
1 

Structure, stability and water adsorption on ultra-thin TiO2 

supported on TiN 
 

José Julio Gutiérrez Moreno 
1,2,3 *

, Marco Fronzi 
4,5

, Pierre Lovera 
3
, Alan O’Riordan 

3
, Michael 

J. Ford 
5
, Wenjin Li 

1 §
, Michael Nolan 

3┼
. 

 
1 
Institute for Advanced Study, Shenzhen University, Shenzhen 518060, China. 

2 
Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong 

Province, College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, 

China. 
3 
Tyndall National Institute, University College Cork. Lee Maltings, Dyke Parade, Cork, T12 R5CP, 

Ireland.
 

4 
International Research Centre for Renewable Energy, State Key Laboratory of Multiphase Flow in Power 

Engineering, Xi’an Jiaotong University, Xi’an 710049, Shaanxi, China 
5 
School of Mathematical and Physical Sciences, University of Technology Sydney, P.O. Box 123, 

Broadway, Sydney, New South Wales 2007, Australia
 

 

Email: 
*
 juliogutierrez@szu.edu.cn, 

§
 liwenjin@szu.edu.cn, 

┼
 michael.nolan@tyndall.ie  

 

ABSTRACT  

Interfacial metal-oxide systems with ultrathin oxide layers are of high interest for their use in catalysis. In 

this study, we present a density functional theory (DFT) investigation of the structure of ultrathin rutile 

layers (one and two TiO2 layers) supported on TiN and the stability of water on these interfacial structures. 

The rutile layers are stabilized on the TiN surface through the formation of interfacial Ti–O bonds. Charge 

transfer from the TiN substrate leads to the formation of reduced Ti
3+

 cations in TiO2. The structure of the 

one-layer oxide slab is strongly distorted at the interface, while the thicker TiO2 layer preserves the rutile 

structure. The energy cost for the formation of a single O vacancy in the one-layer oxide slab is only 0.5 eV 

with respect to the ideal interface. For the two-layer oxide slab, the introduction of several vacancies in an 

already non-stoichiometric system becomes progressively more favourable, which indicates the stability of 

the highly non-stoichiometric interfaces. Isolated water molecules dissociate when adsorbed at the TiO2 

layers. At higher coverages the preference is for molecular water adsorption. Our ab initio thermodynamics 

calculations show the fully water covered stoichiometric models as the most stable structure at typical 

ambient conditions. Interfacial models with multiple vacancies are most stable at low (reducing) oxygen 

chemical potential values. A water monolayer adsorbs dissociatively on the highly distorted 2-layer TiO1.75-

TiN interface, where the Ti
3+

 states lying above the top of the valence band contribute to a significant 

reduction of the energy gap compared to the stoichiometric TiO2-TiN model. Our results provide a guide 

for the design of novel interfacial systems containing ultrathin TiO2 with potential application as 

photocatalytic water splitting devices. 
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1. INTRODUCTION 

Titanium nitride (TiN) protective coatings are used 

in multiple technologies and applications including 

biomedical and surgical instruments, automotive 

and aerospace parts and sporting goods.
1-4

 The 

widespread use of TiN comes from its capacity to 

enhance the hardness, resistance to corrosion and 

biocompatibility of other materials.
3-6

 TiN is also 

used in microelectronic devices, due to its good 

conductivity and significant plasmonic 

performance
7
 while it is a potential anti-biofouling 

coating for detectors that are designed to be 

exposed to harsh environments
6,8,9

. TiN films can 

be fabricated by widely-used deposition 

techniques
10

 including magnetron sputtering,
5,11

 

ion-beam sputtering (IBS)
12

, physical vapour 

deposition (PVD),
13-16

, chemical vapour deposition 

(CVD)
17-19

 or atomic layer deposition (ALD).
20,21

  

TiN can be oxidised to produce a TiO2 layer or 

scale when it is exposed to high temperatures or 

after long exposure times at ambient conditions
22-27

. 

The formation of a thin TiOx layer on the nitride 

surface can deteriorate the adherence of the coating, 

which will affect the mechanical properties and 

resistivity to corrosion.
25,28,29

. However, there are 

other applications of such an interfacial system in 

which the growth of ultrathin TiO2 films is 

precisely controlled and one example is in catalysis, 

where ultra-thin films can show potential for H2O 

splitting
30,31

, CO2 reduction
32

 or fixation of N2 to 

NH3.
33

 In bulk TiO2, doping or defect formation is 

needed to produce reduced Ti
3+

 sites, which can be 

difficult to control. By contrast, we have shown that 

in TiO2-TiN interfaces, reduced Ti
3+

 states in TiO2 

are naturally formed as a result of charge transfer 

from TiN to TiO2. The well-known reduced Ti
3+

 

states lie in the middle of the TiO2 energy gap. 

Thus, the controlled growth of TiO2 on TiN could 

be further used for tuning the TiO2 optical bandgap 

by oxide-nitride interaction, potentially leading to 

an optimized catalytic performance under visible 

light.
34-36  

The oxidation of TiN is a complex process and the 

structure of the resulting oxide will be highly 

dependent on the temperature and the thickness of 

the oxide layer. Ab initio molecular dynamics 

simulations
37

 showed that at high temperatures, an 

ordered and non-defective crystalline TiO2 structure 

tends to form on the TiN surface. The difficulty in 

adsorbing oxygen after formation of TiO2 layers 

can prevent further TiN oxidation. At low 

temperatures, defects can remain trapped inside the 

interface.
37

 From experiments, it is observed that 

TiN deposited by CVD on Si (100) forms a uniform 

film with stoichiometric composition and 

predominance of (200) out-of-plane orientation at 

deposition temperatures in the range of 400-700 

ºC.
38

 The epitaxial growth of TiO2 on TiN leads to 

the formation of rutile TiO2 (110) with the presence 

of an interfacial oxynitride (TiNxOy) transition 

layer.
39

  

In a previous publication,
40

 we used Hubbard 

corrected density functional theory (DFT+U) to 

study the structure and electronic properties of 

rutile TiO2 (110)–TiN (100) interfaces. We have 

found that in the rutile (110)–TiN interface system 

defects such as Ti vacancies in TiN, O vacancies in 

TiO2 or interdiffusion of O and N atoms within the 

interface may be present. We observed the 

formation of Ti
3+

 cations, preferentially located in 

the interface region, which originate from charge 

transfer to TiO2 upon interface formation or from 

the introduction of O vacancies in non-

stoichiometric systems.  

TiO2 is one of the most extensively investigated 

metal oxides
41-46

 and the wettability of TiO2 can be 

tuned by surface morphology modifications or UV 

irradiation enhancing the hydrophilic features of the 

surface for its use as antibiofouling or self-cleaning 

coating material.
47-49

 The multitude of TiO2 

applications and the ubiquitous presence of water 

explains the great interest in studying the 

interaction of water with different TiO2 

surfaces.
41,50,51 

Water adsorption on TiO2 can be 

described either as molecular or dissociative; in the 

latter surface hydroxyls result from the dissociation 

of H2O into OH + H.
50,52

 Most experimental works 

agree that water adsorbs molecularly at a pristine 

rutile (110) surface and dissociation may take place 

on site defects and step edges.
41,50,53

 Nevertheless, 

there still remains some controversy from 

theoretical studies on water adsorption at pure TiO2 

and the results can be highly dependent on the 

simulation setup parameters, e.g. slab thickness, 

surface coverage or exchange-correlation 

functional.
41 
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When the oxide layer on TiN grows above a certain 

thickness, the resulting oxide can be considered as 

pure TiO2 and the surface morphology will not be 

affected by the substrate material. In our previous 

work,
54

 we showed that when water is adsorbed on 

the rutile surface of TiO2–TiN interfaces with a 4 

O-Ti-O tri-layer thick oxide (11.10 Å), this behaves 

similarly to pure TiO2. We found that at ambient O2 

and H2O pressures the interface is fully covered 

with molecular water. Isolated water molecules 

tend to dissociate on the rutile surface, although 

these are stable only at very low H2O pressures. 

These results are in line with a previous DFT study 

of water adsorption on pure rutile (110) by 

Kowalski et al.
55

 This work also found the 

preferential dissociative adsorption for an isolated 

water molecule. Molecular water is more stable at 

higher surface coverages, whereas the small energy 

differences between molecular and dissociative 

adsorption modes at partially covered surfaces 

suggest the likely formation of molecular H2O 

islands where the molecules at the boundary may 

dissociate.
 
