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ABSTRACT 

TiO2 has been significantly used in photocatalytic applications for decades as 

an inert and sustainable material. However, TiO2 is less efficient in the 

photoinduced processes due to the rapid recombination of the 

photogenerated electrons and holes. Therefore, TiO2-based heterogeneous 

composites (i.e., TiO2-MOF, TiO2-CNT) are widely investigated given the 

ability to increase the efficiency of photoinduced applications rather than the 

individual state of the interacted materials.  

This thesis presents a computational chemistry study on the energetics and 

structures of rutile and anatase TiO2 polymorphs, the interaction of 

terephthalic acid (TPA) and metal species with TiO2, and the interaction of 

metal organic framework (MOF) nodes with TiO2, aiming to investigate the 

TiO2/MOF heterointerface, which currently is not fully comprehended. 

The comparison of energetic, geometric, and electrical properties of bulk 

rutile and anatase polymorphs of TiO2 identified that the PBEsol exchange 

correlation functional with a light basis set is the most appropriate 

computational approach for discovering TiO2-based novel materials. The 

study of different surface energies, geometric and electrical properties of 

certain low Miller index facets of TiO2 demonstrated that a 4-layer slab model, 

with the top 2-layers unconstrained of (110) facet of rutile and the (101) 

facet of anatase are the best models to study the chemical interactions with 

TiO2. The study of TPA interaction with TiO2 surfaces and the interaction of 

Zn, Ti and Zr based metal species with the adsorbed TPA on rutile and anatase 

TiO2 surfaces gave evidence for the possible layer-by-layer deposition of 

MOFs on TiO2. The interaction study of a simplified version of MOF nodes of 

Zn-MOF-5, Ti-MIL-125 and Zr-UiO-66 with TiO2 surfaces proved that the 

deprotonated TPA linkers of MOF nodes favourably bind with the Ti ions on 

the TiO2 surface, giving evidence for the possible synthesis of TiO2-MOF 

composites using already formed MOF crystals. Generally, the interaction 

studies concluded that the deprotonated TPA linkers are highly compatible to 

bind with the TiO2 surfaces and thus, the growth of MOFs with TPA linkers on 

TiO2 is highly favourable. Interactions between bulk crystal structures of 

different MOFs and hydroxylated TiO2 surfaces can be investigated to further 

understand the formation and nature of the TiO2-MOF interface.  
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CHAPTER 1 - INTRODUCTION                                                                  

1.1 TiO2-based materials for photo-induced applications: an 

overview 

Titanium dioxide (TiO2, titania) is the most extensively investigated and 

established material for photo-induced functionalities among various 

semiconducting materials due to the high thermal and chemical stability, less 

toxicity, minimum production cost and the easily applicable nature at any 

ambient to harsh condition given the high corrosion resistance.1–7 According 

to the electronic structure, TiO2 is capable of transferring electrons (𝑒!"# ) from 

the filled valence band (VB) to empty conduction band (CB) leaving a hole 

(ℎ$"% ) in the VB when the absorbed photoenergy (ℎ𝜈) exceeds or matches the 

band gap energy.8,9 Those photogenerated electrons and holes involve as the 

charge carriers in different photo-induced processes.8,9 However, the energy 

dissipation as heat due to rapid recombination of those photogenerated 

electrons and holes reduces the efficiency of photo-induced reactions and 

limits the applications of TiO2.1,10–12 Therefore, different strategies to further 

improve the performance of TiO2 have been widely investigated in recent 

years.  Examples of those techniques are increasing the light absorption by 

expanding the absorption wavelength range, increasing the response for 

visible light and adopting active sites capable of separating photo-induced 

electrons and holes or suppressing their recombination.1,13–21 These can be 

obtained by altering the morphology of TiO2 to increase the surface (i.e., 

nanospheres, nanofibers, hollow nanoparticles),1,13–21 combining with 

photosensitizers (i.e., quantum dots, organic dyes, perovskites),22–29 doping 

with metals (i.e., Fe, Sn, Mo, Co),1,4,30 doping with non-metals (i.e., B, C, S, 

N),1,4 adding metal nanoparticles (i.e., Au, Ag, Mn, Fe, Cr, Cu, Pt, Pd, 

Rh),1,4,31–34 combining with other semiconducting material (i.e., Fe2O3, CuO, 

CdSe, CdS, ZnO, SiO2),1,35–38 conjugating with different carbon materials [i.e., 

graphene, carbon nanotubes (CNT)]1,39–42 and, heterojunction formation with 

mesoporous materials which results in composites with enhanced properties 

than individual state (i.e., metal organic frameworks (MOFs), zeolites, active 

carbon).1,43–49 Among those strategies, TiO2-MOFs composites have witnessed 



 

 
 

2 

a huge research effort in the past two decades due to the open metal sites 

and high porosity in the MOFs which enhance the photocatalytic activity and 

photoinduced applications.1 Hereon, this study intends to investigate certain 

TiO2-MOF composites among numerous TiO2-based mesoporous materials for 

solar energy applications. 

1.2 Titania (TiO2) 

TiO2 was discovered in 1795 as the naturally occurring oxide of titanium, 

which exists mainly in three types of crystal forms known as rutile, anatase 

and brookite.11,50,51 In addition to the main polymorphs, some uncommon 

polymorphs of TiO2 such as fluorite, baddeleyite, cotunnite, columbite have 

been identified at the elevated pressures and temperatures, which assumed 

to be the minerals found in the mantle of Earth.11,52,61,53–60 The commercial 

production of TiO2 has started back in the 1920s due to a wide range of 

commercial applications such as coatings for corrosion resistant, opacifying 

agent of numerous products (i.e., inks, paints, textiles, plastics, etc), self-

cleaning surfaces, purification of water and air, ultraviolet radiations absorber 

in cosmetic products, anti-bacterial agent, and food additives.4,11,50,51,62–67 

Currently, the usage of TiO2 in industrial level has been enhanced by 

applications in semiconductors, supercapacitors, photocatalysis, 

rechargeable batteries, sensors, water remediation, etc.11,51,68–70 

Fundamentally, the electronic structure of the TiO2 plays the major role to 

deliver all the valuable properties for numerous applications. In the 

macroscopic level, rutile TiO2 has been identified as the most stable TiO2 

polymorph at the ambient conditions, whereas anatase TiO2 is more stable in 

the nano-range.11,51,71,72 In this study, rutile and anatase crystal phases of 

TiO2 are investigated towards the formation of TiO2-MOF composites. 

1.3 Metal Organic Frameworks (MOFs) 

Metal ions or clusters (i.e., transition metals, alkaline earth metals, p-block 

metals and actinides) are self-assembled with polydentate organic ligands 

through coordination bonds to form hybrid nanoporous crystalline framework 

structures known as MOFs, illustrated in Figure 1.1.73  
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* Used with permission of Royal Society of Chemistry, from Metal-organic frameworks 
as solid catalysts for the synthesis of nitrogen-containing heterocycles, A. 
Dhakshinamoorthy and H. Garcia, 43, 2014; permission conveyed through Copyright 
Clearance Center, Inc. 
 
† Used with permission of Royal Society of Chemistry, from Structuring of metal-
organic frameworks at the mesoscopic/macroscopic scale, S. Furukawa, J. Reboul, S. 
Diring, K. Sumida and S. Kitagawa, 43, 2014; permission conveyed through 
Copyright Clearance Center, Inc. 

Figure 1.1: Generalised illustration of MOFs formation.* 

Figure 1.2: Representation of MOFs with different dimensionalities.† 
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MOFs, as seen in Figure 1.2, are infinite networks made up of repeating units 

that can be found in 0D, 1D, 2D, and 3D structures. MOFs are thus used at 

the macroscopic/mesoscopic scale in Materials science field to develop more 

intricate and advanced designs.74 MOFs have a large surface area to volume 

ratio because of the vast number of nanoscale pores. The open metal sites 

and high porosity of MOFs result in unique characteristics and properties, 

leading to potential applications such as heterogeneous catalysis via metal 

ions, bioreactors, energy production, optics, electronics, molecule storage, 

gas adsorption, sensing, molecule separation from mixtures, purification via 

physisorption, chemisorption, drug and biomolecule delivery.74 Examples for 

the photocatalytic applications of MOFs include, degradation of organic 

pollutants, water splitting for H2 generation, CO2 reduction, Cr(VI) reduction, 

etc.1 Furthermore, photoactive MOFs are used in photoelectric solar energy 

converters.1,75–77  

The photoactivity of most of the MOFs occurs mainly via three strategies 

known as metal to ligand charge transfer (MLCT), ligand to metal charge 

transfer (LMCT), and the 𝜋–𝜋* transition in the aromatic rings of the organic 

ligand.1,78–80 Likewise in titania, the efficiency of photoreactions in MOFs is 

also reduced by the recombination of photo-induced electrons and holes.1 

Therefore, various research work has been done over the past years for 

making composites of semiconducting materials and MOFs. In such 

composites, MOF acts as the photosensitizer and inhibits the recombination 

of photogenerated electrons and holes by quickly performing the charge 

transfer over the interface between semiconducting material and the MOF.1 

The different methods of MOFs synthesis are categorised under three main 

strategies which are: employing two precursor solutions for layer-by-layer 

deposition of MOFs, using a mixture of precursors and top-down approach. 

The top-down approach utilises large MOFs crystals to form desired MOFs.74 

In this study, the layer-by-layer growth of MOFs and the deposition of MOFs 

using a mixture of precursors on TiO2 are mimicked considering certain 

Zn(II)-based, Ti(IV)-based and Zr(IV)-based MOFs in which terephthalic acid 

acts as the organic linker. 
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1.4 Challenges for the advancement of TiO2-MOF composites 

There are some key challenges to be addressed even though numerous 

research work have been done for the advancement of TiO2-MOF composites 

as efficient photocatalysts, as depicted in the Figure 1.3.1 Some facts to be 

focussed on are: 

(i) Identifying the preferred crystalline phases and facets of TiO2 to 

construct heterogeneous composites with MOFs.1,81–84 

(ii) The thermodynamically stable and low energy (101) anatase and 

(110) rutile facets are known to be dominated among the TiO2 

crystals. However, construction between TiO2 and MOF with a high 

percentage of high-energy facets can enhance the photoactivity 

even though it is critical and difficult to achieve.1,85–89 

(iii) Considering the formation of composites by MOFs and TiO2 doped 

with non-metal or metal elements, which are expected to show 

improved photoactivity, because doping TiO2 with such elements 

decreases the band gap and increases the photo response of 

TiO2.1,90–94 

(iv) Different facile synthesis methods need to be considered to 

precisely control the composite formation.1,95–99 

 

1.5 Motivation, aims and objectives 

The major inspiration for this investigation was to address the energy demand 

in the modern society using novel functional materials synthesised from 

environmentally sustainable resources. The studies presented in this thesis 

carried out by computational simulations and aimed to investigate the 

chemical composition and energetics of certain TiO2-based mesoporous 

materials to address the challenges in understanding how the properties of 

such heterogeneous composites can be tailored to enhance the efficiency of 

solar energy harvesting in photocatalytic and photovoltaic applications. 

The general objectives were: (i) to analyse the influence of exchange-

correlation functionals on energy, geometry, and electronic structure of 

anatase and rutile polymorphs of TiO2; (ii) to build surface structures of TiO2 
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to be coupled with MOF linker species towards generating TiO2-MOF 

composite materials; (iii) to study the interactions of metal ions with TiO2 

surface bound linker species and, (iv) to study the interactions of MOF nodes 

with TiO2 surfaces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
‡  

 
‡ Reprinted from Chemical Engineering Journal, 391, Chong-Chen Wang, Xun Wang 
and Wen Liu, The synthesis strategies and photocatalytic performances of TiO2/MOFs 
composites: A state-of-the-art review, 123601, 2020, with permission from Elsevier. 

Figure 1.3: Fabrication strategies for TiO2-MOF composites and promising 

applications.‡ 
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CHAPTER 2 - COMPUTATIONAL METHODOLOGY  

This chapter describes the techniques used for Density functional theory 

(DFT) calculations throughout the project. The DFT calculations allow to find 

the ground state properties of molecular systems.100 Additionally, the DFT 

method utilises a set of Schrödinger like variational equations which are 

solved self consistently providing much accuracy according to Kohn-Sham 

DFT theory which considers the system as a fictitious system of non-

interacting particles.100 All calculations were performed using the “Fritz Haber 

Institute ab initio molecular simulations” (FHI-aims)101 software package, 

along with the Pythonic “Atomic Simulation Environment” (ASE)102 to manage 

all the geometries. DFT calculations involve various approximations such as 

exchange correlational (XC) functional, basis set, k-point grid for Brillouin 

zone (BZ) integration, etc.103 The XC functionals are the semi-empirical 

functionals which are used in the quantum chemical calculations. A basis set 

is a set of functions which is used to represent the electronic wave function. 

The k-points are the sampling points in the first Brillouin zone of a material.103 

In this work, the zeroth order regular approximation (ZORA) as a scalar 

correction was used to include the relativistic effects.104 A k-point density of 

(0.045 x 2𝜋) Å-1 was used for the periodic calculations, unless otherwise 

stated for defining the number of k-point splits along the three reciprocal 

axes of the first BZ. The approach followed to decide a relevant k-point 

density has been explained further in the section 3.2. An explicit analytical 

stress tensor computation was requested for the unit cell relaxations. The 

convergence criteria for the self-consistent field (SCF) calculations based on 

total energy, sum of the eigenvalues and charge density were less than 10-6 

eV, 10-3 eV and 10-6 e 𝑎&#' respectively. The convergence criteria for energy 

derivatives was 10-4 eV Å-1. The spin of each system was set to zero. 

