 60% of the TiO2 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 (ϵd) can be calculated from:

ϵd =

∫ EF

−∞E(nd)(E)dE∫ EF

−∞ nd(E)dE
, (4.3)

where nd(E) is e density of states of Ti and Pt d-orbitals, obtained from PDOS.

The charge density difference (∆nd) was calculated according to equation:

∆nd = ∆nd(AB) −∆nd(A) −∆nd(B), (4.4)

where ∆nd(AB) is charge density of the Pt(1 1 1)/TiO2(h k l) interface, ∆nd(A) is charge density

of the isolated Pt(1 1 1), and ∆nd(B) charge density of the isolated TiO2(h k l). The adsorption

energy (Eads) of the Pt(1 1 1) onto TiO2(h k l) was according to equation:

Eads = Esys − EA − EB, (4.5)

whereEsys is the energy of the Pt(1 1 1)/TiO2(h k l) interface;EA is the energy of the isolatedPt(1

1 1) calculated using the same protocol and EB is the energy of the isolated TiO2(h k l).

4.3 Results and discussion

4.3.1 Characterization and properties structural

The crystalline characterization phases and structural properties of the Pt(1 1 1)/TiO2(h

k l) interface were studied by XRD and Rietveld refinement, Figure 12.
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Figure 12 – XRD and Rietveld refinement pattern for Pt/TiO2 crystalline phases.

Also, cartesian coordinates of TiO2 and Pt crystalline phases obtained from Rietveld

refinement were presented in annex B1-supplementary information Table 10 and Table 11. As

observed, the reflections set correspond to two different crystalline phases of TiO2 and Pt,

whereas XRD patterns showed the TiO2 reflections at 25.2978 (1 0 1)-hkl plane, 37.6865 (0 0 4)-hkl

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 TiO2 – anatase crystalline phase (TiO2 – 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 (Rwp) is

lower than 10% [16] and the variance between the observed values and the values expected

under the model in question (χ2) is lower than two [16]. Therefore, the Rietveld refinement for

the Pt/TiO2 interface agreed with Rietveld proceedings.

As shown in Table 13, lattice parameters (a, b, c,α, β, and γ) were in agreement with
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Table 4 – Structural and statistical parameters using Rietveld refinement for Pt/TiO2

materials.

Parameters/phase Tetragonal/Anatase - TiO2 Cubic/Pt
a/Å 3.77891(11) 3.91492(3)

b/Å 3.77891 (0) 3.91492 (0)

c/Å 9.4799(5) 3.91492 (0)

α = β = γ /degrees 90.0 90.0

V/Å3 135.374(9) 60.0026(15)

Particle size/nm 12.81 12.43

Wt. Fraction 0.59919 0.40081

χ2 1.25

R(F2) 0.0211

wRp 0.0451

GOF 1.16

those values obtained for file card CIF - ICSD 93098 for anatase TiO2 - tetragonal crystalline

phase (space group I41/amdZ, a = b = 3.7840(7) Å, c = 9.500(2) Å, and α = β = γ = 90.0º) and

file card CIF - ICSD 243678 for Pt - cubic crystalline phase (space group Fm-3m, a = b = c =

3.92316(2) Å, and α = β = γ = 90.0º). Furthermore, particle size and µstrain were evaluated as

described below.

The constant wavelength (CW) profile implemented into the GSAS − II 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 (σ2) modifies with 2θ as:

σ2 = Utan2θ + V tanθ +W, (4.6)

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

broadening will follow,

γ =
X

cosθ
+ Y tanθ, (4.7)
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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:

∆d

d2
=

∆2θcotθ

d
= constant, (4.8)

from Bragg’s law, then:

∆d

d2
=

2∆2θcotθsinθ

λ
, (4.9)

thus, the broadening is:

λ∆d

2d2cosθ
= ∆2θ, (4.10)

where the term ∆d/d2 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

TiO2 and Pt crystalline phases, respectively. Kibis et al. [17] studied Pt/TiO2 activity in low-

temperature ammonia oxidation. Moreover, the authors also performed Rietveld refinement

for Pt/TiO2 samples. According to the authors [17], Pt/TiO2 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 l) interface was also studied through

the microstrain (µstrain) behavior of the Pt and TiO2 phases and the bulk modulus behavior

fitted from an equation of states (EOS), as shown in Figure 13a-d.

The µstrain 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 µstrain is obtained through the Shkl values from the Rietveld

refinement. The µstrain along the [h k l]–direction be calculated from [5]:

Ss(hkl) =
πd2

18000
Γ2
s, (4.11)

where Γ2
s for a cubic symmetry (Pt – phase) is:

Γ2
c = S400(h

4 + k4 + l4) + 3S220(h
2k2 + h2l2 + k2l2), (4.12)

and for a tetragonal symmetry (TiO2 – phase) is:
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(a) (b)

(c) (d)

Figure 13 – µstrain contour plots obtained using Stephen’s anisotropic strain model in
GSAS-II package. The size of each volume represents the overall µstrain
from (a) TiO2 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) TiO2 and (d) Pt.

Γ2
T = S400(h

4 + k4) + S004(l
4) + 3S220(h

2l2) + 3S202(h
2l2 + k2l2), (4.13)

where SHKL are parameters adjustable from Rietveld refinement and restricted by phase’s

symmetry.

In Figure 13a, it is possible to observe the µstrain for the TiO2 phase with projection

in the [1 0 1] direction, which presents a tetragonal system with anisotropic strain parameters

S400, S004, S220, and S202. The maximum values found for the TiO2 phase µstrain in Figure 13a

were on the order of 2x103 in the x and y axes. Muregesan et al. [23] studied the anatase TiO2

phase at different temperatures synthesized via sol-gel route and analyzed the µstrain using
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the Rietveld refinement. A ccording to the authors [23], at 773 K observed, a maximum value

of the µstrain of 5x103 in the x and y axes, and 873 K of 10x103 in the x, y, and z axes. The

current study agrees with the experimental results observed at 773.15 K (500 ºC) of the µstrain

values as described by the authors [23]. It is possible to notice the absence of µstrain(T iO2)

z-axis projections, which can be analyzed by parameters S400 > > S004, suggesting that the TiO2

crystallite is anisotropic. In Figure 13b shows the 3D µstrain for the Pt phase with projection

in the [1 1 1], which presents a cubic system with parameters S400 and S220. T he maximum

values found for the Pt phase µstrain in Figure 13b were on the order of 1x103 in the x and y

axes. As observed in Figures 13a-b, the magnitude of µstrain is different in the TiO2 and Pt

phases (µstrain(T iO2) > µstrainPt), indicating bigger deformation and defects in the TiO2 phase

caused by the Pt phase.

As exposed above, the TiO2 and Pt phases exhibited deformation, with µstrain(T iO2)

> µstrainPt. 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 (B0), defined as the ability to

resist volume variation with uniform stress and compression deformation.

The anisotropic microstrain (µstrain) behavior observed for the TiO2 and Pt phases can

be discussed in light of the B0 values [24, 25] shown in Figures 13c-d. It is possible to notice in

Figure 13c that theB0 value for the TiO2 phase is 234.4 GPa, adjusted by the equation developed

by Keane [26], and in Figure 13d, the B0 value for the Pt phase is 287.8 GPa, adjusted by the

equation developed by Murnaghan [27]. The bulk modulus (B0) of a given material can be

described as:

B0 = −V
(
∂P

∂V

)
T

, (4.14)

where B0 represents the resistance of the material to isotropic compression [28]. Murnaghan

proposed the following equation:
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P =
B0

B
′
0

(V0
V

)B
′
0

− 1

 , (4.15)

where V0 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

B0
=

B
′
0

(B′
∞)2

(V0
V

)B
′
0

− 1

−

(
B

′
0

B′
∞

− 1

)
ln
V0
V

(4.16)

where B
′
0−1 > B

′
∞ > B

′
o/2 and B

′
0= B

′
∞ the above equation reduces to the Murnaghan equation.

TiO2 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 TiO2 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

B0 value of 243 GPa for anatase TiO2 nanoparticles. Similarly, Pischedda et al. [30] used X-ray

diffraction and Raman spectroscopy under different pressures to study the structural stability of

the anatase TiO2 phase. The authors [30] also used the Birch-Murnaghan equation state to fit the

experimental data and obtained a B0 value of 237 GPa. Çagin 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 B0

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 B0 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 B0 obtained for

TiO2 and Pt phases are close experimental values reported in the literature. In order to study

the pressure as a function of the volume, the TiO2 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 TiO2 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 TiO2 and Pt were t(1−T iO2) =

64.891 (R2 = 0.9999) and Pt t(1−Pt) = 35.029 (R2=0.9999). Thus, the TiO2 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) TiO2 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 TiO2 phase presented H(V0T iO2) = -952.2 kJ.mol−1, and the

Pt phase presented H(V0Pt) = -467.6 kJ.mol−1. The TiO2 phase presented in the literature an

∆fH
0
(solid−anatase/T iO2)

= -938.72 kJ.mol−1 [35], and the Pt phase is well defined that ∆fH
0
(Pt−c)

= 0 kJ.mol−1 [36]. However, it is possible to find the binding energies of the one Pt atom in

the metal cluster of the 420-480 kJ.mol−1 [37]. Therefore, the TiO2 phase provides a bigger

enthalpy variation (∆H) than the Pt phase, in which ∆H(T iO2) = -1.66 kJ.mol−1 and ∆HPt =

-0.58 kJ.mol−1.