 

The increasing interest in metal-oxide interfacial 

systems lies in the fact that the activity of an ultra-

thin oxide and can be significantly altered by the 

characteristics of the substrate. This effect can be 

explained as a result of the lattice distortion that the 

oxide requires to match the substrate’s lattice 

parameters combined with potential charge transfer 

that takes place in the metal-oxide interface. As an 

example, previous studies on single water molecule 

adsorption at ultra-thin MgO (100) supported on 

Ag (100)
56,57

 and Mo (100)
58

 found enhanced water 

adsorption and reduced dissociation barriers on the 

interfacial systems when compared to the extended 

MgO (100) surface. This preference for dissociated 

water has its origin in the interfacial tensile strain 

that causes an expansion of the MgO lattice, which 

facilitates the dissociation of water. Charge-transfer 

effects are not considered as crucial.
56

 
58

 

Nevertheless, theoretical studies on molecular 

adsorption at oxide-metal interfaces still remain 

scarce. As far as we are aware, the only first 

principles study on water adsorption TiO2-TiN 

interfaces as a model of oxidised TiN is our 

recently published work.
54

  

Therefore, with limited knowledge of the structural 

and electronic properties of ultrathin TiO2 

supported on TiN, we present in this paper a 

detailed investigation of TiO2-TiN interfaces with 1 

and 2-layer rutile TiO2 (110), with the aim to 

understand how the resulting interface properties 

are affected by the thickness of the deposited oxide. 

We applied Hubbard-Corrected Density Functional 

Theory (DFT+U) simulations to account for 

potential reduced Ti
3+

 states in the oxide layer. We 

discuss the structural and electronic properties of 

ultra-thin TiO2 on TiN, including the formation of 

defects in the interfacial region and on the oxide 

surface. Finally, we present a systematic study of 

water adsorption and coverage on the ultrathin TiO2 

layer at TiN. Based on ab initio atomistic 

thermodynamics analyses, we discuss the 

thermodynamic stability of water adsorbed at the 

oxide-nitride system at realistic temperatures and 

within a range of oxygen and water pressure 

conditions. The simulations carried out provide a 

comprehensive insight into the structural and 

electronic properties of ultrathin TiOx supported on 

TiN, presenting this interfacial system as a 

promising interface for catalysis. The main 

outcomes of this study can be used as a guide for 

the rational design of novel catalysts containing 

ultra-thin TiO2. 

2. COMPUTATIONAL DETAILS 

We carried out periodic Density Functional Theory 

(DFT) calculations within the framework of the 

Vienna Ab Initio Simulation Package (VASP). The 

projector augmented-wave (PAW) potentials
59,60

 

are used to describe the core-valence interaction, 

with the valence electrons described by periodic 

plane waves with cut-off energy of 400 eV. We 

used the generalized gradient approximation 

(GGA) for the exchange-correlation functional as 

formulated by Perdew and Wang (PW91).
61

 The 

convergence criteria used for energy and forces on 

each atom and 10
–4

 eV and 0.02 eV/Å respectively. 

All the calculations in this study include a 

correction for on-site Coulomb interactions 

(DFT+U)
 62

, with U = 4.5 eV applied on the Ti 3d 

electrons in TiO2. This correction is applied to 

account for the potential reduction of Ti atoms that 

can form in the TiO2-TiN interface. The U value 

was chosen in consistency with our previous works 

on TiO2-TiN interfaces
40,54

 and surface modified 

TiO2.
63

 We use Bader charge analysis
64

 to assess 

the localization of reduced Ti cations.  
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We calculated the equilibrium lattice for the bulk 

TiN (a = 4.26 Å) and rutile TiO2 (a = 4.64 Å; c = 

2.97 Å) using a Monkhorst-Pack sampling grid of 

(14 x 14 x 14) k-points and (4 x 4 x 4) k-points 

respectively. Rutile TiO2 (110) and TiN (100) 

surfaces have the lowest surface energy for their 

respective polymorphs and compositions.
65,66

 Upon 

cleaving from the bulk, the 5-layer thick (10.66 Å) 

rock-salt TiN (100) surface is composed of neutral 

planes, each with TiN stoichiometry. The 1-layer 

and 2-layer thick O–Ti–O tri-layer TiO2 slabs have 

an approximate thickness of  2.78 Å and 5.55 Å 

respectively, and exhibit rutile (110) surface 

structure before relaxation. A vacuum thickness 

about 18 Å was introduced between the interface 

slabs to avoid interactions along the normal 

between the opposite sides of the model interface. 

The TiN (100) supercell surface model has 120 

atoms and lattice parameters of a = 8.51 Å; b = 

12.77 Å. The stoichiometric rutile TiO2 (110) 1-

layer and 2-layer thick surfaces contain 36 and 72 

atoms respectively, with equilibrium lattice 

dimensions of a = 8.92 Å; b = 13.12 Å. We use a 

(2x1x1) Monkhorst-Pack sampling grid during 

ionic relaxation. After convergence is achieved, we 

run single point calculation with a (6x4x1) grid to 

obtain a more accurate electronic density of states 

(EDOS) for the pristine interfaces. Methfessel-

Paxton smearing function with σ = 0.1 eV was 

employed to integrate the Brillouin Zone 

The interfacial binding energy is estimated from the 

difference in energy between the equilibrium TiN 

free-standing slab, the compressed TiO2 slab (at the 

interface lattice constant) and the total energy of the 

TiO2-TiN interface. In addition to the perfect TiO2-

TiN stoichiometric system, we also considered the 

formation of off-stoichiometric systems arising 

from the formation of O and Ti vacancies. The O 

vacancy formation energy, normalized by the 

number of vacancies, is given by the following 

expression 

                                         
      (1) 

Where E(O)vac is the vacancy formation energy, 

Edefective is the total energy of the relaxed system 

after the vacancy formation, Estoichiometric is the total 

energy of the initially non-defective interface, n is 

the number of vacancies introduced in the system 

and the    
   term corresponds to one half of the 

total energy of an isolated O2 molecule. The Ti 

vacancy formation energy is calculated by an 

analogous expression, in which    
   is substituted 

by the energy of a single Ti atom within a bulk 

hexagonal close-packed (hcp) lattice. The energy of 

an isolated O2 molecule was calculated using a Γ-

point sampling grid, an orthogonal supercell with 

sides larger than 15 Å to avoid molecule self-

interaction and the same plane wave cut-off and 

convergence criteria as the slabs. 

The adsorption of water was simulated by the 

deposition and further relaxation of H2O molecules 

at low coordinated Ti sites on the TiO2 surface. 

Water dissociation (hydroxyl) was created by 

binding one hydrogen atom from water near the 

closest low coordinated surface O site. The 

adsorption energies (Eads) per adsorbed water were 

computed for molecular and dissociative adsorption 

modes using the following expression: 

                                  (2) 

Where Esurf and Ehydrated are the total energy of the 

system before and after the adsorption of water 

respectively. The energy of a single water molecule 

is multiplied by the number of waters in the system 

(n). As for molecular oxygen, the energy of an H2O 

molecule was calculated using the same supercell, 

Γ-point sampling grid and 400eV plane wave cut-

off. 

To analyze the relative thermodynamic stability of 

the interface models in a realistic environment, we 

use the DFT-derived total energies as input into an 

atomistic thermodynamics framework. Here, we 

assume that the interfaces are in equilibrium with 

two infinite gas reservoirs (i.e. O2 and H2O) that 

can exchange particles with no change in their 

chemical potential.  This allows us to include in the 

effect of the surrounding gas phase in 

thermodynamic equilibrium with the surface. The 

interface energy can then be calculated as follows: 

             ∑             (3) 

where A is the interface area; G is the Gibbs free 

energy of the crystal; μ(p,T) is the chemical 

potential of the atomic species in i  

the system; and the term Ni is the total number of 

atoms of species i. We assume that O2 and H2O 
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reservoirs are in non-equilibrium with each other. 