The band gap was calculated as below: 

𝐸( =	𝐸)*+, −	𝐸-,+, 2.1 

where  𝐸( is the band gap energy, 𝐸)*+, is the energy of Lowest Unoccupied 

Molecular Orbital (LUMO) of the charge transfer compound and, 𝐸-,+, is the 

energy of Highest Occupied Molecular Orbital (HOMO) of the charge transfer 

compound.  
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CHAPTER 3 - TiO2 BULK MODELS  

3.1 Introduction 

Several computational studies have been performed over the past years to 

investigate the properties of TiO2 due to the existence of different crystalline 

phases with different properties and a broad range of applications.105 

Theoretical prediction of the properties of the TiO2 phases is important for the 

design of TiO2 based materials as the thermodynamically favourable 

structures should be most easily accessible.105 Anatase and rutile polymorphs 

have been extensively investigated previously compared to the other phases 

because those two compete to be the ground state.106 The majority of 

experimental work with bulk titania have been done with rutile TiO2, which is 

thermodynamically most stable.106 However, anatase TiO2 has been identified 

as the most stable polymorph within nanostructured TiO2. DFT calculations 

with most XC functionals report that anatase TiO2 is more stable compared 

to rutile TiO2.106 Apart from the investigations of stability, several calculations 

have also been carried out to investigate Ti-related defects and Oxygen 

vacancies in TiO2 because the photocatalytic activity of the material is mainly 

influenced by them.107 Moreover, a wide range of TiO2 based materials have 

been investigated using DFT calculations to predict the ways to enhance the 

photoactivity. In that regard, doping with metallic (i.e., 3d and 4d transition 

metals) or non-metallic (i.e., carbon nanotubes, carbon nanodots) elements 

and further chemical modifications have achieved a great attention.11,108–110 

Furthermore, DFT/TDDFT (Time-dependent density functional theory) studies 

of TiO2-based materials for dye-sensitized and perovskite solar cells have 

been performed to predict prominent materials and to understand their 

interfacial properties, adsorption energies, structural changes, etc.111  

Herein, a comparative DFT study has been performed to investigate the 

dependence of predicted properties (i.e., lattice parameters, formation 

energies and band gap energies) on the computational approach, which can 

be achieved by comparing with reported experimental results. Identification 

of the most reliable computational approach is important for subsequent 

further discover of thermodynamically stable TiO2-based novel materials. 
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3.2 Methodology for calculation of properties of TiO2 

The most stable polymorphs of TiO2 at standard temperatures and pressure 

are anatase and rutile, which have been considered herein. The unit cell of 

anatase (Ti4O8) is displayed in Figure 3.1, and has lattice parameters of a = 

b = 3.785 Å and c = 9.512 Å.112 The unit cell of rutile (Ti2O4) is displayed in 

Figure 3.2, and has lattice parameters of a = b = 4.593 Å	and c = 2.959 Å.113 	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Polyhedral views of the unit cell of anatase TiO2 where blue 

spheres represent titanium atoms, red spheres represent oxygen atoms, and 

a black line highlights the conventional unit cell. 

Figure 3.2: Polyhedral views of the unit cell of rutile TiO2 where blue spheres 

represent titanium atoms, red spheres represent oxygen atoms, and a black 

line highlights the conventional unit cell. 
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Both anatase and rutile TiO2 have a tetragonal crystal structure and 

asymmetric unit cells.114 Several additional atoms than the number of atoms 

in the unit cells of anatase (Ti4O8) and rutile (Ti2O4) are shown in the Figure 

3.1 and Figure 3.2 for the better visualisation of the surrounding polyhedrons 

in the crystal structures. The total energy of each bulk model is given from 

the DFT calculations by integrating the Hamiltonian over the BZ. The k-points 

which are the sampling points in the first BZ used in such integrations are 

important because the results highly depend on those points in the k-grid 

(i.e., mostly the conduction band minima and the valence band maxima are 

located at the high symmetry points).101,115 The precision of a calculation is 

increased by a higher number of k-points, though with the overhead of 

greater computational cost. Therefore, carrying out a convergence testing to 

find a reliable k-grid density is important to decide the optimum k-grid for 

each calculation.103 In this study, convergence testing for the k-point density 

was performed using the PBE XC functional and a light basis set. The Γ-

centered grid type was used, in which the integers in the k-grid defines the 

number of splits along the reciprocal lattice vectors in the model.101  

In this study, the k-point density was tested from (0.030 x 2𝜋)	Å-1 to (0.050 

x 2𝜋)	 Å-1 in increments of (0.005 x 2𝜋)	 Å-1 and the total energies were 

compared as shown in the Table 3.1 and Figure 3.3. According to the table 

3.1, the total energy of the TiO2 bulk models is almost same from k-point 

density (0.030 x 2𝜋)	Å-1 to (0.045 x 2𝜋)	Å-1, whereas the total energy at (0.050 

x 2𝜋)	Å-1 has been clearly increased. The change in energy from the prior k-

point energy calculation (ΔE) is also show in the Figure 3.3. The divergence 

of energy occurs at higher k-point densities due to the good screening 

properties of the material as the tiny energy differences also have been 

converged.116 Therefore, the k-point density at (0.045 x 2𝜋)	Å-1 was taken as 

the converged k-point density for the two materials, given the necessity to 

minimise the computational cost, and this setting is used in all subsequent 

periodic calculations herein. 
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Table 3.1: Convergence testing of k-grid sampling of anatase and rutile 

polymorphs of TiO2. The energy change (∆E) as a function of the sampling 

was calculated. The selected converged result is highlighted in blue. 

 

k-grid 

density (Å⁻¹) 

k-grid 
Total E (meV) ΔE (meV) 

a b c 

Anatase 

0.030 9 9 4 -109602050.69 - 

0.035 8 8 3 -109602050.67 -0.019 

0.040 7 7 3 -109602050.79 0.120 

0.045 6 6 2 -109602050.65 -0.142 

0.050 5 5 2 -109602048.83 -1.827 

Rutile 

0.030 7 7 11 -54800907.32 - 

0.035 6 6 10 -54800907.31 -0.008 

0.040 5 5 8 -54800907.23 -0.074 

0.045 5 5 8 -54800907.23 0.000 

0.050 4 4 7 -54800906.83 -0.404 

 

 
 
Figure 3.3: Plot of the energy change from previous calculation (ΔE) vs. k-

grid density of rutile and anatase TiO2 
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The Table 3.2 lists the XC density functionals considered in this study to 

investigate the properties of TiO2 bulk models, so as to identify a reliable XC 

functional and a basis set for our work. Additionally, the non-local many-body 

dispersion (MBD-NL) correction was applied with PBE to test the effect of non-

local van der Waals corrections.117 The unit cell parameters and nuclear 

coordinates of anatase and rutile TiO2 were optimised using those XC 

functionals and the available light, intermediate and tight basis sets in the 

FHI-aims software package to deliver accuracy while also considering the 

computational efficiency.118 

 

Table 3.2: The XC density functionals considered in this study. 

Approximation type XC density functional 

Local-density approximation (LDA) LDA119 

Generalized-gradient approximations (GGA) AM05120, PBE121, 

PBEsol122, rPBE123 

Meta-generalized gradient approximations 

(meta-GGA) 

M06-L124, SCAN125, 

mBEEF126 

Hybrid functionals B3LYP127, HSE06128, 

PBE0129 

Hybrid Meta-generalized gradient functionals M06130 

 

In addition to the unit cells of anatase and rutile TiO2, a triplet-state O2 gas 

molecule and a bulk Ti system with a unit cell of a = b = 2.934 Å and c = 

4.657 Å,	 containing two Ti atoms, were optimised. The respective total 

energies were used to calculate the formation energy of TiO2.131,132 For the 

bulk Ti, a converged 8 x 8 x 5 k-grid was used for the periodic calculations, 

which corresponds to the (0.045 x 2𝜋)	Å-1 k-point density. Generally, the DFT 

calculations of Ti have been performed with a higher number of k-points (i.e., 

80 Å/Si where Si is system dimensions and i is x, y slab dimensions,133 256 

k-points in the irreducible BZ134) and k-point grids such as 10 x 10 x 10.135 

The formation of anatase and rutile unit cells were considered as below. 

Anatase:      4Ti (s) + 4O2 (g)             Ti4O8 (s) 3.1  

Rutile:          2Ti (s) + 2O2 (g)             Ti2O4 (s) 3.2 
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Therefore, the formation energy (𝐸./01) of TiO2 per formula unit was 

calculated using the equations: 

𝐸234,./01 = 0𝐸234,6789 − 4𝐸,! − 4𝐸:;,67892/4  3.3 

𝐸<7=,./01 = 0𝐸<7=,6789 − 2𝐸,! − 2𝐸:;,67892/2 3.4 

where 𝐸234,6789 is the total energy of the bulk anatase TiO2 (Ti4O8), 𝐸<7=,6789 is 

the total energy of the bulk rutile (Ti2O4), 𝐸:;,6789 is the total energy of the 

bulk Ti (Ti2) and, 𝐸,! is the total energy of a O2 gas molecule which is in the 

ground state with a spin multiplicity value of 3. Hence, the triplet state of O2 

gas molecule was considered. However, the typical overbinding of O2 when 

interacting with the transition-metals has not been considered in this 

study.136–138 

3.3 Results and discussion 

The energetics, geometric and electrical properties of bulk anatase and rutile 

TiO2 have been compared with theoretical and experimental investigations in 

the literature. The unit cells of anatase and rutile TiO2 that mentioned in the 

section 3.2 were used for the calculations without fixing the unit cell 

parameters. 

 Formation energy of TiO2 

The reaction between solid Ti with O2 gas was assumed to be involved in the 

formation of TiO2 polymorphs as shown in the equation 3.1 and 3.2 (i.e., they 

are reference states).  According to the NIST-JANAF Thermochemical Tables, 

the formation energy at 298 K of rutile and anatase are -944.0 kJ/mol139,140 

and -938.72 kJ/mol,139,141 respectively. These values have been compared 

with calculated formation energies using equations 3.3 and 3.4, as shown in 

Table 3.3 and Table 3.4. Furthermore, Table A1-1 shows the data obtained 

with intermediate and tight basis sets. 
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Table 3.3: The calculated formation energies (Eform) using different XC 

functionals with a light basis set and their difference than the experimental 

data (ΔEform). Literature values are highlighted. 

XC functional 

Rutile Anatase 

Eform 

(eV) 

ΔEform 

(eV) 

Eform 

(eV) 

ΔEform 

(eV) 

LDA -10.250 -0.466 -10.253 -0.524 

AM05 -9.016 0.768 -9.073 0.656 

PBE -9.041 0.743 -9.106 0.623 

PBEsol -9.345 0.439 -9.371 0.358 

rPBE -8.469 1.315 -8.570 1.159 

M06-L -9.356 0.428 -9.269 0.460 

SCAN -10.481 -0.697 -10.376 -0.647 

SCAN105 -10.656  -10.680  

mBEEF -9.804 -0.020 -9.873 -0.144 

B3LYP -10.021 -0.237 -10.100 -0.371 

HSE06 -9.614 0.170 -9.646 0.083 

PBE0 -9.577 0.207 -9.614 0.115 

M06 -10.276 -0.492 -9.856 -0.127 

Formation energy at 298 

K139 
-9.784  -9.729  

 

 

Table 3.4: The calculated formation energies (Eform) using PBEsol XC 

functional and different basis sets and their difference than the experimental 

data (ΔEform). 

XC functional Basis set 
Rutile Anatase 

Eform (eV) ΔEform (eV) Eform (eV) ΔEform (eV) 

PBEsol Light -9.345 0.439 -9.371 0.358 

Intermediate -9.273 0.511 -9.309 0.420 

Tight -9.322 0.462 -9.382 0.347 
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The formation energies calculated using LDA, SCAN, mBEEF, B3LYP and M06 

XC functionals along with the light basis set underestimate the formation 

energy, while the majority of the other XC functionals including AM05, PBE, 

PBEsol, rPBE, M06-L, HSE06 and PBE0 overestimate. Additionally, the 

formation energy obtained using the SCAN XC functional with the light basis 

set match well with the reported SCAN prediction of formation energies of 

anatase and rutile TiO2; though the difference from experiment is higher than 

other XC functionals.105 

 Geometric properties of TiO2 

Unit cell lengths and the angles of optimised structures, obtained using 

different XC functionals and basis sets, have been compared with the reported 

experimental data and computational calculations as shown in Table 3.5 - 

3.7. Moreover, Table A1-2 and Table A1-3 show the data obtained with 

intermediate and tight basis sets. 
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Table 3.5: Unit cell parameters (a and c), their difference than the 

experimental data (Δa and Δc) and, the β angle of the rutile TiO2 calculated 

using different XC functionals with a light basis set. Literature values are 

highlighted. 

XC functional a (Å) Δa (Å) c (Å) Δc (Å) β (°) 

LDA 4.550 -0.043 2.926 -0.033 90.000 

AM05 4.597 0.004 2.948 -0.011 90.000 

PBE 4.643 0.050 2.973 0.014 90.000 

PBE105 4.644 
 

2.967 
  

PBE+U (6 eV)105 4.679 
 

3.044 
  

PBEsol 4.591 -0.002 2.948 -0.011 90.000 

rPBE 4.685 0.092 2.988 0.029 90.000 

M06-L 4.605 0.012 2.989 0.030 90.000 

SCAN 4.594 0.001 2.964 0.005 90.000 

SCAN105 4.591 
 

2.957 
  

SCAN+U (2 eV)105 4.604 
 

2.982 
  

mBEEF 4.625 0.032 2.970 0.011 90.000 

B3LYP 4.619 0.026 2.973 0.014 90.002 

HSE06 4.578 -0.015 2.958 -0.001 89.996 

HSE (25% Fock)105 4.582 
 

2.946 
  

PBE0 4.575 -0.018 2.954 -0.005 90.000 

M06 4.600 0.007 2.952 -0.007 89.999 

Neutron diffraction data at 295 K142 4.593 
 

2.959 
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Table 3.6: Unit cell parameters (a and c), their difference than the 

experimental data (Δa and Δc) and, the β angle of anatase TiO2 calculated 

using different XC functionals with a light basis set. Literature values are 

highlighted. 

XC functional a (Å) Δa (Å) c (Å) Δc (Å) β (°) 

LDA 3.744 -0.041 9.489 -0.023 90.000 

AM05 3.769 -0.016 9.640 0.128 90.000 

PBE 3.800 0.015 9.742 0.230 90.000 

PBE105 3.802 
 

9.703 
  

PBE+U (6 eV)105 3.881 
 

9.765 
  

PBE+U[Ti]143 3.88 
 

9.77 
  

PBE+U[Ti,O]143 3.86 
 

9.74 
  

PBEsol 3.772 -0.013 9.584 0.072 90.000 

rPBE 3.823 0.038 9.843 0.331 90.000 

M06-L 3.796 0.011 9.663 0.151 90.000 

SCAN 3.851 0.066 8.979 -0.533 90.004 

SCAN143 3.777 
 

9.587 
  

SCAN+U (2 eV)105 3.805 
 

9.599 
  

mBEEF 3.770 -0.015 9.846 0.334 90.000 

B3LYP 3.781 -0.004 9.765 0.253 90.000 

HSE06 3.762 -0.023 9.644 0.132 90.000 

HSE (25% Fock)105 3,756 
 

9.615 
  

HSE15143 3.78 
 

9.64 
  

PBE0 3.759 -0.026 9.631 0.119 89.982 

M06 3.766 -0.019 9.651 0.139 90.002 

Neutron diffraction data at 295 K142 3.785 
 

9.512 
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Table 3.7: Unit cell parameters (a and c), their difference than the 

experimental data (Δa and Δc) and, the β angle of rutile and anatase TiO2 

calculated using PBEsol XC functional and different basis sets. 