In summary, the TiO2 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 µstrain (µstrain(T iO2) > µstrainPt) and bulk modulus (B(0−T iO2)<B(0−Pt)). Consequently,

at the Pt(1 1 1)/TiO2(h k l) interface, the TiO2 phase undergoes stress induced by the Pt phase,

in which the TiO2 phase has a bigger volume change rate with t(T iO2) > tPt and produces

more energy with the volume change (∆H(T iO2) > ∆HPt). Thus, the stress along the Pt(1 1

1)/TiO2(h k l) 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)/TiO2(h k l) interface

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

Pt(1 1 1)/TiO2(h k l), where the Pt phase presented reflections at 39.7178 (1 1 1)-hkl plane with
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the biggest intensity and the TiO2 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 TiO2 phase is 60%,

and the Pt phase is 40%, approximately. In this sense, DFT analysis was carried out in order to

model possible Pt(1 1 1)/TiO2(0 0 1) and Pt(1 1 1)/TiO2(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)/TiO2(0 0 1) interface and (b) Pt(1
1 1)/TiO2(1 0 1) interface.

The Pt - Pt, Pt - O, and Pt - Ti bond lengths play a fundamental role in the structural

and electronic properties of the Pt(1 1 1)/TiO2(h k l) 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)/TiO2(h k l) interface can be seen in

Table 12 in the annex B1-supplementary information. It is possible to observe that the Pt - Pt

bond length on the Pt7 phase varies from 2.5186 Å up to 2.8105 Å for Pt(1 1 1)/TiO2(0 0 1) and

Pt(1 1 1)/TiO2(1 0 1) interface. A similar Pt - Pt bond length was reported in the literature,

such as varied between 2.50 Å to 2.80 Å [38–41]. The Pt(1 1 1)/TiO2(0 0 1) interface presented

only one Pt - O bond with 2.0811 Å length, and the Pt(1 1 1)/TiO2(1 0 1) interface presented

two Pt - O bond with 2.0094 and 2.1374 length. However, the Pt(1 1 1)/TiO2(0 0 1) interface

presented an 8-fold Pt - Ti bond that varies from 2.3723 up to 2.7775 , which the bond lengths

of the Pt atom presented with four-coordinated Ti atom (Ti − 4c), five-coordinated Ti atom

(Ti− 5c), and six-coordinated Ti atom (Ti− 6c). The Pt(1 1 1)/TiO2(1 0 1) interface presented

a 3-fold Pt - Ti bond that varies from 2.4752 Å up to 2.7628 Å, which the bond lengths of the

Pt atom presented only with six-coordinated Ti atom (Ti − 6c). 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 - Ti bond presented 2.04 Å and 2.73 Å,

respectively. All the bond length observed for Pt(1 1 1)/TiO2(0 0 1) and Pt(1 1 1)/TiO2(1 0 1)

interface agreed with literature data [38–42].
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4.3.3 Electronic properties for Pt(1 1 1)/TiO2(h k l) interface

Platinum (Pt) and titanium dioxide (TiO2) are well-known and have been previously

studied for their electronic properties, mainly in photoelectrochemistry reactions [43]. From

structures determined by Rietveld refinement, the TiO2 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

B1-supplementary information Figure 36. The Projected Density of States (PDOS) was performed

for the Pt(1 1 1)/TiO2(h k l) interface, as shown in Figure 16.

Figure 16 – Projected Density of States (PDOS) (a) Pt(1 1 1)/TiO2(0 0 1) interface and
(b) Pt(1 1 1)/TiO2(1 0 1 interface.

It is possible to notice in Figure 16a-b that the PDOS behavior is different when compared

with the isolate TiO2 and Pt phases, see in annex B1-supplementary information Figure 36. The

TiO2 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 Ti - 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 (EF ). The Pt - 5d state in the Pt(1 1 1)/TiO2(0 0 1) interface, Figure 16a, is localized to

the smallest energy below EF close -2.0 eV, while the Pt - 5d state in the Pt(1 1 1)/TiO2(1 0 1)

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 TiO2 support through DFT. The authors [45] performed

PDOS for different Ptx/TiO2(1 0 1), where the Pt8/TiO2(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/TiO2 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(1 1 1)/TiO2(h k l) interface, Figure 16a-b, the contribution of the O - 2p and Ti - 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)/TiO2(0 0 1) interface presented only one Pt - O bond and eight Pt - Ti bonds and the Pt(1 1

1)/TiO2(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 (∆n) and electron localization function (ELF ) of the Pt(1 1

1)/TiO2(h k l) interface, as shown in Figure 17.

Figure 17 – 2D Charge density distribution (∆n) and electron localization function
(ELF ) of the (a) - (c) Pt(1 1 1)/TiO2(0 0 1) interface and (b) – (d) Pt(1 1
1)/TiO2(1 0 1) interface.

It is possible to observe in Figure 17a-d that the 2D charge density distribution (∆n) and

electron localization function (ELF ) are located on the oxygen atoms in the TiO2 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 Ti - O bond with a more ionic character than the Pt(1 1 1)/TiO2(1 0 1)

interface, where the value ELF 0.03, Figure 17c. The Pt(1 1 1)/TiO2(0 0 1) interface, Figure 17b,

shows that the Ti - 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 TiO2 and Pt phases, evidenced by the Pt - O and Pt - Ti bonds observed

in the Pt(1 1 1)/TiO2(h k l) interface in the optimized structures, Figure 15a-b, and PDOS, Figure

16a-b. Still analyzing the charge density distribution (∆n), the Pt(1 1 1)/TiO2(0 0 1) interface,

Figure 17a, presented the ∆n maximum values (∆nmax) about 1.54 and the Pt(1 1 1)/TiO2(0 0

1) interface about 1.47. The difference in the ∆nmax shows that the electronic behavior of the

Pt(1 1 1)/TiO2(h k l) interface changes with the TiO2 plane.

The charge density distribution (∆n) of the TiO2 phase is well described in the literature,

demonstrating that ∆n is accumulated in the oxygen atoms due to the electronegativity values

of oxygen and titanium atoms [47](O = 3.5, Ti = 1.32, and Pt = 1.44 on the Pauling scale) [48].

However, the ∆n of the Pt(1 1 1)/TiO2(h k l) 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 TiO2 phase planes. Zhang et al. [49]

studied the Pt/TiO2 interface for SO2 gas sensing through experimental and density functional

theory investigation. The authors [49] described the metal/semiconductor interface considering

Pt single atom on the TiO2 (1 0 1) surface and calculated the electronic properties. The charge

density of the Pt/TiO2 interface showed that it accumulated in the oxygen atoms, and the

overlapping of the ∆n-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 SO2 molecule adsorbed on the TiO2 surface.

On the other hand, Wu et al. [50], investigated Pt cluster on the TiO2 surface with oxygen

vacancies for electrocatalyst hydrogen evolution. The authors [50] studied the Pt4/TiO2(1 0 1)

and Pt4/TiO2(1 0 1)-OV interfaces using the DFT and calculated the electronic properties. The

Pt4 cluster used was pyramid-like, and the charge density distribution of the Pt4/TiO2(1 0 1)-

OV interface showed a structure with charge density accumulated strength in the oxygen atoms

and platinum atoms close to the TiO2 surface, where the platinum atom further away from TiO2

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 ∆nmaximum

values of about 0.7. Another kind of Pt/TiO2 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(0 0 1)

considering two kinds of interface, one with Pt - O bonds interface and with another Pt - Ti

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 TiO2 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 - Ti bonds. Therefore, the type of Pt/TiO2 interface that is studied

impacts how the interface can be used in practical applications.

Metal/oxide interfaces, such as Pt/TiO2, 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 (ϵd) and d-band width (wd) of the Pt(1 1 1)/TiO2(h k l) interface.

Table 5 – Electronic structure of the d-band projected: d-band center (ϵd), d-band width
(wd) and Fermi energy (EF ) of the TiO2, Pt isolate phase and Pt(1 1 1)/TiO2(h
k l) interface.

d-band shape TiO2 Pt Pt(1 1 1)/TiO2(0 0 1) Pt(1 1 1)/TiO2(1 0 1)
Ti d-band Pt d-band Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -7.03 -3.73 -4.40 -2.72 -4.43 -2.48

wd 4.34 2.27 3.26 1.76 1.46 1.91

EF 8.64 16.96 7.33 2.78

The d-band center (ϵd) and d-band width (wd) provide important characteristics of

the catalytic process of the system, such as correlating the ϵd shifts up of the material with

antibonding states above Fermi energy. Analyzing the isolated phases of Pt and TiO2, it was

observed that the ϵd−T iO2 and ϵd−Pt were -7.03 eV and -3.73 eV, respectively. However, by

coupling the phases and forming the Pt(1 1 1)/TiO2(h k l) interface, there was a shift in the ϵd

value towards more positive values. At the Pt(1 1 1)/TiO2(0 0 1) interface, the energy levels

of ϵ(d−T iO2)and ϵ(d−Pt) were found to be -4.40 eV and -2.72 eV, respectively. The ϵd 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)/TiO2(1 0 1) interface, the ϵ(d−T iO2) and ϵ(d−Pt) values

were -4.43 eV and -2.48 eV, respectively, with the ϵd values closer the Fermi energy level, which

indicates the possibility that the antibonding states are above the Fermi energy. Therefore, the

Pt(1 1 1)/TiO2(1 0 1) interface can present the most significant trend in the activity of some

catalytic processes than the Pt(1 1 1)/TiO2(0 0 1) interface, once that d-band center upshift

lead to a stronger interaction adsorbate-surface. Zhou et al. [54] investigated the Pt/TiO2

interface for CO molecule oxidation, monitoring the crystal facets of TiO2. The authors [54]

using the operando XAS/DRIFT and DFT studies, related the CO oxidation activity in the
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orderPt(1 1 1)/TiO2(1 0 1) > Pt(1 1 1)/TiO2(1 0 0) > Pt(1 1 1)/TiO2(0 0 1). Zhang et al. [55],

studied the morphology and facets dependent on the TiO2 phase in the Pt/TiO2 interface.