Therefore, we can plot the interface energy as a 

function of the species of interest by treating the 

chemical potentials as independent variables, so 

that a broad spectrum of environmental conditions 

can be treated. Furthermore, by approximating 

water vapour and oxygen as ideal gases, we 

explicitly 

introduce pressure and temperature in our model 

through the analytic relation between chemical 

potentials and the temperature and pressure of the 

two gas reservoirs as follows:  

        *
 

 
   

   
  

      (
   

  
)+  (4) 

    
      *       

   
       

    

   +   (5) 

Here, T and p represent the temperature and partial 

pressure of the two gases, p
0
 denotes atmospheric 

pressure and    is the Boltzmann constant.    is the 

energetic term that includes contributions from 

rotations and vibrations of the molecule, as well as 

the ideal-gas entropy at 1 atm which can be 

calculated or taken from experimental values listed 

in thermodynamic tables.
67

 A more detailed 

description of the methodology can be found in our 

previous works.
54,68,69

  

3. RESULTS AND DISCUSSION 

3.1 Structure of ultra-thin TiO2 on TiN substrate 

The DFT optimized lattice constants for the bulk 

cubic rock-salt structure TiN (a = 4.26 Å) and the 

tetragonal rutile TiO2 (a = b = 4.64 Å and c = 2.97 

Å) are used to generate the TiO2 (110) and TiN 

(100) surface models. Rutile TiO2 (110) and TiN 

(100) are the most stable low-index crystal cuts for 

rutile TiO2
21

 and TiN.
46, 66

 The rutile TiO2 (110) 

structure exhibits two types of oxygens on the 

surface: the two-fold coordinated oxygen (O2f), that 

bridge two Ti atoms on the surface, and the three-

fold coordinated oxygens (O3f). There are also two 

types of surface Ti: the five-fold coordinated (Ti5f) 

and the six-fold coordinated (Ti6f) which is bridged 

by two bridging O2f and these alternate along the 

[001] direction.  

To minimize the lattice mismatch between both 

surfaces, a rutile (110) (3x2) surface supercell, with 

equilibrium lattice constants a = 8.91 Å; b = 13.12 

Å was generated and compressed in-plane to match 

the TiN (100) (2x3) surface supercell with lattice 

parameters of a = 8.51 Å; b = 12.77 Å, which 

minimises the lattice strain in TiO2. In our 

approach, the oxide grows on the TiN and thus it 

has to accommodate to the substrate structure. The 

interface with 1-layer thick TiO2 was generated by 

removing one O-Ti-O tri-layer from the 2-layer 

thick model. This approach was chosen to start with 

a better initial estimation of the nitride-oxide 

interfacial bond distances. By minimizing the 

distortions due to lattice mismatch, we can expect 

to obtain a more stable TiO2 monolayer.  

More details on the construction of the interfaces 

and the structural and electronic properties of TiO2 

(110)–TiN (100) interfaces can be found in a 

previous publication.
54

  

Figure 1 shows the structure of the 1-layer and 2-

layer thick TiO2 (110)–TiN (100) interfaces. 

Surface Ti atoms on the TiN slab migrate from 

their initial positions on the surface to bind with 

oxygen, leading to the formation of multiple Ti-O 

interfacial bonds that will promote interface 

stability.
54

 We do not observe structural changes in 

the subsurface TiN layers. The calculated adhesion 

energies for the deposition of the compressed TiO2 

slab on TiN are -3.22 eV, which correspond to 0.40 

eV per Ti-O interfacial bond, for the 1-layer slab; 

and -1.66 eV, corresponding to 0.33 eV per bond, 

for the 2-layer slab. 

The formation of reduced Ti
3+

 cations in the oxide 

is assessed by computing Bader charges. The 

charge transfer to TiO2 forms reduced Ti
3+

 cations 

that are indicated by light green atoms in Figure 1. 

In the 1-layer model, we find computed Bader 

charges of between 1.32-1.35 electrons for Ti
4+

 

sites and between 1.72-1.80 electrons for the Ti
3+

 

atoms in TiO2. In the 2-layer structure, the 

computed Bader charges range between 1.28-1.33 

electrons for Ti
4+

 sites and 1.67-1.77 electrons for 

the reduced Ti
3+

 sites. The spin magnetizations of 

Ti
3+

 centres in both models have absolute values of 

0.9 μB. 

The 1-layer thick TiO2 in Figure 1(a) relaxes into a 

highly distorted structure when interfaced with the 

TiN surface. Surface Ti atoms in TiN migrate by up 

to 0.7 Å from their initial position to bind with O 

atoms upon interface formation. The oxide layer 

covers the entire TiN surface and, typically for such 
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thin layers
70,71

, it does not preserve the symmetry 

present in the rutile (110) structure. From the top 

view, we observe hexagonal-like patches that 

resemble a flattered rutile (100) geometry surface 

and the oxide is clearly distorted. The formation of 

highly disordered structures has been observed in 

other ultra-thin TiO2 films supported on metal 

surfaces including Ag (100)
70

 or Ni (100).
71

 In the 

oxide slab, five out of the six reduced Ti
3+

 are 

undercoordinated five-fold (Ti5f) species and the 

remaining Ti
3+ 

is six-fold (Ti6f) coordinated. For the 

non-reduced Ti
4+

, one half are Ti6f coordinated to 

neighbouring O and the remaining three titanium 

bind to up to five oxygen atoms. The reduced Ti
3+

 

atoms in the oxide are aligned along the equivalent 

   ̅   direction and localized on the Ti species that 

would correspond to Ti5f atoms on an undistorted 

crystalline single layer rutile (110). The high 

concentration of Ti
3+

 (half of the total Ti atoms in 

the oxide), with larger atomic radii compared to 

Ti
4+

, along with the compression applied to TiO2 to 

compensate the lattice mismatch with TiN may 

explain the significant distortions and the formation 

of this non-ordered oxide monolayer.  

In the 2-layer thick model (Fig.1(b)) the rutile (110) 

structure is clearly preserved. The migration of Ti 

from the nitride towards the oxide is between 0.3 

and 0.8 Å upon interface relaxation. The TiO2 

octahedra rotate perpendicularly to the [001] axis, 

due to the strain applied to compensate the lattice 

mismatch with TiN along with the presence of 

reduced Ti
3+

 centres, which are preferentially 

located in the interfacial region. The features 

observed in the structure of 2-layer thick TiO2 - TiN 

interfaces are consistent with our previous model 

with a thicker oxide layer.
40

 

3.2 Defects in TiO2-TiN interface models 

In this section we increase the complexity of the 

interface models and examine the structural 

stability of non-stoichiometric structures, starting 

from perfect one and two-layer TiO2-TiN 

interfaces. Previous experimental studies have 

detected that defects can arise during oxide growth 

and will, therefore, affect the properties of metal-

oxide interfaces.
11, 19

 We discuss the formation of O 

vacancies
72

 in TiO2, which can be created by 

thermal annealing and is the most common defect 

in other metal-oxides. We also evaluate the 

presence of Ti vacancies in TiN that can form due 

to surface Ti migration on the TiN surface when 

this is in contact with atmospheric O2.
37,39

  

Figure 2 shows the structure and energy cost for the 

formation of the most stable O vacancies in the 1-

layer thick oxide model. Figure 2(a) shows the 

structure of the stoichiometric interface along with 

the suggested transition pathway towards the 

formation of the O-defective system. We performed 

relaxations on different model structures to find the 

most energetically favourable defect sites. The O 

vacancy site, indicated in yellow, is the most stable 

vacancy site among many possible vacancies, and 

its vacancy formation energy cost is only 0.51 eV 

with respect to the perfect interface. Upon 

relaxation of the defective system, one of the 

oxygen atoms nearest the vacancy (labelled as O
1
 in 

Figure 2(a)) migrates to occupy the vacant site 

above a surface Ti on the TiN surface. The O atoms 

that are neighbours of Ti
1’

 (namely O
1
, O

2 
and O

3
) 

go through relaxation following the transition path 

indicated with red arrows in Figure 2(a). The 

introduction of an oxygen vacancy does not lead to 

the formation of extra Ti
3+

 in the oxide, as can be 

expected from the absence of an O
2-

 anion. In this 

case, the creation of an O vacancy in an already 

Figure 1. Structure of the stoichiometric rutile TiO2 (110)–

TiN (100) interface models. The figures show the front 

perspective and top view of (a) interface with 1-layer thick 

TiO2 and (b) interface with 2-layer thick TiO2. Reduced 

Ti3+ atoms in TiO2 represented by green spheres, Ti4+ 

atoms in TiO2 and all Ti in TiN are grey, N atoms are blue 

and O atoms are red. 
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highly reduced oxide slab tends to favour 

delocalization (with computed Bader charges of 

1.41 electrons, which signifies partial reduction) 

and the extra electrons are therefore evenly 

distributed around the oxide.  