Basis set a (Å) Δa (Å) c (Å) Δc (Å) β (°) 

Rutile 

Light 4.591 -0.002 2.948 -0.011 90.000 

Intermediate 4.587 -0.006 2.944 -0.015 90.000 

Tight 4.589 -0.004 2.938 -0.021 90.000 

Anatase 

Light 3.772 -0.013 9.584 0.072 90.000 

Intermediate 3.766 -0.019 9.586 0.074 90.000 

Tight 3.768 -0.017 9.561 0.049 90.000 

 

The crystal structure data of rutile match well with the experimental data, 

though there are slight overestimations and underestimations within the 

range of 0.001 - 0.090 Å. The difference between the calculated and 

experimental c lattice parameter of anatase TiO2 shows comparatively higher 

values; in that regard, LDA and PBEsol XC functionals show the smallest 

differences. Overall, the β angle of all the calculations agrees with the typical 

TiO2 unit call angle, which is 90°.  

 Electrical properties of TiO2 

The energy gap between the conduction and valence band, known as the 

band gap, is important for the optical excitation; the overall performance of 

a material in the photovoltaic applications is determined by the band gap. 

Approximately, the band gap for anatase and rutile TiO2 are ~3.2 eV and 

~3.0 eV respectively according to the reported experimental studies.144,145 

The band gap of the optimised structures using different XC functionals and 

basis sets have been calculated using the equation 3.5, and compared with 

the reported experimental data and computational calculations in Table 3.8. 

Additionally, Table A1-4 shows the data obtained with intermediate and tight 

basis sets. 
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Table 3.8: Calculated band gap (Eg) using different XC functionals and basis 

sets and, their difference than the experimental data (ΔEg). Literature values 

are highlighted. 

XC functional Rutile (eV) Eg (eV) Anatase (eV) Eg (eV) 

LDA 1.77 -1.26 2.09 -1.11 

AM05 1.79 -1.24 2.15 -1.05 

PBE 1.77 -1.26 2.13 -1.07 

PBE105 1.83  2.10  

PBE+U (6 eV)105 2.49  2.82  

PBEsol 1.77 -1.26 2.11 -1.09 

rPBE 1.77 -1.26 2.14 -1.06 

M06-L 2.06 -0.97 2.44 -0.76 

SCAN 2.08 -0.95 2.02 -1.18 

SCAN105 2.23  2.56  

SCAN+U (2 eV)105 2.47  2.80  

mBEEF 2.19 -0.84 2.66 -0.54 

B3LYP 3.53 0.50 3.92 0.72 

Gaussian basis, B3LYP   3.70  

HSE06 3.27 0.24 3.65 0.45 

HSE (25% Fock)105 3.42  3.77  

PBE0 4.06 1.03 4.42 1.22 

M06 4.03 1.00 4.38 1.18 

Experimental data at 298 K144,145 3.03  3.20  

LCAO-PBE106 1.88  2.36  

LCAO-PBE0106 4.05  4.50  

PAW-PBE106 3.03  2.08  

OLCAO-LDA-AE 1.78  2.04  

PW-PPS-LDA106 1.88    

LMTO-ASA+G0W0106 2.50    

PW-PPs-PBE+G0W0106 2.05    

 

From Table 3.8, we see that most of the calculated band gaps, in this study 

as well as reported values, underestimate or overestimate the experimental 

band gap by about ~1 eV. Previously, this error has been attributed to the 

limitations of the DFT approach.146–148 According to the electron paramagnetic 

resonance (EPR) experiments, oxygen vacancies in TiO2 create Ti3+ 3d defect 

states around ~0.8 eV below the CB.149–153 However, DFT calculations place 
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the defect states within the CB, and the electrons are delocalised over the Ti 

ions, leading to a failure in generating much agreeable band gaps. According 

to the study done by Ohler et al., the DFT+U approach has been identified as 

a possible way to overcome this effect.133 The DFT+U approach, introduces 

an on-site U parameter (Hubbard correction) in eV for localised electrons 

which aims at a correct description of the derivative discontinuity and avoids 

the additional Hartree-Fock calculations of the exchange energy.133,136 In this 

study, B3LYP and HSE06 hybrid XC functionals are in good agreement with 

the expected results. 

3.4 Conclusions 

The above results of bulk TiO2 were considered to decide a reliable XC 

functional and a basis set for further calculations in this study. The 

comparison of formation energies, unit cell parameters and band gap 

energies show that the HSE06 hybrid XC functional with a light basis set 

provide data in excellent agreement with the experimental investigations; 

however, these come with a computational overload. The PBEsol XC 

functional with a light basis set also provides favourable accuracy, and 

efficiency in computational calculations. Additionally, the typical overbinding 

of O2 in the Ti-O systems when using PW91 and GGA functionals has found 

to be less when using the PBEsol functional due to the cancellation of errors 

to a certain degree.136–138 Therefore, PBEsol XC functional with a light basis 

set was selected for the continuation of this whole study to investigate 

promising TiO2-MOF conjugates; however, a hybrid functional such as HSE06 

can be recommended to further studies of photovoltaic properties of such 

materials. 

  



 

 
 

21 

CHAPTER 4 - TiO2 SURFACE MODELS 

4.1 Introduction 

Over the last decade, remarkable progress has been made in the design and 

investigation of the TiO2 facets due to their different morphology-dependent 

activities, such as facilitating the movement of charge carriers and light 

absorption which lead to the development of energy applications.154 § 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
§ Reprinted (adapted) with permission from Chem. Rev. 2014, 114, 19, 9559–9612. 
Copyright 2014 American Chemical Society. 

Figure 4.1: Equilibrium crystal shape and other evolved shapes with different 

facets of (a) anatase and (b) rutile TiO2, which were obtained via the Wulff 

construction.§  
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The Wulff construction has been used to study the equilibrium crystal shape 

and other derived shapes of anatase and rutile TiO2 composed of different 

facets as shown in the Figure 4.1.155 Several energy minimisation arguments 

are used in the Wulff construction to identify the preferred planes in the 

equilibrium crystal shape and those planes are specified as Miller indices 

according to a notation system.155 The facets contribute to the largest area 

of the stable equilibrium structures are identified as the most stable 

equilibrium crystal structures.155  Synthesis of TiO2 facets have been used 

different temperatures, surface treatments and surface-sensitive techniques 

whereas the structural information has been obtained using different 

techniques, such as X-ray diffraction (XRD), scanning tunnelling microscopy, 

X-ray Photoelectron Spectroscopy (XPS), etc. However, there are some issues 

associated with such investigations due to the thermodynamic stability of 

facets, which affected by reconstruction and phase transitions at different 

temperatures.156 Therefore, several theoretical work have been given rise to 

understand the structures of the relaxed surfaces of these facets, 

hydroxylated surfaces of these facets, stable thicknesses of thin films and 

electrical properties. In this regard, low Miller index facets of (110), (101), 

(001) and (100) have been studied using both computational and 

experimental investigations although (110) rutile and (101) anatase TiO2 are 

identified as the thermodynamically most stable facets.133,154,156,157 

Nevertheless, several studies have been demonstrated that the above 

relative stability can be varied according to the functionalisation and 

applications of these facets [i.e., the fluorine-terminated (001) anatase facet 

is energetically preferable than the (101),158 the (110) anatase facet is most 

stable for photocatalytic oxygen evolution reaction while the (001) facet is 

most stable for photocatalytic hydrogen evolution reaction,154 both (101) and 

(110) rutile facet are stable for photocatalytic oxygen evolution reaction,154 

etc]. Additionally, these facets show different properties compared to the bulk 

models due to the presence of differently coordinated oxygen and titanium 

atoms as well as the oxygen vacancies in the outermost relaxed surface, 

which were formed when removing the nearby layer.159 Therefore, 

fundamental studies identifying the significance of each crystal facet are 

essential to understand the tremendous applications of thin films of these 

facets. 
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(101) (100) 

(110) (001) 

4.2 Methodology for generation of TiO2 bulk models and calculations 

The optimised bulk structures of anatase and rutile TiO2 using the PBEsol 

functional, and a light basis set were used to generate different two-

dimensional slab models. The (1 x 1) slab models were generated with (101), 

(001), (100) and (110) Miller index for anatase (Figure 4.2) and, with (110) 

and (101) Miller index for rutile (Figure 4.3), which are the most prominent 

and investigated surfaces among different Miller indices of TiO2 shown in the 

Figure 4.1.114,154,160–166 

 

   

 

 

   

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Top-down view along the xy plane of different facets of anatase 

TiO2 where blue spheres represent titanium atoms, red spheres represent 

oxygen atoms, and a black line highlights the conventional unit cell.  
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Among the different surface facets of TiO2, (110) rutile has been identified as 

the most stable facet and it has been extensively studied. The (110) rutile 

surfaces are already existed in the nature and can be considered as a 

prototype of the oxide surface of TiO2. The structure of (110) rutile is formed 

by neutral atomic layers where one layer consists of the O-Ti2O2-O 

composition.159,167 Likewise, a Ti2O4 unit was considered as a single layer in 

each facet for the comparison of results in this study. The slab thickness was 

varied as a parameter to be converged where number of layers considered 

ranged from 1-6 for the study (Table A2-1 and A2-2). Slabs of (100) anatase 

and (001) anatase were built only with even number of Ti2O4 layers, while 

other facets generated both even and odd number of layers given the 

structural geometry of the facets. 

Geometry optimisations were performed with varying number of top layers 

unconstrained until mid-depth of the slab. Layers after the mid depth were 

not unconstrained as it allows relaxation of so many layers, which could lead 

to unusual results. A vacuum of 20 Å	in total was introduced above and below 

the surfaces (i.e., perpendicular to the xy-plane). For each surface facet, the 

(110) (101) 

Figure 4.3: Top-down view along the xy plane of different facets of rutile TiO2 

where blue spheres represent titanium atoms, red spheres represent oxygen 

atoms, and a black line highlights the conventional unit cell.  
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k-grid was maintained at the k-point density of (0.045 x 2𝜋) Å-1. However, 

the k-grid of the z direction was set to 1 because surfaces are periodic only 

in x and y directions while a vacuum exists in the z direction. A dipole 

correction was introduced in the vacuum region. The dipole correction 

introduces an electrostatic potential step during the surface slab calculation, 

to compensate for a potential surface dipole.101  

The total energies of the cleaved and relaxed slab were used to calculate the 

energy of cleavage and the relaxation, respectively. The surface energy (𝛾>98) 

was then used to determine the relative stability of the facets. The equation 

to calculate the  𝛾>98 of each face with Miller indices (ℎ𝑘𝑙) was derived as 

below: 

𝐸! =	
?"#$%,%'(#(A.?)#*+)

2
		 4.1 

𝐸< =	
?"#$%,$,*#?"#$%,%'(

2
		 4.2 

𝛾>98 = 𝐸! +	𝐸< =
D
2
[2𝐸A70.,0E8 − 𝐸A70.,.;F − (𝑠. 𝐸6789)]  4.3 

where,	𝐸! is the cleavage energy for generating the (1 x 1) slab model of the 

facet, 𝐸A70.,0E8 is the total energy of the slab model after the relaxation, 𝐸A70.,.;F 

is the total energy of the generated slab model before the relaxation (i.e. with 

bulk structure), 𝐴 is the surface area of one side of the slab model in the 𝑥𝑦-

plane, 𝐸< is the relaxation energy of the slab model, 𝐸6789 is the total energy 

of the unit cell and 𝑠 is the number of unit cells in the slab model. When 

calculating the cleaved energy and the relaxation energy, only the 

unconstrained top surface is considered. 

The relaxation of unconstrained surface atoms along the x axis was calculated 

as below: 

∆𝑥 = 	𝑥0E8 −	𝑥730E8  4.4 

where ∆𝑥 is the relaxation along the x axis, 	𝑥0E8 is the x coordinate of a specific 

atom of relaxed slab and 𝑥730E8 is the x coordinate of the same atom of 

unrelaxed slab. Likewise, the relaxations of unconstrained surface atoms 

along the y and z axes also calculated. 
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4.3 Results and discussion 

The surface energies, geometric and electrical properties of different low 

Miller index facets of anatase and rutile TiO2 were compared with the reported 

theoretical and experimental studies to understand the significance of those 

surfaces. 

 Surface energy of different TiO2 facets 

Testing the surface energy by varying the slab thickness and atomic 

constraints is important to determine the appropriate converged settings. The 

surface energies were calculated using the equations in the section 4.2 and 

represented in Table 4.1 to determine the stability of various facets. The 

lowest surface energies are the (101) facet of anatase and the (110) facet of 

rutile in agreement with the experimental evidence.168 Moreover, the surface 

energies of different slabs varying the thickness up to six Ti2O4 layers and 

constraints up to mid-depth can be compared as depicted in the Figure 4.4, 

where the surface energy was converged with the top 2-layers unconstrained 

from a 4-layer slab model. 

Unsurprisingly, the unrelaxed surface slabs show higher surface energies due 

to the constrains for relaxing after slicing through the bulk TiO2 to generate 

surface slab models. According to the Table 4.1, the surface energies become 

similar when increasing the number of layers in the slab as energy is 

converged. The relaxation has greatly lowered the surface energy of (110), 

(101) and (100) facets of anatase TiO2, but not the (001) facet (Table 4.1). 

The (001) facet has been identified as a minority surface in most truncated 

bipyramidal anatase TiO2 nanocrystals which has the (001) facets as bases 

while the main faces consist of (101) planes according to the Wulff 

construction as depicted in the Figure 4.1.155,168 The reported surface energy 

with LDA functional (0.66 J m-2) agrees with the converged surface energy 

value (0.65 J m-2) of (101) anatase in this study. The converged surface 

energy obtained for the (001) anatase in this study (1.22 J m-2) is lower than 

the reported surface energies with LDA functional (1.36 J m-2, 1.52 J m-2). 

The calculated unrelaxed surface energies of (110) rutile using PBEsol 

functional with a light basis set in this study match with the literature, 1.48 J 
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m-2 using GGA-PW91 functional157 even though some other previously 

reported values such as 1.71 J m-2 (LDA),156 1.78 J m-2 for 6-layer slab 

(LDA)169,170 are higher. Moreover, the surface energy of a relaxed slab of 

(110) rutile are reported in the literature as 1.10 J m-2 (LDA, 3-layer slab),156 

0.83 J m-2 (LDA, 6-layer slab),156 0.84 J m-2 (LDA, 6-layer slab),170 0.81 J m-

2 (GGA-PW91, 3-layer slab)171 and 0.80 J m−2 (GGA-PW91, 6-layer slab)172 in 

agreement with the calculated values from this study.  