According to the authors [55], the activity CO conversion with water gas shift following the

order Pt(1 1 1)/TiO2(1 0 0) ≈ Pt(1 1 1)/TiO2(1 0 1) > Pt(1 1 1)/TiO2(0 0 1). On the other

hand, Wu et al. [56], studied the Pt/TiO2 interactions with different facets of the TiO2 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 0 0) > Pt(1 1 1)/TiO2(0 0 1) > Pt(1 1

1)/TiO2(1 0 1) of the encapsulation degree. Chen et al. [57], investigated the facet-engineered

TiO2 drives photocatalytic activity and Pt/TiO2 interface stability. According to the author [57],

the Pt/TiO2(0 0 1) and Pt/TiO2(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)/TiO2(h k l) 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 (ϵd), and

one can relate the ϵd shift with d-band width (wd), also shown in Table 5. The isolated phases of

TiO2 and Pt presented w(d−T iO2) and w(d−Pt) of 4.34 eV and 2.27 eV, respectively. For both Pt(1

1 1)/TiO2(h k l) interfaces, the wd values decrease, whereas the Pt(1 1 1)/TiO2(0 0 1) interface,

the wd values of w(d−T i) and w(d−Pt) were found to be 3.26 and 1.76, respectively. However,

at the Pt(1 1 1)/TiO2(1 0 1) interface, the w(d−T iO2) was smaller and w(d−Pt) slightly bigger,

with values of 1.46 and 1.91, respectively. The Pt(1 1 1)/TiO2(1 0 1) interface d-band center

(ϵd) is near the Fermi energy level than Pt(1 1 1)/TiO2(0 0 1) interface, which can be related to

interfaces wd−Pt with different values. Kolb et al. [60] presented, from the study about the strain

in palladium materials, that an increase in the wd causes the ϵd to shift towards the Fermi energy

level, while a decrease in thewd causes the ϵd to shift below the Fermi energy level. Therefore, the

catalytic or photocatalytic behavior of the Pt(1 1 1)/TiO2(h k l) interface is influenced not only by

the presence of oxygen vacancies but also by the intricate interplay of d-band characteristics. The

Pt(1 1 1)/TiO2(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)/TiO2(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

TiO2(h k l) phase, the charge density difference (∆nd), charge transfer (∆q), and the adsorption

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

Figure 18 – Charge density difference (∆nd) of (a) Pt(1 1 1)/TiO2(0 0 1) interface and (b)
Pt(1 1 1)/TiO2(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−1 and (b) 0.003 electron Bohr−1.
∆q/104 represents charge transfer denoted in electrons, and ∆Eads (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)/TiO2(0 0 1) interface occur mainly in the TiO2 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)/TiO2(1 0 1) interface

region. Therefore, the electron (e−) injection in the Pt(1 1 1)/TiO2(0 0 1) interface occur between

Ti - O bond of the TiO2(0 0 1) with a charge transfer (∆q/104) of the 0.4442 e−, and in the Pt(1 1

1)/TiO2(1 0 1) interface about 0.5650 e− is transferred from TiO2(1 0 1) phase to Pt(1 1 1)phase.

The adsorption energy (∆Eads) on the Pt(1 1 1)/TiO2(0 0 1) interface is predicted to be about 0.4

Ry smaller than Pt(1 1 1)/TiO2(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 - Ti, 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)/TiO2(1 0 1) interface presented the

lowest bond, corresponding to the highest adsorption energy. Previously, the Pt/TiO2 interface
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interfacial behavior was described in the literature [50, 54, 61], showing that the Pt phase on

the TiO2(h k l) 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/TiO2 interface that can be used in practical

applications.

4.4 Conclusions
The use of Pt(1 1 1)/TiO2(h k l) 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 l) 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)/TiO2(h k l) interface is formed through the Pechini method. The most significant symmetry

planes between Pt and TiO2 phases were observed to be Pt(1 1 1), TiO2(1 0 1), and TiO2(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 TiO2

phase is more susceptible to deformation than the Pt phase. This is evident from the values

of µstrain (µstrainT iO2 > µstrainPt) and bulk modulus (B(0−T iO2)<B(0−Pt)). As a result, at the

Pt(1 1 1)/TiO2(h k l) interface, the TiO2 phase undergoes stress induced by the Pt phase, in

which the TiO2 phase has a bigger volume change rate with t1−T iO2 > t1−Pt and produces more

energy with the volume change (∆HT iO2 > ∆HPt).

The Pt(1 1 1)/TiO2(0 0 1) and Pt(1 1 1)/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(1 1 1)/TiO2(0 0 1) and Pt(1 1 1)/TiO2(1

0 1) interfaces both presented Pt – O and Pt – Ti bonds. However, both interfaces presented

more Pt – Ti bonds than Pt – O bonds. Therefore, the Pt – Ti bonds influence the interaction of

the metal/oxide interface. The electronic properties of the Pt(1 1 1)/TiO2(h k l) interface were

investigated in the light of the PDOS, charge density distribution (∆n), electron localization

function (ELF ), d-band center (ϵd) and d-band width (wd). The PDOS behavior of the Pt(1 1
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1)/TiO2(h k l) is different when compared with the isolate TiO2 and Pt phases, where a new

state between VB and CB is observed with the largest contribution of the Pt – 5d state. The ∆n

and ELF showed that they are located on the oxygen atoms in the TiO2 phase and the Pt atoms

in the Pt phase for both interfaces. At the Pt(1 1 1)/TiO2(h k l) interface, was observed Pt – O

and Pt – Ti bonds. However, the interaction between Pt(1 1 1) and TiO2(h k l) mainly occurs

through the Pt – Ti bonds. The behavior of the d-band demonstrated that the Pt(1 1 1)/TiO2(0

0 1) interface has antibonding states below the Fermi energy, while the Pt(1 1 1)/TiO2(1 0 1)

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 l) interface. Finally, at the Pt(1 1 1)/TiO2(0 0

1) interface, the charge is observed in the Ti – 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 Pt(1 1 1) phase to TiO2(1 0 1) phase.

Therefore, a structural and electronic comprehension of the Pt(1 1 1)/TiO2(h k l) interface

can optimize the design and production of catalysts and photocatalysts based on the metal/oxide

interface, which the Pt(1 1 1)/TiO2(0 0 1) and Pt(1 1 1)/TiO2(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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5

The Role of P t3(1 1 1) in Hydrogen and

Water Splitting on the Pt3(1 1 1)/T iO2(h

k l) Interface: Theoretical Insights

The Pt/TiO2 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(1 1 1)/TiO2(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

TiO2(h k l) were observed. The theoretical

modeling of the Pt3(1 1 1)/TiO2(h k l) inter-

face considering the fraction of approximately

60% of the TiO2 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 l) showed a new state

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

the Pt3(1 1 1)/TiO2(h k l) 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 H2 → H∗
ads +H∗

ads and H2Oads→ OH∗
ads +H∗

ads on the Pt3(1 1 1) surface

of the Pt3(1 1 1)/TiO2(h k l) interface. The Pt3(1 1 1)/TiO2(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)/TiO2(h k l) 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(1 1 1)/TiO2(h k l) 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)/TiO2(h k l) 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 l) 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), Ti (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 – Ti

and p – O, considering DFT/PBE+Ud+Up. 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 1 1)/TiO2(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 TiO2 phase and 40% of the Pt

phase determined in the Rietveld refinement.

The Pt3(1 1 1)/TiO2(h k l) 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 Γ point. The d-band structure analysis

was calculated from the Projected Density of States (PDOS) for Ti and Pt d-band center, where

d-band center (ϵd) can be calculated from:

ϵd =

∫ EF

−∞E(nd)(E)dE∫ EF

−∞ nd(E)dE
, (5.1)

where nd(E) is e density of states of Ti and Pt d-orbitals, obtained from PDOS.

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)/TiO2(h k l) Interface

The modeling of the Pt3(1 1 1)/TiO2(h k l) 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 (TiO2) 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 TiO2 crystalline phase (TiO2 – CIF ICSD 93098). The weight fraction of the TiO2 phase

constituted ∼ 60%, while the Pt phase contributed ∼ 40%. Thus, Density Functional Theory

(DFT) analysis was conducted for modeling Pt3(1 1 1)/TiO2(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 l) interface. In Figure 19a-b, the Pt – Pt, Pt – Ti, 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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Figure 19 – The optimized structures of (a)Pt3(1 1 1)/TiO2(0 0 1) interface and (b)Pt3(1
1 1)/TiO2(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(1 1 1)/TiO2(h k l) interface can be observed in Figure 38 and Table 15 . In the Pt3(1 1

1)/TiO2(0 0 1) interface, Figure 19a, and Pt3(1 1 1)/TiO2(1 0 1) interface, Figure 19b, the Pt – Pt

bond length on the Pt3 ranging from 2.4817 Å up to 2.6397 Å. The Pt – Pt bond length , whether

in a cluster or supported on oxides, is reported to range from 2.50 Å to 2.80 Å [7–12]. The Pt3(1

1 1)/TiO2(0 0 1) interface exhibits a single Pt – Ti bond with a length of 2.6203 Å, involving a

five-coordinated Ti atom (Ti-5C), and the Pt3(1 1 1)/TiO2(1 0 1) interface displays four Pt –

Ti bonds ranging from 2.6372 Å to 2.8049 Å, involving both four-coordinated Ti atoms (Ti-4C)

and five-coordinated Ti atoms (Ti-5C). The Pt3(1 1 1)/TiO2(0 0 1) interface presented six Pt –

O bonds ranging from 1.8569 Å up to 2.0568 Å, and the Pt3(1 1 1)/TiO2(1 0 1) interface two Pt –

O bonds with 2.0206 Å and 2.0643 Å. The observed bond lengths in the Pt3(1 1 1)/TiO2(h k l)

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)/TiO2(h k l) interface, shown in Figure 20a-b.