Given the low cost for the formation of the first 

oxygen vacancy, we also discuss the formation of a 

second O vacancy (Figure 2(c)). Taking as initial 

structure the system in which the first vacancy was 

created (Figure.2(b)), we found O
2
 to be the most 

stable O-vacancy site on the oxide’s surface. The 

formation energy for the second O vacancy is 

significantly increased, with a computed formation 

energy of 3.89 eV with reference to the single O-

vacancy structure. The addition of two more 

electrons in an already highly reduced system, in 

which further relaxation could be hindered, can 

explain the high energy cost for the second O 

vacancy. We do not observe a significant distortion 

in the system produced by this second O vacancy 

despite the further reduction that arises in the oxide 

from the vacancy.  

The computed Ti vacancy formation energy in TiN 

interfaced with the 1-layer thick oxide is as high as 

4.62 eV, therefore we do not consider this defective 

interface for further study. The structure of the 1-

layer interface with a Ti vacancy is discussed in the 

supporting information, Figure S1. 

Figure 3 shows the relaxed structure of 2-layer 

TiO2-TiN interfaces with one O vacancy. We 

differentiate between vacancies created in (a) the 

terminating surface layer or (b) in the interfacial 

region. We computed formation energy values of 

4.06 eV for an O2f bridging surface oxygen vacancy 

in the terminating layer and 3.85 eV for an 

interfacial vacancy bridging TiO2 and TiN. The 

calculated O vacancy energy values are slightly 

larger than those in the 4-layer thick rutile (110) -

TiN model (3.40 eV at the interface) or a surface O 

vacancy in perfect rutile (110) surface (3.66 eV)
73

, 

while the energy is more favourable than the 

formation of O vacancies in bulk rutile (Evac = 4.4 

eV).
74

 The two non-stoichiometric structures are 

stable, and the rutile structure does not show 

Figure 2. Structure of the O-defective 1-layer thick rutile TiO2 (110)–TiN (100) interface models. We present (a) the initial 

stoichiometric model with arrows indicating the suggested transition pathway towards the formation of (b) the system with one 

oxygen vacancy; (c) shows the interface with 2xO vacancies. The figures for the non-stoichiometric systems show the front 

perspective and top view of the interfaces. The oxygen vacancy sites are represented in yellow, reduced Ti3+ atoms in TiO2 are 

represented by green spheres, Ti4+ atoms in TiO2 and all Ti in TiN are grey, N atoms are blue and O atoms are red. 

 

 



8 

significant distortions after the vacancy formation. 

Although the difference in energy between these 

two models is quite small, we should take into 

account that surface defects may form from initially 

perfect interface under certain ambient conditions 

like the exposure to high temperatures while 

interfacial defects are most likely to arise and 

remain trapped upon oxidation of TiN. 

 

Figure 3. Structure of the O-defective 2-layer thick rutile TiO2 

(110)–TiN (100) interface models with (a) one surface O 

vacancy and (b) interfacial O vacancy. Figures on the top panel 

represent the frontal perspective view, the top view is shown 

on the bottom panel and the vacancy formation energy 

calculated taking as reference molecular O2 is given below the 

figures. In the figure, the oxygen vacancy sites are represented 

by yellow spheres, reduced Ti3+ atoms in TiO2 are represented 

are green, Ti4+ atoms in TiO2 and all Ti in TiN are grey, N 

atoms are blue and O atoms are red. 

In our previous study, we found that the 

introduction of several O vacancies becomes more 

favourable, leading to the stability of highly non-

stoichiometric systems.
40

 Based on these results, in 

addition to the single vacancy system in the 2-layer 

thick TiO2 model, we also consider the formation of 

highly non-stoichiometric interfaces, in which all of 

the bridging O are removed from the interface 

region. Figure 4 depicts the structure of 2-layer 

thick interface models with 6 interfacial oxygen 

vacancies, which results in an interface with the 

oxide composition of TiO1.75-TiN.  

We considered two different approaches to generate 

this defective interface to explore the effect of 

different structures. The etched model in Figure 

4(a) was generated by removing the 2 outermost O-

Ti-O tri-layers from a 4-layer thick TiO2-x-TiN 

model that already contained 6 oxygen vacancies 

(TiO1.88-TiN). The initial structure of this interface 

is available in the Nomad repository.
75

 The 

interface in Figure 4(b) (denoted the slab model) 

was generated by removing all the interfacial 

bridging oxygen in the perfect model from Figure 

1(b). Both highly defective structures are stabilized 

by the formation of multiple Ti-O bonds within the 

interfacial region upon relaxation. In the etched 

model, the symmetry of rutile (110) structure is 

preserved on the surface, with a strongly distorted 

TiO2 layer in the interfacial region, where some 

atoms occupy an interstitial-like position within the 

rutile structure. The slab model forms a highly 

distorted non-ordered oxide structure in which the 

crystalline patterns of the rutile structure are hardly 

identifiable. The total energy of the model with 

non-ordered TiO2-x more stable than the etched 

oxide structure by 7.8 eV. This higher stability 

originates from multiple interfacial Ti-O bonds 

formed in the slab model upon DFT relaxation, 

compared to the etched interface, and indicates that 

distorted TiO2 layers are more stable.  

 

Figure 4. Structure of the 2-layer thick rutile TiO2 (110)–TiN 

(100) interface models with 6 oxygen vacancies in the 

interface. The two different models are created by (a) removing 

2 O-Ti-O tri-layers from the 4-layer thick models from 

reference40, etched model, and (b) introducing 6 interfacial O 

vacancies in the 2-layer thick model in Figure 1.b, slab model. 

Figures on the top panel represent the frontal perspective view, 

the top view is shown on the bottom panel and the vacancy 

formation energy calculated taking as reference molecular O2 

is given below the figures. In the figure, the oxygen vacancy 

sites are represented by yellow spheres, reduced Ti3+ atoms in 

TiO2 are represented are green, Ti4+ atoms in TiO2 and all Ti in 

TiN are grey, N atoms are blue and O atoms are red. 

We identify 14 reduced Ti
3+

 cations in the non-

ordered oxide compared to 11 Ti
3+

 sites in the 
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etched model. The formation of extra reduced 

cations is expected after the introduction of many O 

vacancies and certainly influences the distortions in 

the rutile structure. 

The formation energy of the O vacancies in the 

stoichiometric TiO2-TiN model, to form the TiO1.75-

TiN system, is 3.15 eV / Ovac in the etched 

structure and 1.85 eV / Ovac in the slab model. The 

introduction of multiple vacancies in an already 

non-stoichiometric system has a lower energy cost 

compared to the formation of the first O vacancy at 

the stoichiometric system (Evac ≥ 3.85 eV). The 

suggested stability of the highly non-stoichiometric 

interfaces is consistent with our previous study, 

although our energy values are higher than the 

formation of the non-stoichiometric TiO1.82-TiN 

system in an interface with 4-layer thick oxide 

(1.30 eV / Ovac).
 40

 

Despite the large difference in energy between the 

etched and slab models, both crystalline and 

disordered TiO2 models can be stabilized and even 

coexist depending on the growth temperatures and 

techniques. In particular, it has been shown in a 

previous ab initio molecular dynamics work that at 

high temperatures, an ordered oxide structure can 

grow on the TiN surface, while at low temperatures 

vacancies and defects are prone to remain trapped 

inside the oxide structure.
37

  We should note that 

although our approach considers the formation of 

vacancies from a perfect interface, the most likely 

origin of defect formation is during oxide growth 

and these defects can be trapped in the interface 

after the TiOx growth of TiN and subsequently 

affect the structure and electronic features of the 

interfacial system. 

3.3. Water adsorption at ultra-thin TiO2 models 

on TiN 

3.3.1 Adsorption of one water molecule 

Water is present in nearly every environment and 

can interact with metal oxide surfaces such as TiO2. 