Surface energies of the (110) rutile shows an oscillating odd-even behaviour, 

which has been previously identified.159,166 The surface energies of slabs with 

odd number of layers are higher compared to the surface energies of slabs 

with even number of layers. Slabs with odd number of layers have an extra 

symmetry of reflection at the centre which mirror the atomic displacements 

on two sides of the slab.159,166  This constrains the relaxation of the slabs and 

increases the surface energy.159,166 Those interactions are getting weaker with 

increasing the number of layers and tend to converge. The energy 

convergence rate in the slabs with even number of layers is higher than the 

slabs with odd number of layers.159,166 
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Table 4.1: Surface energy (J m-2) for the (1 x 1) slab models in different 

facets of anatase and rutile TiO2 which were generated by varying the 

thickness and constraints on the layers. The converged results are highlighted 

in blue. (The unrelaxed and relaxed slab models are mentioned as unrel. and 

rel. respectively). 

 

Number of 

unconstrained 

top layers 

Surface energy with respect to total number of layers in the 

slab (J m-2) Lit. values (J m-2) 

1 2 3 4 5 6 

(101) Anatase 

All constrained 1.238 1.324 1.322 1.322 1.322 1.322 1.28(unrel.)168 PBE 

0.49(rel.)168 PBE 

0.76(rel.)133 LDA 

0.66(rel.)133 LDA 
 

1 - 0.678 0.705 0.705 0.705 0.573 

2 - - 0.629 0.646 0.647 0.515 

3 - - - - 0.634 0.502 

(110) Anatase 

All constrained 2.010 2.229 2.241 2.242 2.242 2.243 

2.17(unrel.)168 PBE 

1.15(rel.)168 PBE 
 

1 - 1.302 1.381 1.387 1.388 1.388 

2 - - 1.195 1.269 1.273 1.273 

3 - - - - 1.251 1.254 

(100) Anatase 

All constrained - 1.440 - 1.632 - 1.642 

1.59(unrel.)168 PBE 

0.58(rel.)168 PBE 
 

1 - 0.476 - 0.895 - 0.902 

2 - - - 0.755 - 0.799 

3 - - - - - 0.757 

(001) Anatase 

All constrained - 1.276 - 1.277 - 1.277 1.12(unrel.)168 PBE 

0.98(rel.)168 PBE 

1.36(rel.)133 LDA 

1.52(rel.)133 LDA 
 

1 - 1.224 - 1.224 - 1.224 

2 - - - 1.224 - 1.224 

3 - - - - - 1.224 

(110) Rutile 

All constrained 2.021 1.452 1.579 1.555 1.561 1.560 0.65(rel.)133 LDA 

0.67(rel.)133 LDA 

0.89(rel.)156 LDA 

0.73(rel.)157 GGA 

1 - 0.555 0.933 0.875 0.888 0.886 

2 - - 0.808 0.704 0.749 0.742 

3 - - - - 0.711 0.687 

(101) Rutile 

All constrained 1.662 0.186 1.313 1.318 1.319 1.319 

1.47(rel.) LDA173 

1.03(rel.) GGA173 

1 - 1.871 1.208 1.216 1.214 1.215 

2 - - 1.856 1.856 1.180 1.183 

3 - - - - 1.856 1.857 
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(a) 

 

     
(b) 

     

 

 

According to the Figure 4.4, when varying the thickness up to six Ti2O4 layers 

and constraints up to mid-depth, the surface energy was converged with the 

top 2-layers unconstrained, 4-layer slab model. 

 

 

Figure 4.4: The plots of surface energy vs. total number of layers (Ti2O4 units) 

of slab models in different facets of (a) anatase and (b) rutile TiO2. 

(101) (110) 

(001) (100) 

(110) (101) 
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 Geometry of different TiO2 facets 

The atomic structure of different facets was investigated as shown in the 

Figure 4.5 and 4.6 because the interaction of TiO2 surfaces with guest 

molecules depends on the coordination of surface ions.156  The (110) rutile 

surface is comprised of five- (Ti5c) and six-coordinated (Ti6c) Ti atoms with 

two- (O2c) and three-coordinated (O3c) O atoms. The (101) rutile surface is 

composed of Ti5c and O2c. Likewise, both (101) and (100) anatase surfaces 

are composed of Ti5c, O2c and O3c. The (110) anatase is covered with four-

coordinated Ti atoms (Ti4c) and O2c. The (001) anatase surface is terminated 

with Ti5c with O2c. The relaxation of these surface atoms leads to some 

displacements of the unconstrained atoms in the top layers of the slab.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(110) 

Ti4c O2c 

(101) 

Ti5c O2c O3c 

(100) 

Ti5c O2c O3c 

(001) 

Ti5c O2c 

Figure 4.5: The 4-layer (3x3x1) slab models, with top 2-layers 

unconstrained of facets of anatase TiO2 where blue and red spheres 

represent Ti and O atoms respectively. A single layer is indicated with a 

side bracket in the right-hand side. 
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The most stable (110) rutile surface has a less density of dangling bonds 

while the (101) anatase surface is formed of an array of troughs and ridges 

due to the two-coordinated O atoms at the highest level.  

The converged slab model with 4-layers, with the top 2 unconstrained, where 

a vacuum of 20 Å	in total exist above and below the surfaces, was used to 

investigate the relaxations of surface atoms calculated using the equation 

4.4. The relaxations of most stable (110) rutile are given in the Table 4.2 

referring the atomic index of Figure 4.7 whereas the relaxations of (101) 

anatase are given in the Table 4.3 referring the atomic index of Figure 4.8. 

The relaxations of other minority facets are given in the Appendix 3. In the 

(110) rutile facet, the dominant relaxations are happened along the z axis 

where the undercoordinated Ti moves downward by 0.13 Å, reducing the bond 

lengths with the atoms in second layer and, six-coordinated Ti atoms and the 

three-coordinated O atoms are move upward by 0.23 Å and 0.19 Å 

respectively, giving evidence for the relaxations reported by Ramamoorthy et 

al.156 In the (101) anatase facet, the dominant relaxations are happened 

along both y and z axes. The undercoordinated Ti move upward by 0.17 Å 

along the z axis and move downward by 0.14	Å along the y axis whereas Ti 

move downward by 0.14	 Å along the z axis. Furthermore, the three-

coordinated and two-coordinated O atoms move downward along the y axis 

whilst three-coordinated O atoms move upward in the z axis. These results 

give evidence for the structural rearrangements of surface atoms after slicing 

from bulk TiO2 to achieve the minimum energy and stabilise.  

(110) 

Ti6c 
Ti5c 

O2c 
O3c 

(101) 

Ti5c O2c 

Figure 4.6: The 4-layer (3x3x1) slab models, with top 2-layers unconstrained 

of facets of rutile TiO2 where blue and red spheres represent Ti and O atoms 

respectively. A single layer is indicated with a side bracket in the right-hand 

side.  
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Table 4.2: Unrelaxed coordinates (x1, y1, z1), relaxed coordinates (x2, y2, z2), 

and relaxations (Δx, Δy, Δz) of near-surface atoms of (110) facet of rutile 

TiO2 where atom index is referred to Figure 4.7. 
(110) Rutile Unrelaxed coordinates Relaxed coordinates Relaxations 

Atom Atom 

index 

x y z x y z Δx Δy Δz 

Ti 0 1.474 1.623 1.623 1.474 1.623 1.389 0.000 0.000 -0.234 

Ti 1 0.000 4.869 1.623 0.000 4.869 1.753 0.000 0.000 0.130 

Ti 2 1.474 4.869 4.869 1.474 4.869 4.925 0.000 0.000 0.056 

Ti 3 0.000 1.623 4.869 0.000 1.623 4.715 0.000 0.000 -0.154 

O 8 1.474 6.136 1.623 1.474 6.088 1.429 0.000 -0.048 -0.194 

O 9 1.474 3.602 1.623 1.474 3.651 1.429 0.000 0.049 -0.194 

O 10 0.000 1.623 2.890 0.000 1.623 2.867 0.000 0.000 -0.023 

O 11 0.000 1.623 0.356 0.000 1.623 0.323 0.000 0.000 -0.033 

O 12 1.474 2.890 4.869 1.474 2.916 4.837 0.000 0.026 -0.032 

O 13 1.474 0.356 4.869 1.474 0.331 4.837 0.000 -0.025 -0.032 

O 14 0.000 4.869 6.136 0.000 4.869 6.094 0.000 0.000 -0.042 

O 15 0.000 4.869 3.602 0.000 4.869 3.555 0.000 0.000 -0.047 

 

Figure 4.7: The 4-layer slab model, with top 2-layers unconstrained of (110) 

facet of rutile TiO2 where a dotted line highlights the conventional unit cell, 

grey and red spheres represent Ti and O atoms respectively. 
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Table 4.3: Unrelaxed coordinates (x1, y1, z1), relaxed coordinates (x2, y2, z2), 

and relaxations (Δx, Δy, Δz) of near-surface atoms of (101) facet of anatse 

TiO2 where atom index is referred to Figure 4.8.  
(101) Anatase Unrelaxed coordinates Relaxed coordinates Relaxations 

Atom Atom 

index 

x y z x y z Δx Δy Δz 

O 0 5.658 3.226 32.179 5.658 3.073 32.130 0.000 -0.153 -0.049 

O 1 5.658 3.999 34.510 5.658 3.748 34.496 0.000 -0.251 -0.014 

O 2 3.772 1.770 33.633 3.772 1.614 33.855 0.000 -0.156 0.222 

O 3 3.772 5.456 33.057 3.772 5.319 33.094 0.000 -0.137 0.037 

O 4 5.658 4.608 28.669 5.658 4.591 28.659 0.000 -0.017 -0.010 

O 5 5.658 5.381 31.000 5.658 5.305 31.029 0.000 -0.076 0.029 

O 6 3.772 3.151 30.123 3.772 3.134 30.111 0.000 -0.017 -0.012 

O 7 1.886 1.687 29.547 1.886 1.649 29.559 0.000 -0.038 0.012 

Ti 16 5.658 5.073 32.906 5.658 4.928 33.073 0.000 -0.145 0.167 

Ti 17 5.658 2.153 33.783 5.658 2.143 33.642 0.000 -0.010 -0.141 

Ti 18 5.658 6.454 29.396 5.658 6.432 29.443 0.000 -0.022 0.047 

Ti 19 5.658 3.534 30.274 5.658 3.556 30.210 0.000 0.022 -0.064 

 

Figure 4.8: The 4-layer slab model, with top 2-layers unconstrained of (101) 

facet of anatase TiO2 where a dotted line highlights the conventional unit cell, 

grey and red spheres represent Ti and O atoms respectively. 
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 Electrical properties of different TiO2 facets 

The band gap of the optimised facets using PBEsol functionals and a light 

basis set is calculated using the equation 2.1 and compared with the reported 

data as shown in the Table 4.4.  

Table 4.4: Calculated band gap (Eg) using PBEsol XC functional and a light 

basis set and, their difference than the experimental data (ΔEg). Literature 

values are highlighted. 

 

EHOMO (eV) ELUMO (eV) Band gap (Eg) 

Band gap 

(Eg) for 

HSE06 

functional154 

(101) anatase -7.87 -5.95 1.91 3.4 

(001) anatase -7.08 -5.73 1.36 2.6 

(100) anatase -6.94 -5.34 1.60 3.3 

(110) anatase -6.74 -5.23 1.51 3.4 

Bulk anatase -9.27 -7.16 2.11 3.3 

(110) rutile -7.78 -6.41 1.38 3.3 

(101) rutile -6.95 -5.57 1.37 3.2 

Bulk rutile -8.88 -7.11 1.77 3.1 

 

The band gaps of facets are comparatively lower than the bulk TiO2 according 

to the PBEsol functional and those values are clearly underestimates of the 

band gaps calculated using the HSE06 functional, which are in good 

agreement with the experimental data.154 According to the literature, hybrid 

functionals give more accurate band gap data.154 Underestimation of the band 

gaps relative to experiment was also observed for the PBEsol functional in 

section 3.3.3 as well. Therefore, the band gap energies are not considered in 

our further work here with the PBESol functional. 
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4.4 Conclusions 

The calculations have shown that the (110) surface of rutile and the (101) 

anatase have the lowest surface energies with the PBESol functional and thus, 

highly stable slab models. This agrees with the Wulff construction because 

those facets contribute to the largest area of the equilibrium structures of 

both anatase and rutile TiO2 shown in the Figure 4.1. Additionally, the 

reported experimental studies also have proven that by discovering that the 

(110) rutile and (101) anatase are the most stable surface of TiO2.133,154,156,157  

Moreover, the surface energies are not converged until a considerable 

number of layers with appropriate constraints are used; in our case, this is 

with a 4-layer slab model, with the top 2-layers unconstrained. Herein, the 

4-layer slab model, with the top 2-layers unconstrained of (110) facet of rutile 

and the (101) facet of anatase was adopted as the slab model to be used for 

the further studies of chemical interactions with TiO2. 

 

  



 

 
 

36 

CHAPTER 5 - INTERACTION OF TEREPHTHALIC ACID AND METAL 

SPECIES WITH TiO2 

5.1 Introduction 

The chemical and physical properties of surfaces are modified via the 

controlled chemical functionalisation in modern nanostructuring.174–177 

Several experimental and theoretical studies for functionalisation of metal 

surfaces such as gold, copper, silver and metal oxide surfaces such as TiO2, 

AgO, ZnO, ZrO2 have been studied using the self-assembled monolayers 

(SAM) of alkane chains and aromatic rings containing carboxylic acids.174,178 

In that regard, functionalisation of TiO2 surfaces has been widely investigated 

towards the applications in optoelectronics, catalysis, sensor fabrication, 

surface coating, medical usage, etc.174 The functionalisation of TiO2 surface 

allows to produce high-quality, tuneable and stable surfaces in which a 

monolayer of organic molecules is anchored to TiO2 surface and acted as the 

template for on-top build structure.174,179–182 Most of the functional molecules 

are linked with the TiO2 surface using carboxylic acid groups and the 

remaining functional groups are reacted with the ancillary molecules to result 

the desired mesoporous structure on TiO2 surface conferring the improved 

electrical properties to the whole system.174,183  

The highly symmetric planar molecule, 1,4 benzenedicarboxylic acid which is 

known as terephthalic acid or TPA has been received a considerable attention 

as the prototypical structure for generating a wide range of MOFs due to 

containing two functional groups.174,179–182 The MOFs thin films deposited on 

a desired substrate is known as the SURMOFs (surface-coordinated MOF thin 

films), which has the advantage of controlling the growth orientation and  

thickness to maintain the homogeneity. In this regard, TPA has been 

investigated as a SAM to develop SURMOFs on TiO2.174,179–182 Subsequently, 

the potential syntheses of MOFs can be verified by investigating the 

interactions of TPA monolayer with metal species. Such TiO2-SURMOF 

systems are highly advantageous as the two materials possess different 

properties while the whole system also shows improved electrical properties 
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due to the possibility of charge transfer over the interface from the adsorbed 

TPA to TiO2.174,179–182  

5.2 Methodology for interactions 

An optimised one-sided slab model was considered for studying the molecule 

adsorption on TiO2. As finalised from the Section 4.4, the 4-layer slab model, 

with the top 2-layers unconstrained of (101) facet of anatase and the (110) 

facet of rutile were used throughout for studying the chemical reactions. 

