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Abstract

Titanium Nitride (TiN) surfaces can oxidise and the growth of a TiOy layer on the surface
along with the likely presence of water in the surrounding environment can modify the
properties of this widely used coating material. The present Density Functional Theory study,
including Hubbard +U correction (DFT+U), investigates the stability of adsorbed water at
Ti0,-TiN interfaces with different defects, that serve as a model for an oxide layer grown on
a TiN surface. Surface free energy calculations show the stability of perfect TiN-TiO,
interface at regular O pressures, while oxygen vacancy-rich TiO; gs—TiN is more favourable
at reducing conditions. An isolated water is preferentially adsorbed dissociatively at perfect
and oxygen defective interfaces while molecular adsorption is more stable at higher
coverages. The adsorption energy is stronger at the oxygen defective interfaces which arises
from the high concentration of reduced Ti’" and strong interfacial atomic relaxations. Ab
initio atomistic thermodynamics show that water will be present at high coverage on TiO,-
TiN interfaces at ambient conditions and the pristine interface is only stable at very low

pressure of O and H,O. The results of these DFT+U simulations are important for the

fundamental understanding of wettability of interfacial systems involving metal oxides.
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1. Introduction

Titanium nitride (TiN) is a widely used coating material with multiple applications'* and is
used as a conducting layer or to enhance the hardness, resistance to corrosion and
biocompatibility of different materials.”® The TiN surface can oxidise at high temperatures or
after long exposure times at regular ambient conditions.””'* The formation of a Ti-based oxide
(TiOy) layer on the nitride surface tends to reduce the adherence of the coating. This results in
a deterioration of the resistivity, mechanical properties or anti-corrosion features of TiN."*™"
In different applications, the substitutional doping of N into the crystalline TiO, matrix can
introduce N 2p states above the O 2p valence band, reducing the large TiO, bandgap.'® Thus
the controlled growth of TiO; on TiN may be used for tuning the TiO, optical bandgap by
nitride formation leading to an optimized catalytic performance under visible light.'®"®

The oxidation of TiN is a complex reaction. When oxidation takes place at high temperature,
a void-free stoichiometric ordered TiO, crystalline structure can form on the TiN surface. In
contrast at low temperatures, defects such as vacancies or TiN,Oy transition structures can
form during growth and are prone to remain trapped in the interface.'"'” When the oxidation
takes place at regular atmospheric conditions the TiOy structure is expected to show features
of either rutile or anatase. The oxidation of (100)-oriented TiN leads to the formation of a
rutile TiO; (110) out-of-plane orientation in which a lattice mismatch of up to 8.69% is
possible.'" In a previous publication,”’ we have found that rutile (110)-TiN is a stable
interface system in which new Ti-O bonds form in the interface region. Defects such as Ti
vacancies in TiN, O vacancies in TiO, or interdiffusion of O and N atoms within the interface
may be present as a result of the growth process and must be taken into account in interface
models. Our density functional theory (DFT) study of the rutile TiO, (110)-TiN (100)
interface model system, including a Hubbard +U correction on Ti 3d states, showed the
presence of reduced Ti’" ions in TiO,. The Ti*" cations are formed as a result of charge

transfer from the nitride to the oxide after interface formation and can also originate in the
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non-stoichiometric systems from the introduction of O vacancies. The Ti’" cations are
preferentially localized near the interface region. The TiO; Electronic Density of States
(EDOS) shows localised Ti’" defect states forming in the mid-gap between the top edge of
the valence band and the bottom of the conduction band.

Rutile TiO, is one of the most extensively investigated metal oxides and (110) is the most
stable rutile TiO; crystal face. TiO, applications cover a broad range of fields such as
photocatalysis, sensing, corrosion protection or biocompatible coatings for medical
implants.*'*® TiO, has the capacity to oxidise organic molecules, therefore environmental
photocatalytic catalysts containing TiO, can be used for applications such as decomposition
of pollutants or water oxidation.*® *** Titanium alloys are used for biomedical applications
while their enhanced biocompatibility is attributed to the oxide film that forms on its
surface.”*"*? In addition, the wettability of TiO, 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.***® The multitude of TiO, applications
and the fact that water is present in almost every environment, either in gas or liquid phase,
explains the great interest in and necessity for studying the interaction of water with different
TiO; surfaces.”"*"*"** However, despite the great deal of work carried out in the last two

21,27, 37-40

decades , there still remains some controversy regarding the details of water

adsorption at TiO, surfaces such as rutile (110). Water adsorption can be described either as

. L3841
molecular or dissociative;

surface hydroxyls are produced upon dissociative adsorption.
Most experimental works agree that water adsorbs molecularly at a pristine rutile (110)
surface while dissociation may take place on site defects and step edges.”"*** ** On the other

hand, the outcomes from most theoretical studies on water adsorption at TiO; over the last

twenty years are still unclear and the adsorption of water can be highly dependent on the
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simulation setup parameters, i.e. surface coverage, slab thickness or exchange-correlation

functional !