The electronic BS and PDOS calculated for Pt3(1 1 1)/TiO2(h k l) 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 TiO2 exhibits semiconductor behavior, with an

indirect band gap (M → Γ/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(1 1 1)/TiO2(h
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Figure 20 – Band Structures (BS) and Projected density of States (PDOS) for (a) Pt3(1 1
1)/TiO2(0 0 1) interface and (b) Pt3(1 1 1)/TiO2(1 0 1) interface.

k l) interfaces is similar to that of the anatase TiO2 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 (EF ), while the Ti - 3d states are in the conduction band (CB) above EF

when compared to the PDOS of anatase TiO2 (see Figure 39a). The metallic behavior observed

in the Pt3(1 1 1)/TiO2(h k l) interfaces is attributed to a new state between the VB and CB. In

the Pt3(1 1 1)/TiO2(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)/TiO2(1 0 1) interface, Figure 20b, the Pt –

5d states are localized in this intermediate state between VB and CB, as this interface exhibits Ti

– Pt bonds in the interface structure. Jin et al. [17] studied single metal/TiO2 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/TiO2(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/TiO2(1 0 1) interface. The authors [18] calculated

the electronic structure of the Pt3/TiO2(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 l) 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 l)) interfaces is also evident in the charge density distribution (∆n) and electron localization

function (ELF – η(r)) of the Pt3(1 1 1)/TiO2(h k l) interfaces, presented in Figure 21.

Figure 21 – 2D Charge density distribution (∆n) and 2D electron localization function
(ELF – η(r))of the (a) – (c) Pt3(1 1 1)/TiO2(0 0 1) interface and (b) – (d)
Pt3(1 1 1)/TiO2(1 0 1)) interface.

In Figure 21a-d, the 2D charge density distribution (∆n) and electron localization func-
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tion (ELF – η(r)) are mainly localized on the oxygen atoms in the TiO2 phase and the Pt atoms

in the Pt phase for both interfaces. The Pt3(1 1 1)/TiO2(0 0 1) interface, Figure 21a, exhibited

∆n maximum values (∆nmax) of approximately 1.54, while the Pt3(1 1 1)/TiO2(1 0 1) interface,

Figure 21b, presented values around 1.47. The variation in ∆nmax indicates that the electronic

structure of the Pt3(1 1 1)/TiO2(0 0 1) interfaces depend on the TiO2(0 0 1) and TiO2(1 0 1)

surfaces. Analyzing the 2D ELF – η(r) maps, the Pt3(1 1 1)/TiO2(0 0 1) interface in Figure 21c

exhibits Ti –O bonds with ionic characteristics, displaying η(r) values between ∼ 0.06 and ∼ 0.2,

and the Pt – O more covalent character than one Pt – Ti bond, with the η(r) values ∼ 0.5 and ∼

0.2, respectively. In contrast, the Pt3(1 1 1)/TiO2(1 0 1) interface in Figure 21d demonstrates a

more covalent character in the Ti – O bonds compared to the Pt3(1 1 1)/TiO2(0 0 1) interface,

with η(r) values ranging between ∼ 0.2 and ∼ 0.5, and the Pt – O bonds more covalent character

than the Pt – Ti bonds, with the η(r) values ∼ 0.5 and ∼ 0.2, respectively. The overlapping

isolines basins observed in both interfaces further evidenced all the bonds observed.

The anatase TiO2 phase has been extensively discussed in the literature [19, 20], demon-

strating that the ∆n localizes on the oxygen atoms, which is attributed to the differing elec-

tronegativity values of oxygen and titanium atoms (O = 3.5, Ti = 1.32 on the Pauling scale [21]).

However, the description of ∆n for the Pt3(1 1 1)/TiO2(h k l) 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 TiO2(h k l) planes. The Pt/TiO2 interface can be described with a Pt single atom on

the TiO2(1 0 1), which was reported by Zhang et al. [22]. Density functional theory (DFT) and

analysis of the ∆n at the interface pointed to an accumulation in the oxygen atoms, and the

overlapping ∆n-basins in the Ti – 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 TiO2 surface. In

contrast, Wu et al. [23] opted to use Pt clusters to investigate the Pt/TiO2 interface, with appli-

cation on electrocatalytic hydrogen evolution. The authors [23] built the Pt4/TiO2(1 0 1) and

Pt4/TiO2(101)VOV interfaces using density functional theory (DFT) to analyze the electronic

structure. The Pt4 cluster presented a pyramid-like structure, exhibiting ∆n at the Pt4/TiO2(1

0 1)VOV interface, localized on the oxygen and platinum atoms near the TiO2 surface. The

platinum atom positioned farther from the TiO2 surface displayed ∆n ∼ 0. Furthermore, the

∆n localized at the interface indicated a covalent character, with 0 < ∆n < 0.7. Another type
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of Pt/TiO2 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/TiO2(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 ∆n of the interface localized on the oxygen and platinum

atoms near the TiO2 surface for the first interface, while an increased localization of ∆n was

observed on the titanium and platinum atoms for the second interface. Therefore, a few types of

Pt/TiO2 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)/TiO2(h k l) interfaces

Hydrogen molecule splitting was studied on the Pt3(1 1 1)/TiO2(h k l) interfaces, con-

sidering their structural and electronic properties. The geometries of the interfaces, with species

of the initial states (IS), transition state (TS), and final state (FS), are involved in the mecha-

nism for hydrogen splitting for the Pt3(1 1 1)/TiO2(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 IS and FS were

proposed from a fundamental step of the physisorbed H – H (H2) to the dissociated state (H∗):

H −Hphy → H∗
ads +H∗

ads (reaction-2)

where 2H∗ are the species adsorbed on the Pt3(1 1 1)/TiO2(h k l) interfaces. Hydrogen molecule

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

Ea = ETS − EIS , (5.2)

whereETS andEIS are the energies of transition and initial states, respectively. The endothermic

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

∆E = EFS − EIS , (5.3)
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Figure 22 – Reaction pathway and reaction barrier of single hydrogen molecule splitting
(a) Pt3(1 1 1)/TiO2(0 0 1) interface and (b) Pt3(1 1 1)/TiO2(1 0 1) interface.
The yellow balls represent the hydrogen atoms.

where EFS and EIS 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 theH2 molecule is physisorbed

on the Pt3(1 1 1)/TiO2(h k l) interface surfaces. The FS corresponds to the products, including

dissociated hydrogen molecules, such as 2H∗
ads species adsorbed on the interface surface. TheH2

molecule dissociation on the Pt(1 1 1) surface is related to a spontaneous process [24, 25]. Thus,

theH2 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(1 1 1)/TiO2(h
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k l) interfaces, the H2 molecule is oriented towards Pt(1 1 1), with one of the hydrogen atoms

positioned near the surface and the other farther away. This H2 molecule geometry occurs when

the H2 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(1 1 1)/TiO2(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 H2 molecule is dissociated on the Pt3(1 1 1)/TiO2(0 0 1) interface, with 0.8243 Å 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 H2 molecule physisorbed on the surface yet with 0.7847 Å H –

H bond length and 2.1537/2.1232 Å H - - Pt bonds lengths.

The ∆E calculation indicates that the hydrogen molecule splitting has an exothermic

character for thePt3(1 1 1)/TiO2(0 0 1) interface (∆E=-1.13 eV) andPt3(1 1 1)/TiO2(0 0 1)

interface (∆E=-0.39 eV). However, the Ea predicted for thePt3(1 1 1)/TiO2(0 0 1) interface

andPt3(1 1 1)/TiO2(1 0 1) interface are 0.36 eV and 0.19 eV, respectively. Kwon et al. [29] studied

the Pt/TiO2 interface for H2 sensing using an electrical measurement system. The authors [29]

reported that the initial stage of H2 sensing involves the H2 molecules dissociation, with an

activation energy of 36.4 kJ/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 (Ea) is smaller. The initial mechanism involves the dissociation ofH2 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 H2 → 2H∗ reaction on the Pt(1 1 1)/zeolite interface and determined Ea = 0.36

eV for the reaction. The Pt3(1 1 1)/TiO2(h k l) interfaces are little reported, and their application

to hydrogen molecule splitting has not been studied yet. However, a similar structure, like

Au3(1 1 1)/TiO2(1 0 1) interface, was related by Wan et al. [31], who investigated adsorption,

dissociation, and spillover hydrogen on the Aun(1 1 1)/TiO2(1 0 1) interfaces. Through the

DFT/CI-NEB method to simulate the H2 dissociation on the Au3(1 1 1)/TiO2(1 0 1) interface

presented Ea = 0.20 eV. Therefore, the determined Ea values aligned with the literature values,

indicating that thePt3(1 1 1)/TiO2(1 0 1) interface is energetically more favorable for hydrogen

molecule splitting than the Pt3(1 1 1)/TiO2(0 0 1) interface. On the other hand, thePt3(1 1

1)/TiO2(0 0 1) interface exhibits a more spontaneous process for hydrogen molecule splitting

compared to the Pt3(1 1 1)/TiO2(1 0 1) interface, as it has a smaller ∆E.

The difference between Ea and ∆E of the Pt3(1 1 1)/TiO2(h k l) interfaces can be related
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to the electronic properties and the reaction mechanism, mainly to the transition state (TS). As

shown previously, The Pt3(1 1 1)/TiO2(0 0 1) interface presented ∆nmax value bigger than the

Pt3(1 1 1)/TiO2(1 0 1) interface, which can be associated with the more spontaneous process.

However, the smaller Ea presented by Pt3(1 1 1)/TiO2(1 0 1) interface can be linked to the

differences in TS – step and the PDOS structure, as shown in Figure 23.