Those slab models were repeated periodically in x- and y- directions while the 

vacuum persists in z-direction to generate the supercell surfaces with an 

enough area to accommodate different chemical species. The gas-phase 

model of each chemical species was optimised separately before interacting 

with the surface model.  

 Adsorption of terephthalic acid on TiO2 

The 1,4-benzenedicarboxylic acid known as terephthalic acid (TPA)184 was 

considered as the prototypical organic linker for the mesoporous materials of 

interests (Figure 5.1). 

 

 

Figure 5.1: Ball and stick model of TPA molecule where brown spheres 

represent carbon atoms, red spheres represent oxygen atoms and yellow 

spheres represent hydrogen atoms. 
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TPA was introduced to the TiO2 surfaces to interact by mimicking the first 

step of layer-by-layer MOFs growth on TiO2. Therefore, orientations of the 

TPA molecules were decided given the purpose of following an interaction 

with a metal specie consist of at least two ligands. Four types (a-d) and two 

types (e-f) of possible starting geometries were considered for the adsorption 

of TPA molecules on TiO2 surface in vertical orientation and horizontal 

orientation respectively as below: 

Vertical adsorptions: 

Structure A - Vertical adsorption of a single TPA molecule where the 

H atoms of interacting carboxylic group is attached to TPA 

Structure B - Vertical adsorption of closely interacting two TPA 

molecules in face-to-face orientation where the H atoms of interacting 

carboxyl groups are in opposite sides and, the H atoms of carboxyl 

groups interact with the TiO2 surface are dissociated on to the TiO2 

surface. 

Structure C - Vertical adsorption of closely interacting two TPA 

molecules in side-by-side orientation where the H atoms of interacting 

carboxyl groups are close to each other and, the H atoms of carboxyl 

groups interact with the TiO2 surface are dissociated on to the TiO2 

surface 

Structure D - Vertical adsorption of two distant TPA molecules in face-

to-face orientation where the H atoms of interacting carboxyl groups 

are in opposite sides and, the H atoms of carboxyl groups interact with 

the TiO2 surface are dissociated on to the TiO2 surface 

Horizontal adsorptions: 

Structure E - Horizontal adsorption of a single TPA molecule where 

the H atoms of interacting carboxylic groups are attached to another 

TPA 

Structure F - Horizontal adsorption of a single TPA molecule where 

the H atoms of interacting carboxylic groups are dissociated onto the 

TiO2 surface 
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A (4 x 3) supercell model of (101) anatase surface with an area of 233.10 Å2 

along the xy plane was used to study the adsorption of one and two TPA 

molecules; a (4 x 4) supercell model with a surface area of 310.80 Å2 along 

the xy plane was also used to study the interactions between two distant TPA 

molecules. Likewise, a (4 x 2) and (4 x 3) supercell models of the (110) rutile 

surface with a surface area of 156.35 Å2 and 229.64 Å2 along the xy plane 

were used to study the interactions with close and distant TPA adsorptions, 

respectively. A converged 1 x 1 x 1 k-grid was used for both (4 x 3) and (4 

x 4) supercell models of (101) anatase while, a 2 x 2 x 1 and a 2 x 1 x 1 k-

grid was used for the (4 x 2) and (4 x 3) supercell models of (110) rutile 

respectively, which correspond to the (0.045 x 2𝜋)	Å-1 k-point density. 

The adsorption energy (𝐸4GA) was calculated using the equation: 

𝐸4GA =	𝐸A846%:H2 − 𝑛. 𝐸A70.,0E8 −𝑚.𝐸:H2 5.1 

where, 𝐸A846%:H2 is the energy of the combined system, 𝐸A70.,0E8 is the total 

energy of the facet model after relaxation, 𝑛 is the number of facet models 

repeated in the supercell, 𝐸:H2 is the total energy of the optimised gas-phase 

TPA molecule and, 𝑚 is the number of TPA molecules. 

 Interaction of metal species with TiO2 surface bound TPA 

Synthesis of mesoporous materials involves the interaction of the metal 

species and organic linkers, such as metal chlorides, metal isopropoxides (i-

Pr), metal acetates, etc. In this study, anhydrous state of ZnCl2, TiCl4, ZrCl4, 

Zn(OH)2, Ti(OH)4, Zr(OH)4, Zn(i-Pr)2, Ti(i-Pr)4 and Zr(i-Pr)4 were considered 

as the interacting metal species with TiO2 surface bound TPA, assumed as the 

second step of layer-by-layer MOFs growth on TiO2. The most stable oxidation 

state of each metal has been considered. The oxidation state can be defined 

as the number of electrons that an atom loses or gain when bonding with 

another atom in a compound. The Three types of models with two TPA 

molecules bound to TiO2 surfaces taken from section 5.2.1 were used to study 

the interactions with metal species as below (a short name to identify each 

model is mentioned in italics): 
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(a) H dissociative vertical adsorption of close 2 TPA (face-to-face TPA 

and H in opposite sides): Face-to-face close 

(b) H dissociative vertical adsorption of distant 2 TPA (face-to-face TPA 

and H in opposite sides): Face-to-face distant 

(c) H dissociative vertical adsorption of close 2 TPA (side-by-side TPA 

and H in same side): Side-by-side 

Two ligands of the metal atom were assumed to react with the two H atoms 

of the carboxylate groups of TPA molecules as shown in the reactions below: 

 

[(TiO2)(TPA)2] + MClX               [MClX-2(TiO2)(TPA)2] + 2 HCl  5.2 

[(TiO2)(TPA)2] + M(i-Pr)X          [M(i-Pr)X-2(TiO2)(TPA)2] + 2 i-PrH  5.3 

[(TiO2)(TPA)2] + M(OH)X          [M(OH)X-2(TiO2)(TPA)2] + 2 H2O  5.4 

where M is the metal species and X is the number of ligands bound to the 

metal atom. The reaction energy (𝐸0E4I=;/3) was calculated using the equation: 

𝐸0E4I=;/3 = 𝐸A846%:H2%+J + (2. 𝐸-J) −	𝐸A846%:H2 − 𝐸+J 5.5 

where, 𝐸A846%:H2%+J is the energy of whole system, 𝐸A846%:H2 is the total energy 

of TPA adsorbed TiO2 slab model and, 𝐸+J is the energy of metal species and 

𝐸-J is the by-product such as HCl, i-PrH and H2O. 

 Mulliken analysis 

Mulliken analysis was performed for the systems where metal species interact 

with TPA bound TiO2 surfaces. Mulliken analysis produces the electronic 

occupation of each atom in the system in terms of the basis used. The 

calculated partial charges of individual atoms were used to analyse charge 

transfer between the TPA and metal species. According to the literature, 

Mulliken analysis with small basis sets have been resulted qualitatively 

reasonable values whereas, ill-defined values are resulted with the 

completeness of basis set.101,118 In this study, the charge difference of the 

metal ions before and after the adsorption with TPA/TiO2 systems was 

calculated as below:  

∆𝑞 = 	𝑞K −	𝑞D  5.6 
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where the change in charge is ∆𝑞, the charge of the metal ion before and after 

the adsorption are 𝑞D and 𝑞K, respectively.  

5.3 Results and discussion 

 Adsorption of TPA on TiO2 surface 

The adsorption energetics and structural properties of TPA adsorption on 

anatase and rutile TiO2 surfaces, as explained in the section 5.2.1, have been 

investigated. Pristine TiO2 surfaces can be used to study the adsorption of 

carboxylic acids because surface defects are not significantly affected, 

according to the previous literature.174,185 The adsorption energy for 

anchoring TPA molecules mimicking the layer-by-layer MOFs growth on TiO2 

surface was calculated using the equation 5.1 and shown in the Table 5.1. 

The structure of TPA/TiO2 systems are depicted in Figure 5.2 to Figure 5.5.  

 

Table 5.1: Adsorption energy for the TPA/TiO2 systems.  

TPA/TiO2 system 

Orientation of 

interacting carboxyl 

acids and H atoms 

Adsorption 

energy 

(eV/molecule) 

Rutile Anatase 

(A) H non-dissociative vertical 

adsorption of 1 TPA 
- -1.194 -1.132 

(B) H dissociative vertical 

adsorption of close 2 TPA 

Face-to-face and H 

in opposite sides 
-2.245 -1.482 

(C) H dissociative vertical 

adsorption of close 2 TPA 

Side-by-side and H 

in same side 
-1.982 -1.433 

(D) H dissociative vertical 

adsorption of distant 2 TPA 

Face-to-face and H 

in opposite sides 
-2.301 -1.375 

(E) H non-dissociative 

horizontal adsorption of 1 TPA 
- -1.827 -1.137 

(F) H dissociative horizontal 

adsorption of 1 TPA 
- -1.839 -0.447 
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1 2 (A) 

(B) 

(C) 

(D) 

Figure 5.2: Structures of TPA adsorbed on rutile TiO2 vertically: (1) side view 

where only top layer is shown and (2) top view of optimised structure. Atoms 

are coloured as: Ti, blue; O, red; C, brown and H, yellow. Dotted lines in (A) 

shows the angle for the rotation of TPA during the optimisation. Adsorption 

energy is mentioned in a box. 

2.204 Å 

1.538 Å 

1.523 Å 

30° 

4.052 Å 

2.925 Å 

2.941 Å 

-1.194 eV/molecule 

-1.982 eV/molecule 

-2.245 eV/molecule 

-2.301 eV/molecule 
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TPA molecules interact via the carboxylic groups with the Ti5C ions on (110) 

rutile surface, which are unsaturated. The TPA molecule in structure A shows 

the highest adsorption energy due to a 30° rotation around the bond between 

aromatic ring and a surface Ti5C ion when the H of carboxylic group is not 

dissociated. The structure D shows the lowest adsorption energy due to the 

more favourable anchoring between the carboxylate ions with Ti5C ions on 

(110) rutile surface as well as due to the favourably interacting top two 

carboxylic acid groups via hydrogen bonds and van der Waals forces in 

agreement with reported value -2.35 eV/molecule with PW91 GGA 

functional.174 Structure C shows a slight rotation of TPA molecules due to the 

repulsion between the OH parts of nearby carboxyl groups. Structure E shows 

a migration of one H onto the bridging O2C forming a surface hydroxyl group, 

a ~60° rotation of other carboxylic group and a 20° rotation of the whole 

molecule, which is the same behaviour reported by Zasada et al. with PW91 

GGA functional where the values are stated as: O-H is 0.99 Å, OTPA-OHsurf is 

2.21 Å, rotation of the molecule is 19° and adsorption energy is -3.33 eV.174  

(E) 

(F) 

Figure 5.3: Structures of TPA adsorbed on rutile TiO2 horizontally: (1) side 

view where only top layer is shown and (2) top view of optimised structure. 

Atoms are coloured as: Ti, blue; O, red; C, brown and H, yellow. Dotted lines 

in (F) shows the angle for the rotation of TPA during the optimisation. 

Adsorption energy is mentioned in a box. 

1 2 
1.503 Å 

1.031 Å 

1.465 Å 

1.040 Å 

1.466 Å 

1.040 Å 

20° 

-1.827 eV/molecule 

-1.839 eV/molecule 
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1 2 (A) 

(B) 

(C) 

(D) 

Figure 5.4: Structures of TPA adsorbed on anatase TiO2 vertically: (1) side 

view where only top layer is shown and (2) top view of optimised structure. 

Atoms are coloured as: Ti, blue; O, red; C, brown and H, yellow. Adsorption 

energy is mentioned in a box. 

1.450 Å 

1.761 Å 

5.040 Å 

1.555 Å 

1.582 Å 

-1.132 eV/molecule 

-1.433 eV/molecule 

-1.482 eV/molecule 

-1.375 eV/molecule 



 

 
 

45 

 

 

 

TPA molecules interact via the carboxylic groups with the Ti5C ions on (101) 

anatase surface. The TPA molecule in the structure F shows the strongest 

adsorption energy due to a rotation of carboxylic groups to stabilise on a 

surface with closely arranged O2C and O3C atoms. The structure B shows the 

weakest adsorption energy due to the more favourable anchoring between 

the carboxylate ions with Ti5C ions on the anatase surface. Additionally, the 

top two terminal carboxylic acid groups are interacting via a hydrogen bond. 

The structure C does not show a repulsion between the OH parts of nearby 

carboxyl groups like in (110) rutile because the large distance of 5.040 Å. 

Structure E does not show a migration of one H onto the surface, but shows 

the same 90° rotation of one carboxylic group as on (110) rutile surface. 

Overall, the adsorption energies on the (101) anatase surface are higher than 

the (110) rutile surface, and vertical adsorptions of TPA molecules tend to 

bend towards the array of troughs and ridges created by O2C. 

(E) 

(F) 

Figure 5.5: Structures of TPA adsorbed on anatase TiO2 horizontally: (1) side 

view where only top layer is shown and (2) top view of optimised structure. 

Atoms are coloured as: Ti, blue; O, red; C, brown and H, yellow. Adsorption 

energy is mentioned in a box. 

 

1 2 

1.995 Å 

0.977 Å 
0.978 Å 

-1.137 eV/molecule 

-0.447 eV/molecule 
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 Interaction of metal species with TPA functionalised TiO2 

surface 

The adsorption energies and structural properties for the interaction of 

different Zn, Ti and Zr based metal species with the terminal carboxylic 

groups of TPA adsorbed on anatase and rutile TiO2 surfaces as explained in 

the methodology section 5.2.2 have been investigated. The adsorption 

energy for anchoring TPA on TiO2 surfaces was calculated using the equation 

5.2 and shown in the Table 5.2. Interaction of Zn(II)-based metal species 

was considered as being fully coordinated with the two H atoms of carboxylic 

acids of TPA leaving to form separate products. Therefore, the resulting 

structures consist only of a Zn ion and the respective geometries are given in 

the Figure 5.6. The structural geometries of other systems are depicted from 

Figure 5.7 to Figure 5.12. 