Therefore, it is important to understand how the 

presence of water can alter fundamental properties 

of TiO2 films. In the present section, we discuss the 

adsorption of water on the previously described 

oxide-nitride interfaces, including stoichiometric 

TiO2 and several O-defective TiO2-x models 

supported on TiN. 

In the interfaces where the usual rutile (110) 

surface termination is clearly present, such as the 

stoichiometric 2-layer TiO2-TiN interface, the 

water molecules are adsorbed on top of a surface 

Ti5f site, which is the most favourable adsorption 

site on rutile (110) surfaces.
41

 For the interfaces 

with highly distorted surface terminations, the 

water molecules were systematically deposited at 

different under-coordinated Ti atoms exposed on 

the surface, searching for the most stable adsorption 

site. For the dissociative adsorption of water, a 

hydroxyl (OH) from water is kept on the same site 

as molecular H2O was adsorbed and the second 

hydrogen is adsorbed at an adjacent O2f site.
41

 We 

also discuss the stability of molecular water against 

dissociated, hydroxyl adsorption modes for an 

isolated H2O which is equivalent to 1/6 monolayer 

(ML) coverage, and for fully-covered surfaces (1 

ML coverage) on TiO2–TiN interface models.  

 

Figure 5. Structure of isolated (a) molecular water (H2O) and 

(b) dissociated water (OH-H) adsorbed at stoichiometric 1-

layer thick TiO2 -TiN interface. The adsorption energy values 

are presented under figures. The Ti3+ atoms in TiO2 are 

represented by green spheres, Ti4+ atoms in TiO2 and all Ti in 

TiN are grey, N atoms are blue, O atoms from TiO2 are red, O 

atoms from adsorbed water are black and H atoms are white. 

The computed adsorption energy per water 

molecule, for molecular and dissociated water 

adsorption at the different TiO2-TiN interfaces as a 

function of the water surface coverage are 

presented under the relaxed structure figures and 

summarized in Table S1. The distances for the 

bonds formed between the rutile surface and the 
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adsorbed species are listed in the supporting 

information section (Table S2).  

The most stable configuration for one isolated 

water adsorbed on stoichiometric 1-layer thick 

TiO2-TiN interface is shown in Figure 5. The 

negative energy indicates that molecular adsorption 

is favourable, with Eads = -1.78 eV. The dissociation 

of water contributes to the further stabilization of 

the model by 0.55 eV, with Eads = -2.30 eV. The 

bond formed between the adsorbed O and the 

surface Ti is 2.23 Å for water and 2.05 Å for the 

hydroxyl.  

The adsorption of isolated water on the O-defective 

1-layer TiO2–TiN interface (Fig.S2), where H2O is 

adsorbed with its O sitting at the vacancy site, 

behaves similarly to the stoichiometric model. Our 

results show the preferred dissociation of isolated 

water on the defective TiO2 layer, with computed 

adsorption energies of -1.17 eV for molecular and -

1.73 eV for dissociated water. The stronger 

adsorption energy for dissociated water at the 

stoichiometric TiO2 layer is different from the 

preference for dissociative water adsorption on 

defective rutile (110) 
53,76

, however our interface 

model exhibit a distorted geometry in which the 

surface layer is also different from that of pure 

rutile (110) and has a larger number of reduced Ti
3+

 

species. 

 

Figure 6. Structures of a single (OH-H) on perfect 2-layer 

thick rutile (110) TiO2 -TiN interface. The adsorption energy is 

presented under the figure. The Ti3+ atoms in TiO2 are 

represented by green spheres, Ti4+ atoms in TiO2 and all Ti in 

TiN are grey, N atoms are blue, O atoms from TiO2 are red, the 

O atoms from adsorbed water is black and H atoms are white. 

On the 2-layer thick stoichiometric TiO2-TiN 

interface (figure 6), the preference for an isolated 

water is dissociative adsorption (Eads (OH-H) = -

1.09 eV) and this is 0.41 eV more stable than the 

adsorption of molecular H2O. The adsorption of 

dissociated water produces a strong distortion on 

the rutile layer where the Ti migrates outwards by 

ca. 1.6 Å with respect to its initial position on the 

bare layer and binds with the OH group.  

Adsorption of isolated molecular water at the 

defective 2-layer TiO1.75-TiN interfacial systems 

(with all interface oxygen removed), using equation 

(2) from the methodology section results in 

endothermic adsorption of 1.24 eV on the etched 

model and 1.54 eV on the slab oxide interface 

model. The adsorption energy is usually employed 

as a quantitative description of the new bonds 

created between the surface and the adsorbates. 

However, in our case, the total adsorption energy of 

water is also influenced by a contribution from the 

atomic relaxations in the TiO2-TiN interface after 

water is adsorbed, as previously described in Ref
54

. 

The reference for the energy calculation is the total 

energy of the initially bare interface model. To 

estimate the influence that the distortions on the 

rutile-TiN interface have on Eads, we define the 

distortion energy (Edist) as the difference in energy 

between the pristine interface model (before 

molecular adsorption) and the relaxed structure 

after water desorption. If the corresponding Edist is 

subtracted to the adsorption energy computed 

taking the pristine surface as a reference; we can 

get an estimation of the energy of the bonds formed 

between water and the oxide interface.  

Both TiO1.75-TiN interfaces with isolated H2O 

exhibit adsorption energies that are strongly 

influenced by the interfacial atomic relaxations, 

which are responsible for an increase in the total 

energy by 2.33 eV on the etched model and 2.52 

eV in the slab oxide model. These values give 

insights into the strong distortions produced on the 

oxide layer after water adsorption, which is clear in 

Figures 7 and 8. On the etched model (Figure 7), 

dissociative adsorption of H2O, with an adsorption 

energy of -1.73 eV, is more stable than the 

molecular mode, for which the adsorption energy is 

-0.79 eV; these are the adsorption energies using 

the model of the interface described in the previous 

paragraph as a reference. The adsorption of water  
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Figure 7. Structure of (a) molecular water (H2O) adsorption, (b) dissociated water (OH-H) adsorption and (c) water 

desorption at the 2-layer thick etched model of rutile (110) surface on TiO2 -TiN interfaces. The adsorption energy 

values using the pristine surface as reference (equation 2) is presented directly under (a) and (b) figures. The water 

desorption energy (Edes) and the distortion energy (Edist), that shows the energy cost for the distortion produced in 

the original interface and after removing water, are presented under figure (c). The corresponding Eads using the 

distorted surface (higher energy) as reference are presented in bold and linked with arrows below (a) and (b). The 

interface structures are represented following the same colour code as the previous figures. 

Figure 8. Structure of (a) molecular water (H2O) adsorption, (b) dissociated water (OH-H) adsorption and (c) water 

desorption at the 2-layer thick slab model of rutile (110) surface on TiO2 -TiN interfaces. The adsorption energy 

values using the pristine surface as reference (equation 2) is presented directly under (a) and (b) figures. The water 

desorption energy (Edes) and the distortion energy (Edist), that shows the energy cost for the distortion produced in the 

original interface and after removing water, are presented under figure (c). The corresponding Eads using the 

distorted surface (higher energy) as reference are presented in bold and linked with arrows below (a) and (b). The 

interface structures are represented following the same colour code as the previous figures. 
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on the etched TiO1.75-TiN interface induces a 

migration along the normal of the Ti that binds with 

the adsorbed O of 0.48 Å for the molecular 

adsorption mode, 1.02 Å for the dissociated model 

and 0.17 Å after desorption, estimated with respect 

to the initial position of Ti on the pristine surface. 

The distances of the Ti-O bonds formed on the 

surface are 2.11 Å for H2O and 1.91 Å for OH. 

On the TiO1.75-TiN interface generated from the 2-

layer slab model (Figure 8), H2O is adsorbed on 

the surface forming a Ti-O bond with length 2.20 Å 

which is shortened to 1.89 Å after dissociation. If 

we use again the distorted surface as reference, that 

has higher energy than the initially bare surface, the 

computed adsorption energy for an H2O molecule is 

-1.28 eV and it is more stable than the model 

containing dissociated water (Eads = -0.87 eV). In 

addition, an extra Ti
3+

 cation is present in the oxide 

as a result of electronic relocalisation after water 

adsorption/desorption process.  We can thus 

conclude that, except for the 2-layer thick slab 

model interface, which exhibit a strongly distorted 

surface, all the models for the adsorption of isolated 

water on TiO2-TiN interfaces show that dissociated 

water is more stable than molecular adsorption. 