Figure 23 – Projected density of States (PDOS) for hydrogen splitting on the Pt3(1 1
1)/TiO2(0 0 1) interface (a) IS, (b) TS, (c) FS, and for Pt3(1 1 1)/TiO2(1 0 1)
interface (d) IS, (e) TS, and (f) FS.

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 (EF ). 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 H2 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)/TiO2(1 0 1) interface, shown in Figure

23d, the H – 1s state of the H2 molecule is localized near -6.0 eV, and the H – 1s state of the H

atom surface -10 eV. This indicates that the hydrogen interaction is more stable in the Pt3(1 1

1)/TiO2(1 0 1) interface for the IS.

In the transition state (TS) of the Pt3(1 1 1)/TiO2(0 0 1) interface, as shown in Figure

23b, the H2 molecule is dissociated. The H – 1s state of the H atoms from the H2 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(1 1 1)/TiO2(1 0 1) interface, shown in Figure 23e, the H2 molecule is not dissociated and

is physisorbed on the surface. The H – 1s state of the H2 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(1 1 1)/TiO2(0 0 1) interface

exhibits states at lower energy levels than the Pt3(1 1 1)/TiO2(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 (Ea).

In the final state (FS) of the Pt3(1 1 1)/TiO2(0 0 1) interface, shown in Figure 23c, the H

– 1s state of the H atoms from the H2 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 TS of the Pt3(1 1 1)/TiO2(0 0 1) interface,

shown in Figure 23f, the H – 1s state of the H atoms from the H2 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 IS (shown in the inset graph in Figure 23f). Thus, states localized at a lower

energy level in the Pt3(1 1 1)/TiO2(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 l) inter-

faces contributes insights into the relationship between Ea and ∆E, 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 l) interfaces. Table 6 shows the d-band center (ϵd),

d-band width (wd), and Fermi energy (EF ) levels of the isolated Pt3(1 1 1)/TiO2(h k l) interfaces,
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initial state (IS), transition state (TS), and final state (FS) of hydrogen molecule splitting on the

Pt3(1 1 1)/TiO2(h k l) interfaces.

Table 6 – Electronic structure of the d-band projected: d-band center (ϵd), d-band width
(wd) and Fermi energy (EF ) of the TiO2, Pt isolate phase and hydrogen split-
ting states on the Pt3(1 1 1)/TiO2(h k l) interface.

d-band shape Pt3(1 1 1)/TiO2(0 0 1) Pt3(1 1 1)/TiO2(1 0 1)
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -3.37 -2.93 -4.84 -2.05
wd 4.88 2.56 5.44 1.78
EF -1.74 -0.44

Initial state
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -4.40 -2.76 -6.62 -2.71
wd 6.25 2.92 6.94 2.36
EF -1.96 -0.07

Transition state
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -4.42 -2.96 -6.69 -2.32
wd 6.24 3.13 6.97 2.01
EF -1.75 -0.01

Final state
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -4.38 -3.32 -6.78 -2.97
wd 6.22 3.18 6.98 2.37
EF -1.86 0.02

Analyzing the isolated Pt3(1 1 1)/TiO2(h k l) interfaces, it was observed that the Pt3(1

1 1)/TiO2(0 0 1) interface the energy levels of ϵd−T i and ϵd−Pt 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 ϵd values are near the Fermi level. In contrast,

the Pt3(1 1 1)/TiO2(1 0 1) interface exhibited ϵd−T i and ϵd−Pt values of -4.84 eV and -2.05 eV,

respectively. Both ϵd values are well below the Fermi energy level, indicating the presence of

antibonding states below the Fermi energy. For the IS, overall ϵd and wd values indicate a shift

to lower energy. The ϵd−Pt of the Pt3(1 1 1)/TiO2(0 0 1) interface varies by 0.17 eV, while the

ϵd−Pt of the Pt3(1 1 1)/TiO2(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)/TiO2(0 0 1) interface presented a wd−Pt value of 3.13 eV, while the Pt3(1 1

1)/TiO2(1 0 1) interface showed a wd−Pt value of 2.01 eV, with the ϵd−Pt at a higher energy level.

This indicates that the Pt3(1 1 1)/TiO2(1 0 1 interface has a smaller Ea compared to the Pt3(1 1

1)/TiO2(0 0 1) interface. The smaller wd values suggest a more selective reactivity during the
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hydrogen splitting process, contributing to Ea reduction. For FS, the ϵd−Pt value of -3.32 eV for

the Pt3(1 1 1)/TiO2(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 ϵd−Pt values of -2.97 eV. Therefore, as shown in the

PDOS structure (Figure 23c-f), the hydrogen molecule splitting on the Pt3(1 1 1)/TiO2(0 0 1)

interface presents a more spontaneous process.

In summary, the reaction path of hydrogen molecule splitting on the Pt3(1 1 1)/TiO2(h

k l) interfaces involved distinct reaction states. The initial state (IS) presented the physisorption

of the H2 molecule on the Pt3(1 1 1)/TiO2(h k l) interface, where the hydrogen molecule was

oriented by thePt(1 1 1) surface. Different transition states (TS) were determined for the Pt3(1

1 1)/TiO2(0 0 1) and Pt3(1 1 1)/TiO2(1 0 1) interfaces, indicating distinct reaction pathways.

The calculated ∆E values suggest an exothermic reaction of the hydrogen molecule splitting

for both interfaces. However, The Ea value is smaller for the Pt3(1 1 1)/TiO2(1 0 1) interface.

The PDOS analysis provided the interactions between hydrogen and Pt atoms in the IS, TS,

and FS, highlighting the stability of the reaction state on the Pt3(1 1 1)/TiO2(0 0 1) interface .

The d-band analysis showed the influence of the Pt3(1 1 1)/TiO2(1 0 1) interface on hydrogen

molecule interaction, with implications for reactivity and Ea reduced.

5.2.4 Reaction path of the water splitting on the Pt3(1 1 1)/TiO2(h

k l) interface

Water splitting was studied on the Pt3(1 1 1)/TiO2(h k l) interfaces, considering their

structural and electronic properties. The geometries of the interfaces, with species of the initial

states (IS), transition state (TS), and final state (FS), are involved in the mechanism for water

splitting on thePt3(1 1 1)/TiO2(0 0 1) interface and Pt3(1 1 1)/TiO2(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 IS and FS were proposed from a

fundamental step of the adsorbed H – O – H (H2O) to the dissociated states (OH∗ + H∗):

H2Oads → OH∗
ads +H∗

ads (reaction-3)

where OH∗ and H∗ are the species adsorbed on the Pt3(1 1 1)/TiO2(h k l) interfaces. The water



Chapter 5. The Role of P t3(1 1 1) in Hydrogen and Water Splitting on the Pt3(1 1 1)/T iO2(h k l)

Interface: Theoretical Insights 127

Figure 24 – Reaction pathway and reaction barrier of water splitting molecule splitting
(a) Pt3(1 1 1)/TiO2(0 0 1) interface and (b) Pt3(1 1 1)/TiO2(1 0 1) interface.
The yellow balls represent the hydrogen atoms.

splitting activation energy barrier (Ea) was determined by equation (5.2), and the endothermic

and exothermic reaction was calculated by reaction energy (∆E) – 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)/TiO2(h k l) interfaces correspond to the water

molecule adsorbed on the interface surfaces. The FS 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 l) interfaces, one of the H atoms from the water molecule is oriented towards the

Pt3(1 1 1) surface, with one of the H atoms positioned near the TiO2(1 0 1) surface in the Pt3(1

1 1)/TiO2(1 0 1) interface. For the water splitting reaction path, similar TS were determined

for the Pt3(1 1 1)/TiO2(0 0 1) interface, Figure 24a, and Pt3(1 1 1)/TiO2(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 Å OH∗ – Pt bond length and 1.6364 Å H – Pt bonds lengths. In the

Pt3(1 1 1)/TiO2(1 0 1) interface, the water molecule is dissociated with 2.0792 Å OH∗ – Pt bond

length and 1.6244 Å H – Pt bonds lengths. The ∆E calculation indicates that the water molecule

splitting has an endothermic character for the Pt3(1 1 1)/TiO2(0 0 1) interface (∆E=0.60 eV)

and Pt3(1 1 1)/TiO2(0 0 1) interface (∆E=0.69 eV). However, the Ea predicted for the Pt3(1 1

1)/TiO2(0 0 1) interface and Pt3(1 1 1)/TiO2(1 0 1) interface are 1.39 eV and 1.40 eV, respectively,

it’s practically the same Ea.

Water splitting on the Pt3(1 1 1)/TiO2(h k l) interfaces has not been reported in the

literature. However, other types of Pt/TiO2 interfaces are discussed, as reported by Kong

et al. [32], who studied the Pt/TiO2/Ni(OH)2 structure applied in water electrolysis. The

authors [32] performed a theoretical study with DFT and reported a Pt/TiO2(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 TiO2(1 0 1) surface, with theOH∗ specie adsorbed

on the TiO2(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 Pt9 and Pt13 clusters for the Pt/TiO2–P25 interface, simulating water

splitting by adsorbing the water molecule on the Pt phase at the interface limit with the TiO2

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 Ea and ∆E of thePt3(1 1 1)/TiO2(h k l) interfaces can be

related to the electronic properties and the reaction mechanism, mainly to the transition state

(TS), 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)/TiO2(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 (EF ). In the IS of the Pt3(1 1 1)/TiO2(0 0 1) interface, shown

in Figure ??a, the Ow – 2p and Hw – 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(1 1 1)/TiO2(1 0 1) interface, shown in Figure 25d, the Ow – 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(1 1 1)/TiO2(0 0 1) interface.

In the TS of the Pt3(1 1 1)/TiO2(0 0 1) interface, as shown in Figure 7b, the water

molecule is dissociated. The Ow – 2p and Hw – 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 TS of the Pt3(1 1 1)/TiO2(1 0 1) interface, shown in Figure 25e, Ow – 2p and

Hw – 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)/TiO2(0 0 1) interface exhibits states at

similar energy levels to the Pt3(1 1 1)/TiO2(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 (Ea).