 

Table 5.2: Adsorption energy (eV) for the metal species interaction with 

TPA/TiO2 systems. Negative adsorption energy values are shown in blue. 

Metal 

species 

Adsorption energy (eV) 

Face-to-Face  

close TPA 

Face-to-Face  

distant TPA 

Side-by-side  

TPA 

Rutile Anatase Rutile Anatase Rutile Anatase 

ZnCl2 2.079 2.372 1.917 1.938 2.446 2.205 

TiCl4 -1.323 -1.261 -1.148 -1.306 -1.102 -0.993 

ZrCl4 0.657 0.851 0.877 0.708 1.234 1.345 

Zn(OH)2 0.231 0.524 0.069 0.090 0.598 0.358 

Ti(OH)4 -2.138 -2.041 -1.949 -2.112 -2.029 -1.653 

Zr(OH)4 -0.344 -0.133 -0.105 -0.279 0.266 0.334 

Zn(i-Pr)2 0.143 0.436 -0.019 0.002 0.510 0.270 

Ti(i-Pr)4 0.129 0.266 0.271 0.097 0.336 0.494 

Zr(i-Pr)4 -0.248 0.006 0.001 -0.175 0.306 0.451 
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Face-to-face close 

   
Face-to-face distant 

  
Side-by-side 

   
 

 

Figure 5.6: Side views of the structures where only top layer is shown for 

Zn-based metal species interacting with TPA adsorbed on rutile TiO2 (left) 

and anatase TiO2 (right). Atoms are coloured as: Ti, blue; O, red; C, brown; 

H, yellow and Zn, grey. 
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TiCl4       ZrCl4 

   
Ti(OH)4      Zr(OH)4 

   
Ti(i-Pr)4      Zr(i-Pr)4 

   
 

Figure 5.7: Side views of the structures where only top layer is shown for 

metal species interacting with face-to-face close TPA on rutile TiO2. Atoms 

are coloured as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and Zr, 

purple. Interaction energy is mentioned in a box. 

-1.323 eV 0.657 eV 

0.129 eV -0.248 eV 

-2.138 eV -0.344 eV 
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TiCl4       ZrCl4 

  
Ti(OH)4      Zr(OH)4 

  
Ti(i-Pr)4      Zr(i-Pr)4 

  
 

 

Figure 5.8: Side views of the structures where only top layer is shown for 

metal species interacting with face-to-face distant TPA on rutile TiO2. Atoms 

are coloured as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and Zr, 

purple. Interaction energy is mentioned in a box. 

-1.148 eV 0.877 eV 

0.271 eV 0.001 eV 

-1.949 eV -0.105 eV 
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TiCl4       ZrCl4 

   
Ti(OH)4      Zr(OH)4 

   
Ti(i-Pr)4      Zr(i-Pr)4 

   
 
Figure 5.9: Side views of the structures where only top layer is shown for 

metal species interacting with side-by-side TPA on rutile TiO2. Atoms are 

coloured as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and Zr, purple. 

Interaction energy is mentioned in a box. 

-1.102 eV 1.234 eV 

0.336 eV -0.306 eV 

-2.029 eV 0.266 eV 
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TiCl4       ZrCl4 

   
Ti(OH)4      Zr(OH)4 

   
Ti(i-Pr)4      Zr(i-Pr)4 

   
 
Figure 5.10: Side views of the structures where only top layer is shown for 

metal species interacting with face-to-face close TPA on anatase TiO2. Atoms 

are coloured as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and Zr, 

purple. Interaction energy is mentioned in a box. 

-1.261 eV 0.851 eV 

0.266 eV 0.006 eV 

-2.041 eV -0.133 eV 
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TiCl4       ZrCl4 

  
Ti(OH)4      Zr(OH)4 

  
Ti(i-Pr)4      Zr(i-Pr)4 

  
 

 

Figure 5.11: Side views of the structures where only top layer is shown for 

metal species interacting with face-to-face distant TPA on anatase TiO2. 

Atoms are coloured as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and 

Zr, purple. Interaction energy is mentioned in a box. 

-1.306 eV 0.708 eV 

0.097 eV -0.175 eV 

-2.112 eV -0.279 eV 
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TiCl4       ZrCl4 

   
Ti(OH)4      Zr(OH)4 

   
Ti(i-Pr)4      Zr(i-Pr)4 

   
 
Figure 5.12: Side views of the structures where only top layer is shown for 

metal species interacting with side-by-side TPA on anatase TiO2. Atoms are 

coloured as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and Zr, purple. 

Interaction energy is mentioned in a box. 

-0.993 eV 1.345 eV 

0.494 eV 0.451 eV 

-1.653 eV 0.334 eV 
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The main interaction occurs between the metal species and the terminal 

carboxylic groups of TPA. The carboxylic groups of TPA are slightly twisted to 

coordinate with the metal species effectively. Also, the adjacent TPA 

molecules, which are interacting via the hydrogen bonds, are forced to 

interact with metal ions to achieve the functionalisation. The adsorption of 

TiCl4 and TiOH4 on TPA/TiO2 systems show significantly negative adsorption 

energies, while ZrOH4 also show negative reaction energies, specifically with 

the face-to-face orientations. The adsorption of ZnCl2 shows the strongest 

reaction energies while the adsorption of Ti(OH)4 shows the weakest reaction 

energies among all the investigated systems. The study done by Zasada et 

al. to observe the interactions between [(HCOO)Zn]+ and the terminal 

carboxylic groups of TPA dimers on TiO2 surface has been demonstrated the 

same behaviours.174 Those results of reaction energy can be attributed due 

to the arrangement of geometry. Reactions of Zn-based metal species with 

face-to-face TPA have resulted a square planar geometry and the side-on-

side TPA have resulted a linear geometry (Figure 5.6). Reactions of TiCl4, 

ZrCl4, Ti(OH)4, Zr(OH)4, Ti(i-Pr)4 and Zr(i-Pr)4 with face-to-face TPA have 

resulted a trigonal prismatic geometry (Figure 5.7, Figure 5.8, Figure 5.10 

and Figure 5.11). Reactions of TiCl4, ZrCl4, Ti(OH)4, Zr(OH)4, Ti(i-Pr)4 and 

Zr(i-Pr)4 with side-on-side TPA have resulted a tetrahedral geometry (Figure 

5.9 and Figure 5.12). Overall, the reaction of TPA adsorbed on TiO2 surfaces 

with the metal species are disadvantaged, as the stable intermolecular 

interactions of adjacent TPA molecules (via hydrogen bonds between the 

carboxylic groups) means positive adsorption energies exist.174,186,187    

Calculation of the atomic charges and the charge transfer allows to identify 

important changes in electronic properties. In this study, the charges of the 

metal ions before and after the adsorption with TPA/TiO2 systems were 

considered as described in the section 5.2.3 to investigate the charge transfer 

behaviour of the metal ions upon the interaction with terminal carboxylic 

groups of TPA as shown in the Table 5.3. The Ti(IV) ion of the TiCl4 and TiOH4 

adsorbed systems in both face-to-face and side-by-side orientations, the 

Zr(IV) ion of the Zr(OH)4 adsorbed systems with face-to-face orientation, and 

the Ti(IV) ion and Zr(IV) of the Ti(i-Pr)4 and Zr(i-Pr)4 adsorbed systems with 

face-to-face orientation show negative charge differences. Therefore, mainly 

the systems with negative adsorption energies according to Table 5.2 show 
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negative charge differences of the metal ions according to the Table 5.3 giving 

evidence for the stabilisation of the system due to charge transfer from metal 

species to the TPA/TiO2 system. 

 

Table 5.3: Mulliken analysis data for the metal species adsorbed on TPA/TiO2, 

where the charge of the metal ion after the adsorption is q and the change in 

the charge of metal ion after the adsorption is ∆q. 

 
Metal 

species 

Face-to-

Face close 

TPA on rutile 

Face-to-

Face close 

TPA on 

anatase 

Face-to-

Face distant 

TPA on rutile 

Face-to-

Face distant 

TPA on 

anatase 

Side-by-side 

TPA on rutile 

Side-by-side 

TPA on 

anatase 

q (e) Δq 

(e) 

q (e) Δq 

(e) 

q (e) Δq 

(e) 

q (e) Δq 

(e) 

q (e) Δq 

(e) 

q (e) Δq 

(e) 

ZnCl2 0.77 0.17 0.77 0.17 0.77 0.17 0.77 0.17 0.66 0.06 0.73 0.13 

TiCl4 0.60 -0.02 0.68 0.06 0.61 -0.01 0.61 -0.01 0.78 0.16 0.79 0.17 

ZrCl4 1.03 0.05 1.03 0.04 1.06 0.08 1.06 0.07 1.23 0.24 1.23 0.25 

Zn(OH)2 0.77 0.18 0.77 0.18 0.77 0.18 0.77 0.18 0.66 0.07 0.73 0.14 

Ti(OH)4 0.79 -0.12 0.84 -0.07 0.79 -0.12 0.79 -0.12 0.91 0.00 0.98 0.06 

Zr(OH)4 1.26 -0.15 1.25 -0.16 1.29 -0.12 1.28 -0.13 1.45 0.04 1.45 0.04 

Zn(i-Pr)2 0.77 0.18 0.77 0.17 0.77 0.17 0.77 0.17 0.66 0.07 0.73 0.13 

Ti(i-Pr)4 0.81 -0.11 0.88 -0.04 0.82 -0.10 0.82 -0.10 0.97 0.05 0.96 0.05 

Zr(i-Pr)4 1.26 -0.10 1.26 -0.10 1.28 -0.08 1.28 -0.08 1.40 0.04 1.42 0.06 

 

 

5.4 Conclusions 

The vertical adsorption of TPA after deprotonating the terminal carboxylic acid 

in which the other terminal carboxylic groups are in face-to-face orientation 

is concluded as the most favourable way of anchoring TPA molecules on both 

(110) rutile and (101) anatase TiO2 surfaces. This can be attributed due to 

the Van der Waals interaction between the terminal carboxylic acid groups of 

adjacent TPA molecules as well as the favourable linking between the 

deprotonated carboxylic group with the Ti5C ions on both surfaces. At low 

coverages, the adsorption of TPA in horizontal manner after dissociating H 

atoms from the carboxylic acids on to surface can be expected. The 

interaction of TPA/TiO2 systems with metal species to achieve an on-top 
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growth of MOFs is promising, due to the anchoring properties of the terminal 

carboxylic groups of TPA, with ZnCl2, TiCl4, ZrCl4, Zn(OH)2, Ti(OH)4, Zr(OH)4, 

Zn(i-Pr)2, Ti(i-Pr)4 and Zr(i-Pr)4 even though a considerable attention needs 

to be given to overcome the constraints exist due to intermolecular 

stabilisation of adjacent TPA molecules on TiO2 surface via hydrogen bonds 

between the terminal carboxylic groups. Especially, at high coverages of the 

TiO2 surface with adsorbed TPA molecules, some constraints exist to the 

adsorption of chemical species.  
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CHAPTER 6 - MOF NODES INTERACTON WITH TiO2 SURFACES 

6.1 Introduction 

In recent years, the construction of TiO2-MOF composites has been 

extensively investigated to achieve enhanced photocatalytic and photovoltaic 

properties than their original state.1 TiO2-MOF composites have great 

characteristics such as efficient light utilisation by MOFs acting as the 

photosensitizer, capability of transferring photogenerated electrons directly 

to metal ions via organic linkers, TiO2 acts as the primary photocatalyst and 

MOFs act as co-catalyst.1 There are several computational studies have been 

performed to investigate the atomic structure and the energetics of TiO2 and 

MOFs even though the studies to understand the nature of hybrid 

heterointerface of TiO2-MOF composites have been done to a lesser 

extent.188,189 The (100) Zn-MOF-5/(110) rutile TiO2 interface has been studies 

using DFT+D calculations by Zasada et al. who reported that the Zn-MOF-5 

is favourably linked after deprotonating the TPA linkers and the 

heterointerface can enhance the photoactivity by directly transferring the 

photoinduced electrons from the Zn-MOF-5 moiety to the CB of TiO2.188 The 

quantum mechanical study done by Bristow et al. regarding the growth of 

(011) Miller index of Zn-MOF-5 on (110) Miller index of rutile TiO2 also has 

revealed that the thermodynamically stable bidentate connection is formed 

between the MOF nodes and TiO2 surface after deprotonating the TPA and a 

surface O2C accommodates the leaving proton.189  

Among numerous types of MOFs, Zn-MOF-5, Ti-MIL-125 and Zr-UiO-66 

possess high thermal and chemical stability.1,190–196 Additionally, the features 

such as extraordinary porosity, tunability of the pore size and large surface 

area have made those MOFs use in various applications.1,190–196 Furthermore, 

the metal nodes of these MOFs involve in preparation of series of derivatives 

coordinating with different organic linkers.1,190–196 This chapter discusses the 

study focused on the interactions between TiO2 surfaces and MOFs nodes 

separated from bulk models of Zn-MOF-5, Ti-MIL-125 and Zr-UiO-66 to 

investigate the energetics and the structural properties as a simplified version 

of the TiO2-MOF heterointerfaces, expecting that the resulting chemical 
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bonding characteristics are relevant to other related TiO2-MOF composites as 

well.  

6.2 Methodology for interactions 

The optimised 4-layer slab models of the anatase (101) facet and the (110) 

facet of rutile, with top 2-layers unconstrained, were used to investigate the 

chemical interactions with certain metal nodes of MOFs. Bulk models of Zn-

MOF-5, Ti-MIL-125 and Zr-UiO-66 were used from the studies of Allen et 

al.,197 Smalley et al.198 and Lee et al.,199 respectively, which are built based 

on X-ray diffraction studies and deposited in the Crystallography Open 

Database (COD)200. A single metal node was separated from the bulk 

structure and all the TPAs were replaced with formate groups except one TPA, 

to reduce the computational cost and time when using large MOF nodes with 

many atoms. The modified metal nodes were optimised in the gas phase 

before interacting with the rutile and anatase TiO2 surfaces. Deprotonation of 

the terminal carboxylic acid group of TPA was considered when linking with 

the TiO2 surface assuming that an exposed O2C ion binds with the released 

proton. 