These differences range from 0.41 eV to 0.94 eV. 

Our findings are in line with previous theoretical 

studies of water adsorption on rutile (110) or and 4-

layer thick TiO2-TiN interfaces, where the 

preference for dissociative adsorption for single 

isolated water molecules at rutile (110) was shown. 

Our computed energy differences are larger than 

the 0.11 eV estimated for water dissociation on 

rutile (110)
55

 or 0.34 eV on 4-layer thick TiO2-TiN 

interface.
54

 The present results also show that the 

adsorption energy of an isolated OH-H is stronger 

at the 1-layer thick stoichiometric TiO2-TiN 

interface compared to the thicker oxides or non-

stoichiometric models. This is a consequence of the 

large concentration of reduced Ti
3+

 that arise on 

surface sites when a very thin TiO2 forms an 

interface with TiN in combination with the non-

ordered structure that contributes towards the 

further stabilization of this ultra-thin oxide layer.  

3.3.2 Adsorption of water at higher coverages 

At the highest water coverage, the fully covered 1-

layer model (Figure 9) has six H2O molecules 

deposited on the available Ti under-coordinated 

sites on the surface. The relaxed structures for the 

models with molecular and dissociated water are 

presented in Figure 9(a) and Figure 9(b) 

respectively. Both models are almost degenerate in 

energy, with computed adsorption energies per 

water molecule of -0.81 eV for molecular H2O and 

-0.84 eV for OH-H. Closer inspection shows that 

upon relaxation, 3 water molecules form when 

starting from the initially fully hydroxylated surface 

(these are indicated with dashed rings in Figure 

9(b)) leading to a mixed environment in which 

molecular H2O and hydroxyls coexist. On the 

molecular H2O covered surface, five of the H2O 

bind to surface Ti with bond distances between 

2.22-2.33 Å while one of the molecules interacts 

with surface O on the surface through a hydrogen 

bond with an O---H distance of 2.06 Å.  

 

Figure 9. Structure fully covered 1-layer thick TiO2 -TiN 

interface with (a) molecular water and (b) dissociated water 

adsorption modes. The adsorption energy values per adsorbed 

water are presented under figures. Molecular H2O formed from 

OH+H reassociation are indicated with dashed rings. The Ti3+ 

atoms in TiO2 are represented by green spheres, Ti4+ atoms in 

TiO2 and all Ti in TiN are grey, N atoms are blue, O atoms 

from TiO2 are red, O atoms from adsorbed water are black and 

H atoms are white. 

The bonds created between surface Ti and O from 

H2O are shorter on the hydroxylated surface. The 

three OH and the closest H2O to the surface bind 

with Ti-O distances between 1.97-2.17 Å. The two 

remaining water molecules sit further from the 

surface at distances of 2.77 Å and 2.83 Å from the 

nearest surface Ti and bind to surface O with 

Hydrogen-bonds that have O---H distances of 1.88 

Å and 1.84 Å. The two adjacent H2O molecules, at 
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a distance of 1.94 Å, also interact through non-

bonding O-H interactions. These results indicate 

that when a very thin oxide layer is deposited on 

TiN, forming a nearly amorphous or nanostructured 

oxide, molecular water may coexist along with 

hydroxyls when water pressures are equal or higher 

than regular ambient conditions. 

Moving now to the 2 layer oxide models, molecular 

water adsorption at full coverage is the most stable 

on the perfect interface (Figure 10). On the surface, 

the two rows with 3 H2O molecules each align on 

the rutile surface along the    ̅   direction via 

formation of strong H-bonds between adjacent 

water molecules, stabilizing the fully covered 

model. The preference for the aligned distribution 

is in agreement with previous studies on water 

adsorption at TiO2 rutile (110)
55,77

 and 4-layer thick 

TiO2-TiN interfaces.
54

 On the model with all water 

molecules dissociated, hydroxyls on the surface go 

through a barrierless reaction to reassociate and 

form water molecules (Figure S3), which indicates 

the instability of dissociated water on fully covered 

ordered rutile (110) surfaces.  

 

Figure 10. Structure of a water monolayer (1ML) on perfect 2-

layer thick rutile (110) TiO2 -TiN interface. The adsorption 

energy per adsorbed water is presented under the figure. The 

Ti3+ atoms in TiO2 are represented by green spheres, Ti4+ 

atoms in TiO2 and all Ti in TiN are grey, N atoms are blue, O 

atoms from TiO2 are red, O atoms from adsorbed water are 

black and H atoms are white. 

The 2-layer thick non-stoichiometric TiO1.75-TiN 

models allow accommodating up to five H2O 

binding directly to surface Ti through the formation 

of Ti-O bonds. The interfacial and surface 

relaxations upon vacancy formation leads to the 

presence of Ti5f sites on the surface that are 

available for water adsorption, instead of the six 

available sites on the rutile (110) stoichiometric 

model.  Water adsorbs strongly on the etched 

TiO1.75-TiN interface (Figure 11), due to the 

contribution of surface relaxations to the overall 

decreasing of the total energy. The molecular 

adsorption of Eads = -1.73 eV per water is very 

similar to the energy of the dissociative adsorption 

mode with Eads = -1.66 eV.   

The two models display a mixed H2O and OH 

coverage on the surface. From a 1 ML coverage of 

molecular water, one water molecule adsorbs 

dissociatively upon relaxation, Figure 11(a). On the 

surface with 1 ML coverage of water in dissociated 

mode, one water molecule forms upon relaxation, 

Figure 11(b). The bonds formed between surface Ti 

and the adsorbed O are consistently larger for 

molecular H2O with measured distances in a range 

between 2.20-2.27 Å from O in H2O and 2.12 Å 

from O in OH. The bond distances on the 

hydroxylated layer vary between 1.88 - 2.01 Å 

from OH and 2.22 Å from H2O.  

The small difference in energy between models 

along with the coexistence of H2O and surface OH 

suggest the likely stability of mixed layer of 

hydroxyls along with water molecules at high water 

coverages on non-stoichiometric and distorted 

rutile (110) interfaces, where the formation of 

stable H2O islands may take place.  

 

Figure 11. Structures of fully covered 2-layer thick etched 

model of TiO2 -TiN interfaces with (a) molecular water and (b) 

dissociated adsorption modes. The adsorption energy values 

per adsorbed water are presented under figures. The Ti3+ atoms 

in TiO2 are represented by green spheres, Ti4+ atoms in TiO2 

and all Ti in TiN are grey, N atoms are blue, O atoms from 
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TiO2 are red, O atoms from adsorbed water are black and H 

atoms are white. 

The adsorption of water on the 2-layer thick non-

ordered slab model TiO2-TiN interface, depicted in 

Figure 12, leads to a more moderated decrease of 

the total energy compared to the etched interface, 

as a consequence of the higher stability of this 

interface. The fully covered hydroxylated surface 

(Eads = -0.71 eV per water molecule) is more stable 

than the H2O covered model (Eads = -0.55 eV per 

water molecule). In the latter, one of the H2O 

molecules spontaneously dissociates upon 

relaxation to form an OH-H pair on the surface. 

The bonds formed between surface Ti and the 

adsorbed O are again larger for molecular H2O. 

 

Figure 12. Structures of fully covered 2-layer thick slab model 

of TiO2 -TiN interfaces with (a) molecular water and (b) 

dissociated adsorption modes. The adsorption energy values 

per adsorbed water are presented under figures. Molecular H2O 

that dissociates spontaneously to form OH+H is indicated with 

a dashed ring. The Ti3+ atoms in TiO2 are represented by green 

spheres, Ti4+ atoms in TiO2 and all Ti in TiN are grey, N atoms 

are blue, O atoms from TiO2 are red, O atoms from adsorbed 

water are black and H atoms are white. 