In the FS of the Pt3(1 1 1)/TiO2(0 0 1) interface, shown in Figure 25c, the Ow – 2p and

Hw – 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 TS of the Pt3(1 1 1)/TiO2(0 0 1) interface, shown in Figure 25f, the

Ow – 2p and Hw – 1s from the water molecule are localized around -7 eV and range from -4 eV

to -2 eV. The PDOS structure comparison of IS, TS, and FS for the Pt3(1 1 1)/TiO2(0 0 1) and

Pt3(1 1 1)/TiO2(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 l) 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 l) interfaces. Table 7 shows the

d-band center (ϵd), d-band width (wd), and Fermi energy (EF ) levels of the isolated Pt3(1 1

1)/TiO2(h k l) interfaces, initial state (IS), transition state (TS), and final state (FS) of water

splitting on the Pt3(1 1 1)/TiO2(h k l) interfaces.
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Figure 25 – Projected density of States (PDOS) for water splitting on the Pt3(1 1
1)/TiO2(0 0 1) interface (a) IS, (b) TS, (c) FS, and for Pt3(1 1 1)/TiO2(1 0 1)
interface (d) IS, (e) TS, and (f) FS.

It is possible to notice in Table 7, that in the IS, all the ϵd values have shifted to lower

energy levels, and for wd values there is an increase. The ϵd−Pt of the Pt3(1 1 1)/TiO2(0 0 1)

interface varies by 0.17 eV (ϵd−Pt(IS) − ϵd−Pt(FS)) , while the ϵd−Pt of the Pt3(1 1 1)/TiO2(1 0 1)

interface varies by 0.07 eV ϵd−Pt(IS) − ϵd−Pt(FS). This suggests that in both Pt3(1 1 1)/TiO2(h

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

oriented towards the Pt3(1 1 1) surface. In the TS, the Pt3(1 1 1)/TiO2(0 0 1) interface presented

a wd−Pt value of 3.18 eV, while the Pt3(1 1 1)/TiO2(1 0 1) interface showed a wd−Pt value of 2.28
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Table 7 – Electronic structure of the d-band projected: d-band center (ϵd), d-band width
(wd) and Fermi energy (EF ) of the TiO2, Pt isolate phase and water splitting
states on the Pt3(1 1 1)/TiO2(h k l) interface.

d-band shape Pt3(1 1 1)/TiO2(0 0 1) Pt3(1 1 1)/TiO2(1 0 1)
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -3.37 -2.93 -4.84 -2.05
wd 4.88 2.56 5.44 1.78
EF -1.74 -0.44

Initial state
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -4.54 -3.1 -6.49 -2.12
wd 6.22 3.12 6.93 2.04
EF -1.4 -0.12

Transition state
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -4.53 -3.32 -6.57 -2.40
wd 6.20 3.18 6.97 2.28
EF -1.65 -0.3

Final state
Ti d-band Pt d-band Ti d-band Pt d-band

ϵd -4.40 -3.17 -6.53 -2.49
wd 6.22 3.17 7.01 2.23
EF -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, ϵd−Pt of the Pt3(1 1 1)/TiO2(0 0 1) interface varies

by 0.22 eV, and the Pt3(1 1 1)/TiO2(1 0 1) interface varies by 0.28 eV, contributing to similar Ea.

For FS, the ϵd−Pt value of -3.17 eV for the Pt3(1 1 1)/TiO2(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 ϵd−Pt values

of -2.49 eV. In contrast, the variation of the ϵd−Pt FS compared with ϵd−Pt TS, is 0.15 eV for

Pt3(1 1 1)/TiO2(0 0 1) interface and 0.09 eV for Pt3(1 1 1)/TiO2(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(1 1 1)/TiO2(h

k l) interfaces will not be a spontaneous process.

The Pt/TiO2 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 (µmol.h−1) [34–37]. However, another structure has been

reported with higher HGR values than the Pt/TiO2 interface, such as Fe3O4@C@TiO2 structure

with an HGR value of 1593 (µmol.h−1) [38], Cu/TiO2 interface with an HGR value of 2061

(µmol.h−1) [39], or Cu/Ni@Ni/TiO2 structure with an HGR value of 13,450 (µmol.h−1) [40].
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Therefore, the Pt/TiO2 interface, such as Pt3(1 1 1)/TiO2(h k l) interfaces, has an HGR values

limitation, as the water splitting reaction can occur on thePt(1 1 1) surface or TiO2(h k l) 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 l) interfaces involves similar reaction states.

The initial state (IS) presents the adsorption of the water molecule on the Pt3(1 1 1)/TiO2(h k

l) interface, where the hydrogen atoms are oriented by thePt(1 1 1) surface, with one of the H

atoms positioned near the TiO2(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)/TiO2(0 0 1) and Pt3(1 1 1)/TiO2(1

0 1) interfaces, indicating the same reaction pathways. The calculated ∆E values suggest an

endothermic reaction of water splitting for both interfaces. The Ea value is similar for the Pt3(1

1 1)/TiO2(h k l) interface. The PDOS analysis provided insights into the interactions between

OH∗ and H∗ species from the water molecule and Pt atoms in the IS, TS, and FS, highlighting

the energy levels of the reaction state on the Pt3(1 1 1)/TiO2(0 0 1) interface. The d-band

analysis showed the minimal influence of the Pt3(1 1 1)/TiO2(1 0 1) interface on water molecule

interaction, with implications for reactivity and Ea value.

5.3 Conclusions
The investigation into hydrogen and water splitting on the Pt3(1 1 1)/TiO2(h k l) 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 l) 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 l) 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)/TiO2(h k l) interfaces exhibited Pt – Pt, Pt –Ti, 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)/TiO2(1 0 1) interface, more Pt – Ti bonds in the interface. The

electronic properties of the Pt3(1 1 1)/TiO2(h k l) interface were investigated by analysis of

the band structure, PDOS, charge density distribution (∆n), and electron localization function

(ELF – η(r)). The BS and PDOS behavior for Pt3(1 1 1)/TiO2(h k l) interface indicate the

metallic behavior in both interfaces, where the overlapping of the valence and conduction bands.
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The Pt3(1 1 1)/TiO2(0 0 1) interface, exhibited ∆nmax ∼1.54, while the Pt3(1 1 1)/TiO2(1 0 1)

interface, presented ∆nmax∼1.47. The 2D ELF – η(r) maps showed that the Pt3(1 1 1)/TiO2(0

0 1) interface exhibits Ti – O bonds with ionic characteristics, and the Pt – O more covalent

character than one Pt – Ti bond. The Pt3(1 1 1)/TiO2(1 0 1) interface demonstrates a more

covalent character in the Ti – O bonds compared to the Pt3(1 1 1)/TiO2(0 0 1) interface, and the

Pt – O bonds more covalent character than the Pt – Ti bonds.

The mechanism reaction of the hydrogen molecule splitting leads to the H2 molecule

physisorbed in the reaction’s initial state (IS). The transition states (TS) showed that the Pt3(1

1 1)/TiO2(0 0 1) interface presented the H2 molecule dissociated and Ea=0.36 eV. For Pt3(1 1

1)/TiO2(1 0 1) interface, the TS presented the H2 molecule physisorbed and Ea=0.19 eV. Thus,

the Pt3(1 1 1)/TiO2(1 0 1) interface is energetically more favorable for hydrogen molecule

splitting, and the Pt3(1 1 1)/TiO2(0 0 1) interface exhibits a more spontaneous process for

hydrogen molecule with a smaller ∆E. 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)/TiO2(h k l) interface

in the reaction’s IS. Similar TS and Ea value were determined for the Pt3(1 1 1)/TiO2(0 0 1)

and Pt3(1 1 1)/TiO2(1 0 1) interfaces, indicating the same reaction pathways. The ∆E values

suggest an endothermic reaction of water splitting for both interfaces. Therefore, water splitting

is not favorable on thePt3(1 1 1)/TiO2(h k l) 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 TiO2 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 TiO2’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)/TiO2(h k l) 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(1 1 1)/TiO2(h k l) 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 l) 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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A

A1 - SUPPLEMENTARY INFORMATION

A.1 Supplementary Experimental Set-up

Figure 26 – a) Experimental Set-up and b) TiO2 and Fe-doped TiO2 in powder form.
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A.2 Structural Description

Figure 27 – Supercell TiO2-anatase left and Fe-doped with vacancy right (a) and TiO2-
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 TiO2 P25-Degussa.

A.3 Electronic and Optical Properties

A.3.1 Band Structure

Figure 29 – Band structure for anatase TiO2 (a) and rutile TiO2 (b) from Rietveld refine-
ment structure with Ud = 3.3 eV.
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A.3.2 2 Experimental and Theoretical Solid State UV-Vis

Figure 30 – UV-Vis diffuse reflectance spectroscopy with Wood-Tauc plots (a) pure TiO2

and (b) Fe-doped TiO2.

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 (ϵr) and imaginary part (ϵi), according to the equation:

ϵ(ω) = ϵr(ω) + iϵi(ω), (A.1)

The imaginary part, ϵi(ω), 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(η), extinction coefficient (κ), absorption

coefficient (α), reflectivity (R), and optical conductivity (σ) are calculated from the real and

imaginary part of the dielectric function as follows:

η(E) =

[√
ϵr(E)2 + ϵi(E)2 + ϵr(E)

2

] 1
2

; (A.2)

κ(E) =

[√
ϵr(E)2 + ϵi(E)2 − ϵr(E)

2

] 1
2

; (A.3)

α(E) =
4πκ(E)

λ
; (A.4)
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R(E) =
(η(E)− 1)2 + κ(E)2

(η(E) + 1)2 + κ(E)2
; (A.5)

σ(E) =
ωϵi(ω)

4π
. (A.6)

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

GIPAW pseudopotential [5].