The supercell models of rutile and anatase TiO2 with adequate surface area 

were chosen to accommodate the metal nodes and to avoid image 

interactions. A (4 x 3) supercell model of the (110) rutile surface, with an 

area of 229.64 Å2, and the (101) anatase surface with an area of 233.10 Å2, 

along the xy plane, were used to study the adsorption of the metal nodes of 

Zn-MOF-5 and the Zr-UiO-66; for the adsorption of Ti-MIL-125, a (4 x 3) 

supercell model of the (101) anatase surface and a (6 x 3) supercell model 

of the (110) rutile surface, with an area of 344.45 Å2 along the xy plane was 

used. A converged 1 x 1 x 1 k-grid was used for (4 x 3) supercell model of 

(101) anatase, while a 2 x 1 x 1 and a 1 x 1 x 1 k-grid was used for the (4 x 

3) and (6 x 3) supercell models of (110) rutile, respectively, which are 

corresponded to the (0.045 x 2𝜋)	Å-1 k-point density. 

The adsorption energy (𝐸4GA) was calculated using the equation: 

𝐸4GA =	𝐸A846%+L − 𝑛. 𝐸A846,0E8 − 𝐸+L 5.1 
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where, 𝐸A846%+L is the energy of the combined system, 𝐸A846,0E8 is the total 

energy of the facet model after relaxation, 𝑛 is the number of facet models 

repeated in the supercell, 𝐸+L is the total energy of the optimised gas-phase 

metal node. 

6.3 Results and discussion 

The energetics and structural properties of metal nodes adsorbed on anatase 

and rutile TiO2 surfaces were calculated as explained in the section 6.2. The 

structure and the relevant adsorption energy of each system are depicted in 

Figure 6.1. From section 5.3.1 and the previous studies,188,189,201 the surface 

Ti5C ions and the deprotonated TPA linkers are compatible to interact, whereas 

the O2C ions are available to accommodate the leaving proton. Also, the 

negative adsorption energies in Figure 6.1 evidence the thermodynamic 

favourability of the reactions between the metal nodes and the TiO2 surfaces. 

The adsorption energy for the Zn-MOF-5 metal node on (110) rutile system 

is -1.913 eV, whereas the reported value is -2.4 eV with the PW91 GGA XC 

functional.188  

Table 6.1 shows the different bond lengths of each model depicted in the 

Figure 6.1.  The two strong Ti5C-OTPA bonds stabilise the metal nodes in 

vertical orientation on both rutile and anatase TiO2 surfaces. Also, the Ti5C-

OTPA bond lengths change with the metal nodes and the surfaces; the MIL-

125 adsorption on rutile and anatase TiO2 has the shortest and longest Ti5C-

OTPA bond lengths as 1.99 Å and 2.12 Å. The metal-OTPA bond lengths, Ccarboxyl-

Cphenyl bond lengths at the metal node terminal and Ccarboxyl-Cphenyl bond 

lengths near the TiO2 surface show slight elongations in few angstroms 

(~0.002 Å), which are not significant. The study by Zasada et al. also 

reported the distance change in Ccarboxyl-Cphenyl bond by 0.13 Å in the (100) 

Zn-MOF-5/(110) rutile interface, due to tilting of the linkers of bulk (100) Zn-

MOF-5 as well as the change of Zn-OTPA bond distances as 2.31 Å and 1.95 

Å.188 Tilting of linkers and changing the bond distances occurred when 

stabilising the MOF nodes or bulk MOF structures, while the structural 

constraints imposed by the TiO2 surface exist.188 
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Zn-MOF-5 

   

Ti-MIL-125 

   

Zr-UiO-66 

              
 

-1.913 eV -0.905 eV 

-2.237 eV -1.210 eV 

-2.229 eV -0.440 eV 

Figure 6.1: Side views of the structures where only top layer is shown for 

MOF nodes interacting with TPA adsorbed on rutile TiO2 (left) and anatase 

TiO2 (right). Adsorption energy is mentioned in a box. Atoms are coloured 

as: Ti, blue; O, red; C, brown; H, yellow; Zn, grey and Zr, purple. 
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Table 6.1: Bond lengths of the TiO2-MOF systems in Å.  

 

Zn-MOF-5 Ti-MIL-125 Zr-UiO-66 

Rutile Anatase 

Metal 

node 

in gas 

phase 

Rutile Anatase 

Metal 

node 

in gas 

phase 

Rutile Anatase 

Metal 

node 

in gas 

phase 

Ti-OTPA 2.002 2.030 - 1.983 2.126 - 2.006 2.005 - 

Ti-OTPA 2.001 2.036 - 1.992 2.121 - 1.997 2.058 - 

Metal-OTPA 1.944 1.944 1.941 2.074 2.065 2.071 2.217 2.221 2.215 

Metal-OTPA 1.944 1.945 1.940 2.072 2.076 2.071 2.227 2.219 2.221 

C(carboxyl)-

C(phenyl) 

metal node 

side 

1.496 1.494 1.493 1.493 1.491 1.491 1.495 1.484 1.492 

C(carboxyl)-

C(phenyl) 

TiO2 surface 

side 

1.478 1.484 1.484 1.471 1.470 1.494 1.447 1.494 1.496 

 

6.4 Conclusions 

According to the negative adsorption energies obtained for the interaction of 

Zn-MOF-5, Ti-MIL-125 and Zr-UiO-66 MOF nodes with the TiO2 surfaces, the 

MOFs nodes favourably bind with the Ti5C ions of (110) rutile and (101) 

anatase TiO2 surfaces. This is evidence for the reported, thermodynamically 

favourable reaction where MOFs with deprotonated TPA linker constructively 

interact with the TiO2 surfaces forming hybrid heterointerfaces.189 O2C ions on 

both (110) rutile and (101) anatase TiO2 surfaces easily accommodate the 

departing proton from the terminal carboxylic acid group of TPA, facilitating 

the reaction further. The bond distances of the organic ligands of the MOF 

node tend to elongate due to the tilting of MOF node to circumvent the 

structural constraints imposed by the TiO2, which would need to be addressed 

when further considering layer-by-layer deposition of MOF nodes on TiO2, and 

bulk MOFs interaction with TiO2.   
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CHAPTER 7 - CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The energetics and structures of bulk models and surfaces of rutile and 

anatase polymorphs of TiO2, interaction of terephthalic acid (TPA) and metal 

species with TiO2, and interaction of metal organic framework (MOF) nodes 

with TiO2 have investigated in this research. The obtained results have been 

validated by comparing with the reported computational and experimental 

observations where possible.  

In Chapter 3, formation energies, molecular structures, and band gap of bulk 

rutile and anatase polymorphs of TiO2 have calculated using a range of XC 

functionals, validated with the previously reported data and, identified that 

the PBEsol XC functional with a light basis set is the most appropriate setting 

to discover the functionalisation of TiO2 to deliver new composites.  

In Chapter 4, surface energies, geometric and electrical properties have been 

investigated with (110) and (101) facets for rutile TiO2 and (101), (001), 

(100) and (110) facets for anatase TiO2. A converged 4-layer slab model, with 

the top 2-layers unconstrained of (110) facet of rutile and the (101) facet of 

anatase TiO2 were selected as the best models to study the chemical 

interactions with TPA. 

Chapter 5 details calculations of the adsorption of TPA on to (110) rutile and 

(101) anatase TiO2 surfaces and also the interaction of Zn(II), Ti(IV) and 

Zr(IV) based metal chlorides, hydroxides and isopropoxides with already 

adsorbed TPA on the TiO2 surfaces. The results proved that the adsorption of 

TPA on to TiO2 is highly favourable after dissociating the terminal hydrogen 

of TPA. The leaving hydrogen is accommodated by the O2C ions on the TiO2 

surface whereas TPA binds with the surface Ti5C ions. The interaction of metal 

species with TPA is promising due to the linking properties of terminal 

carboxylic acid even though there is a slight constraint due to the Van der 

Waals interactions between the terminal carboxylic acid groups of nearby TPA 

molecules.  

Finally, Chapter 6 looks at the interaction of TPA-coordinated MOF nodes of 

Zn-MOF-5, Ti-MIL-125 and Zr-UiO-66 with (110) rutile and (101) anatase. 
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Likewise, the TPA adsorption on to TiO2 surface, the deprotonation of terminal 

carboxylic acid of TPA linker facilitates the adsorption of such MOF nodes on 

to TiO2 surface. 

Overall, the layer-by-layer MOFs growth using TPA followed by metal species 

or using already formed MOF nodes is highly favourable on both (110) rutile 

and (101) anatase TiO2 surfaces because of the anchoring properties of the 

terminal carboxylic acid groups of TPA as well as the availability of Ti5C and 

O2C ions on the TiO2 surface to accommodate TPA molecules and the departing 

protons, respectively. 

7.2 Future work 

Given the scope of work covered in this study, there are numerous options 

for further research. Various organic ligands (i.e., 1,3,5-

benzenetricarboxylate, 1,4-benzenedipyrazolate, imidazolate) and metal 

species [i.e., Cr(II), Co(II), Fe(II)] are involved in synthesis for a diverse 

number of investigated MOFs to date.1,78–80 Exploration of the MOFs growth 

using such different reaction components should be done to understand the 

chemical bonding at the TiO2-MOF interface and consequences for 

applications. 

The bulk crystal structures of different MOFs are widely available from X-ray 

diffraction studies. Different MOF nodes and crystal facets can be generated 

utilising such bulk crystal structures to be interacted with the TiO2 surfaces; 

although the most stable (110) rutile and (101) anatase TiO2 surfaces were 

used in this study, exploration with the higher energy facets is also necessary 

to better understand the formation and nature of the TiO2-MOF interfaces. 

Additionally, the TiO2 surfaces are commonly hydroxylated, which will 

ultimately change the adsorptions. Therefore, investigation of MOFs 

adsorption on hydroxylated TiO2 surfaces can be done for further 

understanding of the TiO2-MOF interface. 

Moreover, Chapter 3 explains the high accuracy of band gap data with the 

HSE06 hybrid XC functional. Therefore, investigation of band gap energy, 

HOMO and LUMO to explore the photo-induced behaviours (i.e., LMCT, MLCT 

and 𝜋–𝜋* transition in the organic ligands comprising aromatic ring1,78–80) of 
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these materials are recommended to further study the photovoltaic properties 

of TiO2-MOF composites. 
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APPENDIX-1 

Table A1- 1: Calculated formation energies (Eform) using different XC 

functionals varying the basis set and their difference than the experimental 

data (ΔEform). Literature values are highlighted. 

 

Approximation XC functional Basis set 
Rutile Anatase 

Eform (eV) ΔEform (eV) Eform (eV) ΔEform (eV) 

LDA LDA 
Light -10.250 -0.466 -10.253 -0.524 

Intermediate -10.175 -0.391 -10.187 -0.458 

GGA 

AM05 
Light -9.016 0.768 -9.073 0.656 

Intermediate -8.938 0.846 -9.005 0.724 

PBE 

Light -9.041 0.743 -9.106 0.623 

Intermediate -8.969 0.815 -9.044 0.685 

Tight -9.011 0.773 -9.107 0.622 

PBEsol 

Light -9.345 0.439 -9.371 0.358 

Intermediate -9.273 0.511 -9.309 0.420 

Tight -9.322 0.462 -9.382 0.347 

rPBE 
Light -8.469 1.315 -8.570 1.159 

Intermediate -8.402 1.382 -8.512 1.217 

meta-GGA 

M06-L 
Light -9.356 0.428 -9.269 0.460 

Intermediate -9.253 0.531 -9.191 0.538 

SCAN 

Light -10.481 -0.697 -10.376 -0.647 

Intermediate -10.090 -0.306 -10.093 -0.364 

Literature105 -10.656  -10.680  

mBEEF 
Light -9.804 -0.020 -9.873 -0.144 

Intermediate -9.682 0.102 -9.763 -0.034 

Hybrid 

B3LYP 
Light -10.021 -0.237 -10.100 -0.371 

Intermediate -9.951 -0.167 -10.037 -0.308 

HSE06 
Light -9.614 0.170 -9.646 0.083 

Intermediate -9.573 0.211 -9.579 0.150 

PBE0 
Light -9.577 0.207 -9.614 0.115 

Intermediate -9.501 0.283 -9.549 0.180 

Hybrid meta-GGA M06 
Light -10.276 -0.492 -9.856 -0.127 

Intermediate -9.751 0.033 -9.803 -0.074 

Formation energy at 298 K139 -9.784 
 

-9.729 
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Table A1- 2: Unit cell parameters (a and c), their difference than the 

experimental data (Δa and Δc) and, the β angle of the rutile TiO2 calculated 

using different XC functionals varying the basis set. Literature values are 

highlighted. 

 

Approximation 
XC 

functional 
Basis set a (Å) Δa (Å) c (Å) Δc (Å) β (°) 

LDA LDA 
Light 4.550 -0.043 2.926 -0.033 90.000 

Intermediate 4.547 -0.046 2.922 -0.037 90.000 

GGA 

AM05 
Light 4.597 0.004 2.948 -0.011 90.000 

Intermediate 4.594 0.001 2.944 -0.015 90.000 

PBE 

Light 4.643 0.050 2.973 0.014 90.000 

Intermediate 4.640 0.047 2.969 0.010 90.000 

Tight 4.642 0.049 2.963 0.004 90.000 

PBEsol 

Light 4.591 -0.002 2.948 -0.011 90.000 

Intermediate 4.587 -0.006 2.944 -0.015 90.000 

Tight 4.589 -0.004 2.938 -0.021 90.000 

rPBE 
Light 4.685 0.092 2.988 0.029 90.000 

Intermediate 4.681 0.088 2.985 0.026 90.000 

meta-GGA 

M06-L 
Light 4.605 0.012 2.989 0.030 90.000 

Intermediate 4.603 0.010 2.982 0.023 90.000 

SCAN 
Light 4.594 0.001 2.964 0.005 90.000 

Intermediate 4.635 0.042 2.970 0.011 90.000 

mBEEF 
Light 4.625 0.032 2.970 0.011 90.000 

Intermediate 4.602 0.009 2.961 0.002 90.000 

Hybrid 

B3LYP 
Light 4.619 0.026 2.973 0.014 90.002 

Intermediate 4.616 0.023 2.970 0.011 89.999 

HSE06 
Light 4.578 -0.015 2.958 -0.001 89.996 

Intermediate 4.572 -0.021 2.953 -0.006 90.000 

PBE0 
Light 4.575 -0.018 2.954 -0.005 90.000 

Intermediate 4.570 -0.023 2.951 -0.008 90.000 

Hybrid meta-GGA M06 
Light 4.600 0.007 2.952 -0.007 89.999 

Intermediate 4.596 0.003 2.951 -0.008 90.001 

Neutron diffraction data at 295 K142 4.593  2.959   

PBE105 4.644  2.967   

PBE+U (6 eV)105 4.679  3.044   

SCAN105 4.591  2.957   

SCAN+U (2 eV)105 4.604  2.982   

HSE (25% Fock)105 4.582  2.946   
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Table A1- 3: Unit cell parameters (a and c), their difference than the 

experimental data (Δa and Δc) and, the β angle of the anatase TiO2 calculated 

using different XC functionals varying the basis set. Literature values are 

highlighted. 