The Ti-O distances on the molecular model (Figure 

12(a)) range between 2.20 - 2.27 Å as measured 

from O in H2O and 2.12 Å from O in the single OH 

on the surface. Bond distances on the hydroxylated 

layer (Figure 12(b)) range between 1.85 - 1.97 Å as 

measured from the adsorbed O in the OH 

termination. The energy difference of 0.16 eV per 

water with the barrierless dissociation of water on 

the H2O covered surface suggest the preferential 

stability of hydroxyls against molecular water on a 

highly non-stoichiometric oxide that presents a 

disordered structure and with a large concentration 

of reduced Ti
3+

 cations. The preferential formation 

of hydroxyls as a result of the high concentration of 

reduced Ti
3+

 in TiO2 induced by UV illumination 

has been experimentally observed and it is also 

proposed to increase the hydrophilicity of the 

surface.
18

 Our models show the formation of stable 

hydroxyls on highly non-stoichiometric TiO2-x 

surfaces, which contain larger proportions of Ti
3+

 

cations than the stoichiometric interfaces and lacks 

the high order of a crystalline surface layer that 

permits molecular H2O to form stable rows or 

islands on the oxide surface.  

3.4. Thermodynamics of water adsorption at 

TiO2-TiN 

In this section, we analyze the relative stability of 

the interfaces when they are in thermodynamic 

equilibrium with the environment. We use the 

results at 0K obtained by DFT calculations and 

include the effect of oxygen and water present in 

the atmosphere. We model the system as it 

exchanges particles with an external reservoir, 

which is imagined to be infinitely large so that the 

chemical potentials of the species do not change 

during the process. In the previous section, we 

calculated the oxygen vacancy formation energies 

for single and double TiO2 layer on TiN, and we 

deduced that the formation of a single vacancy is 

favourable compared to the multiple vacancies in 

the 1-layer slab while in the 2-layer model the 

opposite trend is observed. These results are in line 

with our ab initio thermodynamics analysis, which 

shows that the inclusion of realistic environmental 

variable indicates that multiple vacancies are most 

stable at low (reducing) oxygen chemical potential 

values. 

As shown in Fig.13, in the interface formed by a 

single TiO2 layer, the single vacancy is the most 

stable for a large very range of Δμ0, and the highly 

reduced interface becomes stable only if Δμ0 is 

lower than -3.0 eV. On the other hand, when a 

double layer of TiO2 is deposited on TiN, we have 

two possible distinct scenarios for the formation of 

a single O vacancy: at the TiO2 surface or at the 

TiO2-TiN interface. In both cases, the pristine 

interface is stable at low Δμ0, whereas decreasing 

Δμ0 the multiple interfacial vacancy system 
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becomes stable. However, the ideal interface shows 

temperature/pressure “resistance” to reduction if 

compared to the non-stoichiometric oxide slabs.  

 

Figure 13. Interface energy (γ) as a function of the chemical 

potential of oxygen (Δμ0) as defined in the methodology 

section. Top and bottom plots represent respectively the 

interface formed by TiN and a TiO2 single and double layer. 

The negative values of Δμ0 correspond to reducing 

atmospheric conditions. The red and blue lines represent the 

interface energy of pristine model and with one oxygen 

vacancy in the single layer (1VO) and double layer (1VOSurf/Inter) 

models, where the systems with surface and interfacial O 

vacancy are represented together. The green and cyan represent 

the interface in highly reduced conditions, that is with two 

oxygen vacancies for TiO2 single layer (2VO), and six oxygen 

vacancies for TiO2 double layer in the slab (6VOslab) and etched 

(6VOslab) models. We include two additional scales that 

represent the conversion in temperature (K) of the chemical 

potential of the oxygen, calculated to p=1atm and p=10-10atm  

When taking into account the effect of the water, 

we have to include in the model an additional 

reservoir that is in equilibrium with the interface. 

However, in our model, the two reservoirs are in 

non-equilibrium with each other, so that we are 

able to treat the two variable μ0 and μH2O 

independently and consequently explore a wider 

range of possible conditions. In Fig.14 we show the 

chemical potential of water from 0 to -3.0 eV, 

however, to consider water vapour as a 

thermodynamically stable phase, the maximum 

value that ΔμH2O can assume is −0.91 eV, which 

corresponds to the chemical potential of water at 

the experimental critical point.  

As a first analysis, we compare the relative stability 

of the interface formed by a single TiO2 layer on 

TiN. Here, we consider a “dry” interface model 

with the single oxygen vacancy and highly reduced 

with the multiple oxygen vacancies. Additionally, 

we consider the single oxygen vacancy and pristine 

interfaces with low and high water coverages of 

water.  At regular ambient pressure, the pristine 

interface model fully covered with a mixture of 

molecular and dissociated water (Figure 9(b)) 

appears as the most stable configuration. At higher 

temperatures, the model with isolated water 

adsorbed in dissociated mode (Figure 5(b)) is 

stabilized at PO2 and P H2O of 1 atm. We notice that 

the pristine interface is not stable under any 

conditions, and the highly reduced interface 

becomes stable only at very low values of both 

water and oxygen chemical potentials.  

 

Figure 14. Interface energy (γ) as a function of the chemical 

potential of oxygen (ΔμO) and water (ΔμH2O) as defined in the 

methodology section. Top and bottom plots represent 

respectively the interface formed by TiN and a TiO2 single 

layer. Here, the pristine surface is taken into account together 
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with the low and highly reduced “dry” interfaces, and the low 

reduced and pristine interfaces in low and high water adsorbed 

concentration.  The coloured areas represent the conditions 

where each interface is thermodynamically stable with respect 

to the other interface considered.  Here OH-H indicates 

dissociated adsorption of water. We include two additional 

scales for each axis that represent the conversion in pressure 

(atm) of the chemical potential of the oxygen, calculated at 

T=300K and T=1200K.  

 

 

Figure 15. Interface energy (γ) as a function of the chemical 

potential of oxygen (ΔμO) and water (ΔμH2O) as defined in the 

methodology section. Top and bottom plots represent 

respectively the interface formed by TiN and a TiO2 double 

layer in slab and etched configuration. Here, the pristine 

surface is taken into account together with the low and highly 

reduced “dry” interfaces, and the low reduced and pristine 

interfaces in low and high water adsorbed concentration.  The 

coloured areas represent the conditions where each interface is 

thermodynamically stable with respect to the other interface 

considered. Here, H2O and OH-H indicate molecular and 

dissociated adsorption, respectively. We include two additional 

scales for each axis that represent the conversion in pressure 

(atm) of the chemical potential of the oxygen, calculated at 

T=300K and T=1200K.  

When considering the 2-layer TiO2 either in etched 

or slab configuration, the analysis leads to a 

different conclusion. In this case, only three 

surfaces are stable within the considered range: 

pristine, highly hydrated and highly 

hydrated/highly reduced surfaces. The fully water 

covered stoichiometric models appear as the most 

stable structure at room temperature and pressure 

conditions. As discussed in the previous sections, 

our study considers the formation of O vacancies 

starting from a perfect interface. However, defects 

are prone to form and remain trapped during oxide 

growth, and thus, non-stoichiometric oxide slabs 

can be stabilized at ambient conditions. The major 

difference between etched and slab configuration is 

that in etched conditions the highly hydrated 

interface is stable for a larger range of both Δμ O 

and ΔμH2O.  

3.5. Electronic structure of bare and hydrated 

TiO2-TiN interface models 

In this section, we discuss the electronic features of 

the different TiO2-TiN interfaces and how these are 

affected by the adsorption of water. The electronic 

density of states (EDOS) for the 1-layer 

(stoichiometric) and 2-layer (stoichiometric and O-

defective) TiO2-TiN interfaces are presented in 

Figure 16 and Figure 17 respectively. The 

individual contribution of each element projected 

onto Ti 3d, N 2p and O 2p states are represented in 

different panels for the TiN and TiO2 regions. A 

more detailed representation of the EDOS for all 

the bare and hydrated interfacial models in this 

study are included in the supporting information 

(Figures S6-9), whereas the most important features 

for selected cases are discussed below. 

The distribution of the TiN EDOS represents the 

metallic character of this material due to the main 

contribution of Ti d-electrons to the states near the 

Fermi level (EF). The EDOS shows Ti-N 

hybridization in for the states below -2 eV with a 

main peak centred at -5 eV, measured both with 

respect to EF. These features are common to all the 

interfaces and do not seem to be strongly affected 

by the thickness of the oxide or presence of defects 

in the oxide or the adsorption of water. Therefore, 

we will omit the description of the TiN in the 

successive discussion.  