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



ANNEX A. A1 - supplementary information 145

Figure 32 – (a) Experimental photocurrent as a function of wavelength spectra for Fe-
doped TiO2 and TiO2 photoanodes and (b) Theoretical absorption coeffi-
cient as a function of wavelength spectra for Fe-doped TiO2 and TiO2.

Figure 33 – Electronic charge density obtained for the system a) pure TiO2 and b) Fe-
doped TiO2.

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 TiO2 and TiO2 photoanodes, c) Photocurrent
transients generated during photoirradiation (E = 0.5 V) for Fe-doped TiO2

and TiO2 photoanodes and d) Linear sweep voltammetry obtained for
Fe-doped TiO2 and TiO2 photoanodes, v = 10 mV s−1. 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 TiO2-anatase and TiO2-rutile.

Polymorph Energy (Ry) Fermi Energy (eV)
Anatase
PURE 2896.600997 8.4178
Ti1-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
Ti1-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 TiO2(P25) and
Fe doped TiO2.

Parameters/phase TiO2 TiO2 (P25) TiO2-Fe
a (ICSD - 202242) r (ICSD - 7802 ) a r a r

a/Å 3.78479 4.5941 3.85743 4.68227 3.84426 4.66687
b/Å 3.78479 4.5941 3.85743 4.68227 3.84426 4.66687
c/Å 9.51237 2.9589 9.6837 3.0177 9.6562 3.00687

α/degrees 90 90 90 90 90 90
β/degrees 90 90 90 90 90 90
γ/degrees 90 90 90 90 90 90

V/Å3 136.3 62.4498 144.091 66.158 142.702 65.489
Wt. Fraction 0.87694 0.12306

χ2 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.

Ti 0.000000 0.946198 3.567139
Ti 0.000000 2.838593 5.945231
Ti 1.892395 2.838593 8.323324
Ti 1.892395 0.946198 1.189046
O 0.000000 0.946198 1.587234
O 0.000000 2.838593 7.925136
O 1.892395 2.838593 6.343419
O 1.892395 0.946198 3.168951
O 0.000000 2.838593 3.965327
O 0.000000 0.946198 5.547044
O 1.892395 0.946198 8.721512
O 1.892395 2.838593 0.790858

Coordinate (x y z) of the TiO2 anatase5%−Fe obtained from Rietveld refinement.

Ti 0.000000 0.960920 3.620925
Ti 0.000000 2.882760 6.034875
Ti 1.921840 2.882760 8.448825
Ti 1.921840 0.960920 1.206975
O 0.000000 0.960920 1.611167
O 0.000000 2.882760 8.044633
O 1.921840 2.882760 6.439066
O 1.921840 0.960920 3.216733
O 0.000000 2.882760 4.025116
O 0.000000 0.960920 5.630683
O 1.921840 0.960920 8.853017
O 1.921840 2.882760 0.802783

Coordinate (x y z) of the TiO2 rutile obtained from Rietveld refinement.

Ti 0.000000 0.000000 0.000000
Ti 2.297050 2.297050 1.479450
O 1.404416 1.404416 0.000000
O 3.189684 3.189684 0.000000
O 0.892634 3.701466 1.479450
O 3.701466 0.892634 1.479450

Coordinate (x y z) of the TiO2 rutile5%−Fe obtained from Rietveld refinement.

Ti 0.000000 0.000000 0.000000
Ti 2.331000 2.331000 1.504100
O 1.425174 1.425174 0.000000
O 3.236827 3.236827 0.000000
O 0.905827 3.756174 1.504100
O 3.756174 0.905827 1.504100
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Coordinate (x y z) of the supercell TiO2 anatase (DFT).

Ti2 3.784832177 0.946004184 3.567119844
Ti1 3.784967548 2.839122858 5.944941128
Ti1 1.892089708 2.838853601 8.322127598
Ti2 1.891912238 0.946104415 1.190397089
O 3.784707694 0.946165411 1.582140590
O 3.784716393 2.838864944 7.929824461
O 1.892338832 2.838860138 6.337116688
O 1.892328844 0.946165989 3.175152240
O 3.784857431 2.838731466 3.959641571
O 3.784858625 0.946326642 5.552388566
O 1.892169074 0.946338365 8.713499162
O 1.892172981 2.838710405 0.798746235

Ti2 3.784761081 4.731189363 3.567157320
Ti1 3.784769485 6.623686312 5.944927985
Ti1 1.892236207 6.623882964 8.322108401
Ti2 1.892169180 4.731151418 1.190444003
O 3.784713857 4.731142391 1.582137655
O 3.784727106 6.623829836 7.929825849
O 1.892324959 6.623835216 6.337090627
O 1.892305802 4.731139997 3.175174794
O 3.784855996 6.623658808 3.959638788
O 3.784857607 4.731284542 5.552399753
O 1.892172119 4.731272171 8.713494674
O 1.892173953 6.623678945 0.798747584

Ti2 7.569928460 0.946127014 3.567046061
Ti1 7.569795267 2.838841365 5.944920090
Ti1 5.677160653 2.838775689 8.322128681
Ti2 5.677335272 0.946261114 1.190342057
O 7.569683617 0.946167715 1.582115721
O 7.569675780 2.838861929 7.929836738
O 5.677263551 2.838859499 6.337107083
O 5.677273422 0.946167400 3.175151040
O 7.569821399 2.838728509 3.959613281
O 7.569824686 0.946325561 5.552374522
O 5.677141125 0.946337914 8.713479154
O 5.677141932 2.838710460 0.798736304

Ti2 7.570002999 4.731062063 3.567104928
Ti1 7.569999429 6.623973942 5.944883127
Ti1 5.677012525 6.623965610 8.322088603
Ti2 5.677073146 4.730984877 1.190393474
O 7.569678805 4.731140763 1.582153489
O 7.569665120 6.623833534 7.929815150
O 5.677278112 6.623835391 6.337109571
O 5.677297699 4.731137963 3.175162213
O 7.569823813 6.623662194 3.959622298
O 7.569826010 4.731286782 5.552366996
O 5.677138352 4.731273247 8.713477919
O 5.677139928 6.623679084 0.798728894
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Coordinate (x y z) of the supercell Fe-doped TiO2 anatase (DFT).

Ti2 3.8840128845 0.9591895822 3.6608317588
Ti1 3.8719132455 2.8861832446 6.1353481083
Ti1 1.9251280712 2.8861851885 8.5573868816
Ti2 1.9400051390 0.9702895556 1.2405444446
O 3.8737910981 0.9365085565 1.6586922393
O 3.8581898451 2.8861802389 8.1404369979
O 1.9329296920 2.8861775990 6.5404191920
O 1.9456635750 0.9498367258 3.2399780268
O 3.8628161636 2.8861856422 4.1285404882
O 3.8660285907 0.9321821301 5.7154179494
O 1.8634676273 0.9503886260 9.0106626708
O 1.9883913475 2.8861826830 0.7831474031

Ti2 3.8840104261 4.8131800225 3.6608322447
Ti1 4.0994172575 6.7343375220 6.1513144223
Ti1 2.1147805689 6.7343432353 8.6259624556
Ti2 1.9400075010 4.8020831918 1.2405423301
O 3.8737889172 4.8358526611 1.6586893083
O 3.8236911391 6.7343484502 8.0677298042
O 1.5390398755 6.7343466897 6.8365291078
O 1.9456653412 4.8225296725 3.2399779389
O 3.9442906730 6.7343388830 4.1348841516
O 3.8660155971 4.8401833609 5.7154210890
O 1.8634704483 4.8219835724 9.0106586501
O 1.9366289651 6.7343403577 0.8305181981

Ti2 7.7248570101 1.0062012737 3.6184345480
Ti1 7.7325307692 2.8861800350 6.1114726001
Ti1 5.8151396861 2.8861768102 8.5693470454
Ti2 5.8054954029 0.9553491867 1.1770370328
O 7.7498977593 1.0193417519 1.6444164439
O 7.7465801541 2.8861852327 8.1027867140
O 5.7958027019 2.8861892695 6.5445378161
O 5.8055166294 0.9863145184 3.2394749214
O 7.7702574961 2.8861791880 4.0643079734
O 7.6932526303 0.9816475474 5.6297447120
O 5.8913063545 0.9622870004 9.0080672607
O 5.7551130585 2.8861793635 0.7822822973

Ti2 7.7248615104 4.7661514268 3.6184305975
Ti1 7.6618137384 6.7343340445 5.9402095795
Fe 5.8528699128 6.7343362221 8.7341568417
Ti2 5.8054933018 4.8169947635 1.1770383266
O 7.7499028595 4.7530142737 1.6444133891
O 5.9210260899 6.7343308292 6.6721524807
O 5.8055171761 4.7860402728 3.2394754794
O 7.7327184067 6.7343352573 4.0339401780
O 7.6932641010 4.7907100643 5.6297421270
O 5.8913003533 4.8100607064 9.0080739485
O 5.8782994940 6.7343380225 0.8635449615
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Coordinate (x y z) of the supercell TiO2 rutile (DFT).