 

Approximation 
XC 

functional 
Basis set a (Å) Δa (Å) c (Å) Δc (Å) β (°) 

LDA LDA 
Light 3.744 -0.041 9.489 -0.023 90.000 

Intermediate 3.738 -0.047 9.490 -0.022 90.000 

GGA 

AM05 
Light 3.769 -0.016 9.640 0.128 90.000 

Intermediate 3.764 -0.021 9.643 0.131 90.000 

PBE 

Light 3.800 0.015 9.742 0.230 90.000 

Intermediate 3.795 0.010 9.742 0.230 90.000 

Tight 3.798 0.013 9.706 0.194 90.000 

PBEsol 

Light 3.772 -0.013 9.584 0.072 90.000 

Intermediate 3.766 -0.019 9.586 0.074 90.000 

Tight 3.768 -0.017 9.561 0.049 90.000 

rPBE 
Light 3.823 0.038 9.843 0.331 90.000 

Intermediate 3.817 0.032 9.846 0.334 90.000 

meta-GGA 

M06-L 
Light 3.796 0.011 9.663 0.151 90.000 

Intermediate 3.785 0.000 9.697 0.185 90.000 

SCAN 
Light 3.851 0.066 8.979 -0.533 90.004 

Intermediate 3.776 -0.009 9.871 0.359 90.000 

mBEEF 
Light 3.770 -0.015 9.846 0.334 90.000 

Intermediate 3.762 -0.023 9.751 0.239 90.000 

Hybrid 

B3LYP 
Light 3.781 -0.004 9.765 0.253 90.000 

Intermediate 3.775 -0.010 9.762 0.250 90.068 

HSE06 
Light 3.762 -0.023 9.644 0.132 90.000 

Intermediate 3.756 -0.029 9.644 0.132 90.000 

PBE0 
Light 3.759 -0.026 9.631 0.119 89.982 

Intermediate 3.749 -0.036 9.632 0.120 90.049 

Hybrid meta-GGA M06 
Light 3.766 -0.019 9.651 0.139 90.002 

Intermediate 3.759 -0.026 9.636 0.124 90.037 

Neutron diffraction data at 295 K142 3.785  9.512   

PBE105 3.802  9.703   

PBEsol143 3.77  9.56   

PBE+U (6 eV)105 3.881  9.765   

PBE+U[Ti]143 3.88  9.77   

PBE+U[Ti,O]143 3.86  9.74   

SCAN143 3.777  9.587   

SCAN+U (2 eV)105 3.805  9.599   

HSE (25% Fock)105 3.756  9.615   

HSE15143 3.78  9.64   
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Table A1- 4: Calculated band gap (Eg) using different XC functionals varying 

the basis set and, their difference than the experimental data (ΔEg). Literature 

values are highlighted. 

Approximation 
XC 

functional 
Basis set 

Rutile Eg 

(eV) 
ΔEg (eV) 

Anatase Eg 

(eV) 
ΔEg (eV) 

LDA LDA 
Light 1.77 -1.26 2.09 -1.11 

Intermediate 1.81 -1.22 2.11 -1.09 

GGA 

AM05 
Light 1.79 -1.24 2.15 -1.05 

Intermediate 1.83 -1.20 2.18 -1.02 

PBE 

Light 1.77 -1.26 2.13 -1.07 

Intermediate 1.80 -1.23 2.15 -1.05 

Tight 1.84 -1.19 2.16 -1.04 

PBEsol 

Light 1.77 -1.26 2.11 -1.09 

Intermediate 1.81 -1.22 2.13 -1.07 

Tight 1.85 -1.18 2.14 -1.06 

rPBE 
Light 1.77 -1.26 2.14 -1.06 

Intermediate 1.81 -1.22 2.16 -1.04 

meta-GGA 

M06-L 
Light 2.06 -0.97 2.44 -0.76 

Intermediate 2.08 -0.95 2.49 -0.71 

SCAN 
Light 2.08 -0.95 2.02 -1.18 

Intermediate 2.17 -0.86 2.63 -0.57 

mBEEF 
Light 2.19 -0.84 2.66 -0.54 

Intermediate 2.22 -0.81 2.68 -0.52 

Hybrid 

B3LYP 
Light 3.53 0.50 3.92 0.72 

Intermediate 3.58 0.55 3.95 0.75 

HSE06 
Light 3.27 0.24 3.65 0.45 

Intermediate 4.09 1.06 3.69 0.49 

PBE0 
Light 4.06 1.03 4.42 1.22 

Intermediate 4.11 1.08 4.46 1.26 

Hybrid meta-

GGA 
M06 

Light 4.03 1.00 4.38 1.18 

Intermediate 4.10 1.07 4.40 1.20 

Experimental data at 298 K144,145 3.03 
 

3.20 
 

PBE105 1.83 
 

2.10 
 

PBE+U (6 eV)105 2.49 
 

2.82 
 

SCAN105 2.23 
 

2.56 
 

SCAN+U (2 eV)105 2.47 
 

2.80 
 

HSE (25% Fock)105 3.42 
 

3.77 
 

LMTO-ASA+G0W0
106 2.50 

   
LCAO-PBE106 1.88 

 
2.36 

 
LCAO-PBE0106 4.05 

 
4.50 

 
PAW-PBE106 3.03 

 
2.08 

 
PW-PPS-LDA106 1.88 

   
OLCAO-LDA-AE106 1.78 

 
2.04 

 
PW-PPs-PBE+G0W0

106 2.05 
   

Gaussian basis, B3LYP106 
  

3.70 
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APPENDIX-2 

Table A2- 1: Data for slabs generation in different facets of anatase TiO2. 
Facet No. of Ti2O4 layers No. of Ti atoms No. of O atoms No. of unit cells 

Anatase 101 

1 2 4 0.5 
2 4 8 1 
3 6 12 1.5 
4 8 16 2 
5 10 20 2.5 
6 12 24 3  

Anatase 001 

2 4 8 1 
4 8 16 2 
6 12 24 3  

Anatase 100 

2 4 8 1 
4 8 16 2 
6 12 24 3  

Anatase 110 

1 2 4 0.5 
2 4 8 1 
3 6 12 1.5 
4 8 16 2 
5 10 20 2.5 
6 12 24 3 
7 14 28 3.5 

 

Table A2- 2: Data for slabs generation in different facets of rutile TiO2. 
Facet No. of Ti2O4 layers No. of Ti atoms No. of O atoms No. of unit cells 

Rutile 110 

1 2 4 1 
2 4 8 2 
3 6 12 3 
4 8 16 4 
5 10 20 5 
6 12 24 6  

Rutile 101 

1 2 4 1 
2 4 8 2 
3 6 12 3 
4 8 16 4 
5 10 20 5 
6 12 24 6 
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APPENDIX-3 

 

 

 

 

Table A3- 1: Unrelaxed coordinates (x1, y1, z1), relaxed coordinates (x2, y2, 

z2), and relaxations (Δx, Δy, Δz) of near-surface atoms of (101) facet of rutile 

TiO2 where atom index is referred to Figure A3.1. 

(101) Rutile  Unrelaxed coordinates Relaxed coordinates Relaxations 

Atom Atom 
index 

x1 y1 z1 x2 y2 z2 Δx Δy Δz 

Ti 0 2.295 3.524 1.240 2.509 3.408 1.329 0.214 -0.116 0.089 

Ti 1 0.000 0.796 1.240 -0.214 0.680 1.329 -0.214 -0.116 0.089 

Ti 2 2.295 5.116 3.720 2.202 5.152 3.688 -0.093 0.036 -0.032 

Ti 3 0.000 2.389 3.720 0.093 2.424 3.688 0.093 0.035 -0.032 

O 8 3.695 4.702 0.484 3.593 4.725 0.531 -0.102 0.023 0.047 

O 9 0.896 2.346 1.996 0.907 2.359 1.987 0.011 0.013 -0.009 

O 10 1.399 5.074 1.996 1.389 5.087 1.987 -0.010 0.013 -0.009 

O 11 3.191 1.974 0.484 3.294 1.997 0.531 0.103 0.023 0.047 

O 12 3.695 0.838 2.964 3.674 0.827 3.003 -0.021 -0.011 0.039 

O 13 0.896 3.939 4.477 0.915 3.931 4.478 0.019 -0.008 0.001 

O 14 1.399 1.211 4.477 1.380 1.203 4.478 -0.019 -0.008 0.001 

O 15 3.191 3.566 2.964 3.212 3.555 3.003 0.021 -0.011 0.039 

 

Figure A3.1: The 4-layer slab model, with top 2-layers unconstrained of (101) 

facet of rutile TiO2 where a dotted line highlights the conventional unit cell, 

grey and red spheres represent Ti and O atoms respectively. 
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Table A3- 2: Unrelaxed coordinates (x1, y1, z1), relaxed coordinates (x2, y2, 

z2), and relaxations (Δx, Δy, Δz) of near-surface atoms of (110) facet of 

anatase TiO2 where atom index is referred to Figure A3.2. 

(110) Anatase Unrelaxed coordinates Relaxed coordinates Relaxations 

Atom Atom 
index 

x y z x y z Δx Δy Δz 

O 0 2.000 0.411 0.667 2.094 0.597 0.508 0.094 0.186 -0.159 

O 1 3.334 1.985 2.000 3.389 2.044 2.002 0.055 0.059 0.002 

O 2 7.335 4.381 0.667 7.241 4.195 0.508 -0.094 -0.186 -0.159 

O 3 6.001 2.807 2.000 5.946 2.748 2.002 -0.055 -0.059 0.002 

O 4 4.668 0.411 3.334 4.677 0.422 3.275 0.009 0.011 -0.059 

O 5 6.001 1.985 4.668 6.013 1.986 4.661 0.012 0.001 -0.007 

O 6 4.668 4.381 3.334 4.658 4.370 3.275 -0.010 -0.011 -0.059 

O 7 3.334 2.807 4.668 3.323 2.806 4.661 -0.011 -0.001 -0.007 

Ti 16 2.000 2.396 0.667 2.000 2.396 0.939 0.000 0.000 0.272 

Ti 17 3.334 0.000 2.000 3.334 0.000 1.748 0.000 0.000 -0.252 

Ti 18 4.668 2.396 3.334 4.668 2.396 3.437 0.000 0.000 0.103 

Ti 19 3.334 4.792 4.668 3.334 4.792 4.588 0.000 0.000 -0.080 

Figure A3.2: The 4-layer slab model, with top 2-layers unconstrained of (110) 

facet of anatase TiO2 where a dotted line highlights the conventional unit cell, 

grey and red spheres represent Ti and O atoms respectively. 
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Table A3- 3: Unrelaxed coordinates (x1, y1, z1), relaxed coordinates (x2, y2, 

z2), and relaxations (Δx, Δy, Δz) of near-surface atoms of (001) facet of 

anatase TiO2 where atom index is referred to Figure A3.3. 

(001) Anatase Unrelaxed coordinates Relaxed coordinates Relaxations 

Atom Atom 
index 

x y z x y z Δx Δy Δz 

Ti 0 0.000 1.886 1.198 0.000 1.886 1.248 0.000 0.000 0.050 

Ti 1 0.000 0.000 8.386 0.000 0.000 8.386 0.000 0.000 0.000 

Ti 2 1.886 0.000 5.990 1.886 0.000 5.986 0.000 0.000 -0.004 

Ti 3 1.886 1.886 3.594 1.886 1.886 3.583 0.000 0.000 -0.011 

O 8 0.000 1.886 3.183 0.000 1.886 3.169 0.000 0.000 -0.014 

O 9 0.000 0.000 6.401 0.000 0.000 6.399 0.000 0.000 -0.002 

O 10 0.000 1.886 8.797 0.000 1.886 8.797 0.000 0.000 0.000 

O 11 0.000 0.000 0.787 0.000 0.000 0.761 0.000 0.000 -0.026 

O 12 1.886 0.000 7.975 1.886 0.000 7.973 0.000 0.000 -0.002 

O 13 1.886 1.886 1.609 1.886 1.886 1.624 0.000 0.000 0.015 

O 14 1.886 0.000 4.005 1.886 0.000 4.005 0.000 0.000 0.000 

O 15 1.886 1.886 5.579 1.886 1.886 5.572 0.000 0.000 -0.007 

 

Figure A3.3: The 4-layer slab model, with top 2-layers unconstrained of (001) 

facet of anatase TiO2 where a dotted line highlights the conventional unit cell, 

grey and red spheres represent Ti and O atoms respectively. 
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Table A3. 1: Unrelaxed coordinates (x1, y1, z1), relaxed coordinates (x2, y2, 

z2), and relaxations (Δx, Δy, Δz) of near-surface atoms of (100) facet of 

anatase TiO2 where atom index is referred to Figure A3.4. 

(100) Anatase Unrelaxed coordinates Relaxed coordinates Relaxations 

Atom Atom 
index 

x y z x y z Δx Δy Δz 

Ti 0 1.886 2.396 2.829 1.886 2.396 2.659 0.000 0.000 -0.170 

Ti 1 0.000 0.000 2.829 0.000 0.000 2.659 0.000 0.000 -0.170 

Ti 2 0.000 7.188 0.943 0.000 7.245 1.022 0.000 0.057 0.079 

Ti 3 1.886 4.792 0.943 1.886 4.734 1.022 0.000 -0.058 0.079 

O 8 1.886 4.381 2.829 1.886 4.429 2.787 0.000 0.048 -0.042 

O 9 0.000 7.599 2.829 0.000 7.551 2.787 0.000 -0.048 -0.042 

O 10 1.886 0.411 2.829 1.886 0.410 2.729 0.000 -0.001 -0.100 

O 11 0.000 1.985 2.829 0.000 1.986 2.729 0.000 0.001 -0.100 

O 12 0.000 9.173 0.943 0.000 9.056 0.879 0.000 -0.117 -0.064 

O 13 1.886 2.807 0.943 1.886 2.924 0.879 0.000 0.117 -0.064 

O 14 0.000 5.203 0.943 0.000 5.167 0.698 0.000 -0.036 -0.245 

O 15 1.886 6.777 0.943 1.886 6.813 0.698 0.000 0.036 -0.245 

 

 

Figure A3.4: The 4-layer slab model, with top 2-layers unconstrained of (100) 

facet of anatase TiO2 where a dotted line highlights the conventional unit cell, 

grey and red spheres represent Ti and O atoms respectively. 
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