The TiO2 EDOS shows the semiconductor 

character of this metal-oxide. The O 2p states 
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dominate the states under the top edge of the 

valence band (VBM) with some Ti 3d contribution 

while the Ti 3d are the main responsible for the 

states at the bottom of the conduction band (CBM). 

We measured an energy gap between the valence 

and conduction bands of 2.7 eV in the 1-layer oxide 

slab and 2.6 eV for the 2-layer. These values are 

comparable to the main gap of the 4-layer thick 

oxide in a TiO2-TiN interface of 2.5 eV,
40

 

calculated with an identical computational setup, 

and underestimated compared to the experimental 

value of TiO2 gap of around 3 eV.
78

 The 

underestimated values for the energy gap are 

generally observed in DFT and DFT+U simulations 

of rutile TiO2 and do not affect the results presented 

in this work. The Ti
3+

 states lay between the highest  

 

Figure 16. Spin-polarized electronic Density of States (EDOS) 

of 1-layer thick stoichiometric TiO2-TiN interface. The graphs 

on the top and bottom panels represent TiO2 and TiN EDOS. A 

legend with the contribution of each species is included in the 

graphs. Ti 3d electrons from TiN are represented with black 

lines, N 2p electrons in blue, Ti 3d electrons from TiO2 in 

purple, and O 2p electrons from TiO2 in red. The accumulated 

contribution of each species was considered for the total 

EDOS. The upper and lower halves of the graphs represent the 

spin-up and spin-down components respectively. The 0 eV 

energy stands for the Fermi level. 

 

Figure 17. Spin-polarized electronic Density of States (EDOS) 

of 2-layer thick TiO2-TiN interfaces (a) stoichiometric, (b) 

etched model of Ti1.75-TiN and (c) slab model of Ti1.75-TiN. 

occupied states O 2p states and the lowest 

unoccupied Ti 3d states in TiO2 as is commonly 

observed in reduced TiO2
73

 and other Ti-based 

metal-oxide interfacial systems like NiTi-TiO2.
79

 In 

the 1-layer model (Figure 16), the reduced Ti
3+

 

states occupy the states between VBM and -1.4 eV 

below EF, which potentially reduces the energy gap 
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to 1.9 eV. We observe also a small peak located in 

the mid-gap and centred at -1 eV from EF. The 

formation of one oxygen vacancy in the 1-layer 

system does not produce significant changes in the 

partial EDOS, as can be observed in Figure S4. 

The stoichiometric 2-layer oxide slab (Figure 17.a) 

exhibits an electronic energy gap of 2.6 eV with a 

mid-gap contribution from reduced Ti
3+

 states lying 

between 0.5 eV above VBM and 1.3 eV below 

CBM. In the non-stoichiometric slabs, with TiO1.75 

composition, the Ti
3+

 states occupy the states from 

VBM to about -1 eV below EF. The presence of the 

Ti
3+

 states contributes to a significant reduction of 

the energy gap, from 2.6 eV in the stoichiometric 

TiO2-TiN model to 1.3 eV in the TiO1.75-TiN 

systems. 

The adsorption of water on the oxide slabs in TiO2-

TiN interfaces, presented in Figure 18 and Figures 

S7-S9, does not produce significant alterations in 

the TiO2 EDOS. The EDOS for the 2-layer thick O-

defective fully covered TiO1.75-TiN interfaces 

model exhibit equivalent features for the etched and 

slab model interfaces. However, we observe clear 

differences in the EDOS between molecular and 

dissociative adsorption of water. In the interface 

with adsorbed H2O (Figure 18.a) the main O 2p 

states from H2O are distributed between -1.4 eV 

and -3.0 eV below the TiO2 valence band, with 

several sharp O and H peaks in the region between 

Figure 18. Spin-polarized Electronic Density of States (EDOS) of TiO2 for the fully covered slab model of Ti1.75-TiN with (a) 

molecular H2O and (b) dissociated OH-H water. A legend with the contribution of each species is included in the graphs. Ti 3d 

electrons from TiN are represented with black lines, N 2p electrons in blue, Ti 3d electrons from TiO2 in purple and O 2p electrons 

from TiO2 in red. The accumulated contribution of each species was considered for the total EDOS. The upper and lower halves of the 

graphs represent the spin-up and spin-down components, respectively. The 0 eV energy stands for the Fermi level. 
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-4.2 eV and -8.1 eV as measured from VBM. When 

water is dissociatively adsorbed, the hybridization 

between O 2p states from TiO2 and OH is identified 

at higher energy states, with their main contribution 

between -0.6 eV and -2.4 eV below VBM. The O 

and H states from dissociated water are localized in 

a region between -4.9 eV and -7.9 eV below VBM. 

The most strongly bonded states (lowest energy) 

are more stable in the hydroxylated model 

compared to the model with molecular H2O. The 

presence of several sharp peaks, that are localized 

at low energy states, denote the high stability of the 

adsorbed hydroxyls on the non-stoichiometric non-

ordered TiO1.75-TiN interface. In addition, the high 

concentration of reduced Ti
3+

 states formed from 

charge transfer from the TiN substrate along with 

the formation of stable O vacancies leads to a 

significant reduction of the energy gap of this 

system compared to the stoichiometric slab, as 

discussed above. 

4. CONCLUSIONS 

We carried out a detailed first-principles study to 

describe the structural and electronic properties of 

ultra-thin TiO2 supported on a rock-salt TiN surface 

model.  The rutile (110) TiO2 slab models are 

stabilized on the TiN surface through the formation 

of interfacial Ti – O bonds. Our Hubbard-corrected 

DFT+U calculations show charge transfer from the 

TiN towards the oxide, which leads to the 

formation of reduced Ti
3+

 cations in TiO2. The 1-

layer model presents a strongly distorted oxide, due 

to the high concentration of reduced Ti
3+

 atoms and 

the compression applied to TiO2 to compensate the 

lattice mismatch with TiN. Our ab initio 

thermodynamics calculations show the stability of 

oxygen vacancies in this interface for values of µ0 

below -1.25 eV.  

The oxide slab in the 2-layer thick TiO2-TiN 

interfaces preserves the original symmetry of the 

rutile surface. The highly non-stoichiometric 

(TiO1.75-TiN interface) slab model, generated by 

introducing six interfacial O vacancies in the 2-

layer thick perfect interface, is highly distorted and 

it is more stable than the etched oxide model. The 

introduction of several vacancies in an already non-

stoichiometric system becomes progressively more 

favourable, which suggests the stability of the 

highly non-stoichiometric interfaces, in line with 

our previous study on nitride supported interfaces 

with thicker oxide.
 40

 

We analysed the adsorption of molecular and 

dissociated water as a function of the surface 

coverage and the composition of the oxide-nitride 

interface. One isolated water is dissociatively 

adsorbed on the stoichiometric and at the least 

distorted O-vacancy oxide slabs. At higher water 

coverages, our results suggest the likely stability of 

mixed environments with molecular H2O and 

hydroxyls on the 1-layer slab. On the 2-layer TiO2 

slab, 1ML of molecular H2O coverage is stabilized 

through the formation of H-bonds between adjacent 

water molecules. On the other hand, the adsorption 

of a 1ML on the 2-layer thick non-ordered slab 

model presents the hydroxylated surface (Eads = -

0.71 eV per H2O) as the most energetically 

favoured model. This is mainly due to the lack of 

symmetry on the oxide surface, that penalises the 

stabilization of H2O avoiding the formation of H 

bonds with its neighbouring molecules.  

The EDOS for the highly non-stoichiometric 

TiO1.75-TiN systems shows the Ti
3+

 states lying 

above the top of the valence band, which 

contributes to a significant reduction of the energy 

gap, from 2.6 eV in the stoichiometric TiO2-TiN 

model to 1.3 eV in TiO1.75-TiN. 

Our DFT+U study of ultrathin oxide in TiO2–TiN 

interfaces indicate the preference for dissociated 

water on the amorphous-like oxide slabs along with 

an important reduction of the electronic energy gap 

in the interfaces with highly non-stoichiometric 

oxides. Based on these analyses, we suggest the 

suitability of this interfacial system for 

photocatalytic water splitting applications. The 

main outcomes of this study can be also used as a 

guide to foster future applications for interfaces 

with ultra-thin oxide supported on a metallic 

substrate. 
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