Ti1 0.000351578 4.594017151 2.959372948
Ti2 2.296530386 2.296654089 1.479475173
O 1.397728400 1.397667258 2.958970999
O 3.195669449 3.195668504 2.958972063
O 0.899208134 3.694735040 1.479653287
O 3.694699862 0.899199698 1.479652625

Ti1 0.000277920 9.187780778 2.959362273
Ti2 2.296361409 6.891684674 1.479498342
O 1.397885017 5.992198900 2.958974053
O 3.195794992 7.790209428 2.958971287
O 0.899224688 8.288875923 1.479665824
O 3.694704686 5.493267422 1.479665228

Ti1 4.593938021 4.594024560 2.959370080
Ti2 6.891480125 2.296453422 1.479606214
O 5.992140642 1.397840927 2.958972729
O 7.790169418 3.195770716 2.958972593
O 5.493159295 3.694756526 1.479661873
O 8.288884115 0.899163791 1.479662641

Ti1 4.593938897 9.187844848 2.959440234
Ti2 6.891323676 6.891519789 1.479504821
O 5.992277574 5.992354986 2.958975746
O 7.790312616 7.790329672 2.958969395
O 5.493169425 8.288876684 1.479653846
O 8.288864082 5.493228954 1.479652179

Ti2 0.000298995 4.593951042 5.917408518
Ti2 2.296615612 2.296659926 4.437619984
O 1.397744902 1.397678908 5.917384794
O 3.195654851 3.195657919 5.917380240
O 0.899209082 3.694734682 4.438064535
O 3.694705579 0.899195879 4.438063666

Ti1 0.000273465 9.187774400 5.917324927
Ti2 2.296393475 6.891625155 4.437598098
O 1.397896550 5.992208617 5.917382102
O 3.195787845 7.790203168 5.917382378
O 0.899223027 8.288880023 4.438053178
O 3.694703651 5.493267714 4.438051770

Ti1 4.593851693 4.593982385 5.917421922
Ti2 6.891428935 2.296516052 4.437486415
O 5.992144165 1.397844839 5.917385508
O 7.790169758 3.195768294 5.917381816
O 5.493158859 3.694754420 4.438055632
O 8.288887716 0.899159919 4.438055225

Ti1 4.593846303 9.187701372 5.917327361
Ti2 6.891297679 6.891516254 4.437604304
O 5.992286191 5.992367583 5.917381277
O 7.790300790 7.790314969 5.917382657
O 5.493165383 8.288881862 4.438064596
O 8.288861084 5.493230877 4.438062645
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Coordinate (x y z) of the supercell Fe – doped TiO2 rutile (DFT).

Ti1 -0.1119199180 4.5085398503 3.0181288128
Ti2 2.3991852668 2.3899585714 1.4940140236
O 1.4727757768 1.4993099078 3.0156013955
O 3.3008405699 3.2834387098 3.0107578643
O 0.9932155057 3.8422457743 1.5545837222
O 3.8182671507 1.0056503444 1.4859336844

Ti1 0.1023692079 9.3335637425 2.9986825906
Fe 2.5564349202 7.1740104722 1.3599871539
O 3.3076504305 7.9225183764 2.9533105627
O 0.9828262257 8.4320439346 1.5012552372
O 3.8129495834 5.5995713506 1.5021107555

Ti1 4.7128209463 4.7218009617 2.9994155690
Ti2 6.9938752878 2.3837723087 1.4524169297
O 6.1117006116 1.4994115409 3.0075350861
O 7.8814880343 3.2738836858 3.0114435013
O 5.6170351291 3.8156796263 1.4760079549
O 8.4287047944 1.0074960525 1.4762729395

Ti1 4.7120225709 9.3283299514 2.9930906333
Ti2 7.0508155780 7.0622064552 1.4848511956
O 6.1612931280 6.1365574656 3.0065400983
O 7.9455661447 7.9657456814 3.0011972727
O 5.6660355117 8.4793130510 1.4768666058
O 8.5019527926 5.6556288327 1.5432260751

Ti1 0.1656313580 4.7840928690 6.0800790184
Ti2 2.3959624348 2.3892513798 4.5326086735
O 1.4726301887 1.4940699222 6.0578612353
O 3.2776194560 3.2933572798 6.0601593303
O 1.0155731780 3.8756307526 4.4869898707
O 3.8021609408 0.9857520247 4.5292807162

Ti1 0.1019710497 9.3219261367 6.0612282221
Ti2 2.4897370609 7.1101778466 4.6163233498
O 1.4967304981 6.1114839932 6.1556248136
O 3.4225985210 8.0330727241 6.0648674299
O 0.9656470241 8.4195365859 4.5128805033
O 3.7982866702 5.5836036034 4.5126827667

Ti1 4.7009840460 4.7220630439 6.0605677315
Ti2 6.9919355265 2.3805111231 4.5626893559
O 6.1191915743 1.5081421961 6.0542199127
O 7.9277893123 3.3176596263 6.0553823194
O 5.6138387082 3.8144998622 4.5394902318
O 8.4276930806 1.0039467066 4.5395019225

Ti1 4.7666375690 9.3815951019 6.0464047401
Ti2 7.0510163434 7.0604303827 4.5234702773
O 6.1555010159 6.1363673563 6.0482282447
O 7.9559476606 7.9419044850 6.0510861861
O 5.6462882363 8.4632642208 4.5193937954
O 8.5367536467 5.6795635231 4.4789055075
O 8.288861084 5.493230877 4.438062645
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B1 - SUPPLEMENTARY INFORMATION.

Figure 35 – The optimized structures of the (a) Pt(1 1 1)/TiO2(0 0 1) side view, (b) Pt(1
1 1)/TiO2(0 0 1) top, (c) Pt(1 1 1)/TiO2(1 0 1) side view, and (d) Pt(1 1
1)/TiO2(1 0 1) top view.
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Figure 36 – Projected Density of States (PDOS) for (a) TiO2 and (b) Pt.

Table 10 – Coordinates (x y z) of the TiO2 structure obtained from Rietveld refinement

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

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)/TiO2(h k l)

Distance (Å) Pt(1 1 1)/TiO2(0 0 1) Distance (Å) Pt(1 1 1)/TiO2(1 0 1)
Pt1 – Pt2 2.8105 Pt1 – Pt2 2.5389

Pt1 – Pt3 2.5203 Pt1 – Pt3 2.6023

Pt1 – Pt4 2.6090 Pt1 – Pt4 2.5292

Pt1 – Pt5 2.6949 Pt1 – Pt5 2.6960

Pt1 – Pt6 2.6929 Pt1 – Pt6 2.5186

Pt1 – Pt7 2.6269 Pt1 – Pt7 2.5715

Pt2 – Pt3 2.6628 Pt2 – 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 – Pt2 2.6449 Pt7 – Pt2 2.5303

Pt2 – O1 2.0811 Pt3 – T1(6C) 2.7297

Pt3 – Ti1(6C) 2.6330 Pt4 – O1 2.0094

Pt4 – Ti2(5C) 2.3723 Pt5 – Ti2(6C) 2.7628

Pt5 – Ti2(6C) 2.6569 Pt5 – O2 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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C

C1 - SUPPLEMENTARY INFORMATION.

C.1 X-ray diffraction (XRD) and Rietveld refinement

Figure 37 – XRD and Rietveld refinement pattern for Pt/TiO2 crystalline material.
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Table 13 – Structural and statistical parameters using Rietveld refinement for Pt/TiO2

materials.

Parameters/phase Tetragonal/Anatase - TiO2 Cubic/Pt
a/Å 3.77891(11) 3.91492(3)

b/Å 3.77891 (0) 3.91492 (0)

c/Å 9.4799(5) 3.91492 (0)

α = β = γ /degrees 90.0 90.0

V/Å3 135.374(9) 60.0026(15)

Particle size/nm 12.81 12.43

Wt. Fraction 0.59919 0.40081

χ2 1.25

R(F2) 0.0211

wRp 0.0451

GOF 1.16
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C.2 Pt3(1 1 1)/TiO2(h k l) interfaces bonds.

Figure 38 – The optimized structures of the (a) Pt3(1 1 1)/TiO2(0 0 1) interface side
and top view and (b) Pt3(1 1 1)/TiO2(1 0 1) interface side and top view,
respectively.

Table 14 – Bond lengths of the optimized structures of the Pt3(1 1 1)/TiO2(h k l)

Distance (Å) Pt3(1 1 1)/TiO2(0 0 1) Distance (Å) Pt3(1 1 1)/TiO2(1 0 1)
Pt1 – Pt2 2.4817 Pt1 – Pt2 2.5438
Pt1 – Pt3 2.6397 Pt1 – Pt3 2.4860
Pt2 – Pt3 2.6042 Pt2 – Pt3 2.5546

Pt1 – Ti1(5C) 2.6203 Pt1 – Ti1(5C) 2.6372
Pt1 – O1 2.0238 Pt2 – Ti1(5C) 2.7836
Pt1 – O2 1.9182 Pt2 – Ti2(4C) 2.7145
Pt1 – O3 2.0035 Pt3 – Ti3(5C) 2.8049
Pt2 – O1 2.0568 Pt2 – O1 2.0643
Pt2 – O4 1.9955 Pt3 – O2 2.0206
Pt2 – O5 1.9848 - -
Pt3 – O6 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 TiO2

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.

Figure 40 – Images of initial, transition, and final states of hydrogen splitting reactions
(a), (b) and (c) Pt3(1 1 1)/TiO2(0 0 1), (d), (e), and (f) Pt3(1 1 1)/TiO2(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(1 1 1)/TiO2(0 0 1), (d), (e), and (f) Pt3(1 1 1)/TiO2(1 0 1).
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C.5 Coordinates (x y z)

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

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

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/T iO2 interface on the

(0 0 1) and (1 0 1) planes.

(a) Pt/T iO2 on the (0 0 1) plane

(b) Pt/T iO2 on the (1 0 1) plane

Figure 42 – Convergence test of the cutoff energy for the Pt/T iO2/ 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 10−4. 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 10−5.

Table 17 – Test for the k-point mesh

Energy (Ry) Energy (Ry)

(0 0 1) (1 0 1)

2 X 2 X 1 -5516.15861 4 x 2 x 1 -5568.51449

4 X 4 X 2 -5516.15844 6 x 4 x 2 -5568.51448

8 x 6 x 4 -5568.51448
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