Kowalski et al.*

carried out the most complete DFT study on water adsorption on rutile (110)
to date. They found that an isolated water molecule has a preference for dissociation while
molecular adsorption is more stable at higher surface coverages. The energy differences
between molecular and dissociative adsorption modes at partially covered surfaces with more
than one H,O are very small. Based on these results, the authors thus suggest the likely
formation of molecular H,O islands where the molecules at the boundary may dissociate.
Despite significant studies on TiN thin films carried out in the last four decades,” ' ***" more
fundamental works aiming to understand the oxidation of TiN and the interactions between
water and both the TiN surface and oxidised TiN interface are lacking. Actually, there are
very few examples of first principles computational works on water adsorption at oxide-metal
interfacial systems in general. These are important as the structure and stability of the metal
substrate -oxide interface can strongly modify the characteristics and activity of the surface,
with water adsorption a prototype of such an effect. A fine example is that of supported ultra-
thin MgO, specific examples being single layer MgO-Ag48’49 or MgO-Mo.50 On these
systems, thin layers of MgO show strong water adsorption compared to the extended (100)
MgO surface. In addition, the barrier for water dissociation can be significantly lowered. The
only available DFT study for water adsorption on the TiN (200) surface reported weak
adsorption energies, in a range between -0.19 and -0.33 eV per molecule.’’ Whereas as far as
we are aware, there are no theoretical publications on water adsorption at TiO,-TiN interfaces.
Therefore, given the importance of water interactions at metal-oxides interfaces and how it
may modify the characteristics of an oxide, this work presents a detailed first principles

analysis to obtain a deeper understanding of the water adsorption process at the TiO,-TiN

interface. We use several TiO, rutile (110)-TiN (100) interfaces that serve as model systems

4
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for oxidised TiN. Rutile TiO; (110) and TiN (100) surfaces have the lowest surface energy
for their respective polymorphs and compositions.** > Our models were described in detail in
Ref.? and involve a stoichiometric rutile (110)-TiN (100), with a lattice mismatch of only
2.7% along [110] and 4.6% in the [001] direction with respect to TiN (100). In addition, we
further consider off-stoichiometric systems with up to 100% O vacancies in the interface and
structures in which O and N are exchanged within the interface.

We apply Hubbard-Corrected Density Functional Theory (DFT+U) calculations to
consistently describe partial reduction of Ti atoms in TiO, that form from charge transfer
between TiN and TiO, or after the creation of O vacancies.”’ We then discuss the molecular
and dissociative adsorption of water on the different interfaces as a function of the surface
coverage. Finally we go beyond total energy calculations and use ab initio atomistic
thermodynamics™* to analyse the thermodynamic stability of the water-oxide-nitride system at
different temperatures within a range of oxygen and water pressure conditions.

With these simulations, we aim to describe the influence that oxide-nitride interfaces, the
inclusion of interface vacancies and the presence of reduced Ti>* will have on the stability
and coverage of water at oxidised TiN. The simulations presented herein provide a
comprehensive insight into the structural and electronic properties of oxidized TiN in a
realistic hydrated environment, which will play a critical role for several key properties of

this system including water dissociation or the adhesion of biomolecules at the surface.

2. Computational Details

We perform Density Functional Theory (DFT) calculations within 3-dimensional periodic

boundary conditions with the Vienna Ab Initio Simulation Package (VASP).>> The projector

56, 57

augmented-wave (PAW) potentials are used to describe the core-valence interaction,

where the valence electrons (H 1s' electrons, Ti 4s” and 3d” electrons, N 2s and 2p3 electrons

and O 2s® and 2p"* electrons) are described by periodic plane waves with a cut-off energy of

5
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400 eV and the remaining electrons are considered as core states. The generalized gradient
approximation in the form given by Perdew and Wang (GGA-PW91)*® was employed for the
approximate exchange correlation functional. Self-consistency in the energy is reached when
successive energy differences are less than 10 eV while the atomic relaxation is stopped

when all the forces are less than 0.02 eV/A.

We should note that the incomplete cancellation of the exchange term in the DFT GGA
exchange-correlation functionals typically results in an inconsistent delocalisation of the
partially filled d and f states in reducible and rare earth metal oxides, including TiO,.>* % To
overcome this drawback, the DFT+U method defines a screened on-site Coulomb interaction
which penalizes the delocalization of the Ti 3d states.’! Thus, we perform DFT+U corrected
calculations, with U = 4.5 eV applied on the Ti 3d electrons in TiO,, to account for the
potential reduction of Ti atoms that can form in the TiO,-TiN interface. The U value was
chosen based in previous works on charge localization in TiO,-TiN interfaces™ and defective
Ti0,.” %%* We use Bader charge analysis® to further assess the localization of reduced Ti

cations.

We calculated the equilibrium lattice for the bulk TiN (a = 4.26 A) and rutile TiO, (a = 4.64
A; ¢=2.97 A) using a Monkhorst-Pack sampling grid of (14 x 14 x 14) k-points and (4 x 4 x
4) k-points respectively. Rutile TiO, (110) and TiN (100) are the most stable low index
crystal cuts for rutile TiO,*' and TiN.**° Upon cleaving from the bulk, the 5-layer thick
(10.66 A) rock-salt TiN (100) surface is composed of neutral planes with TiN stoichiometry
and the 4 O-Ti-O tri-layer (11.10 A) TiO; slab exhibits a rutile (110) surface structure. A
vacuum thickness of 15 A was introduced between the interface slabs to avoid interactions
along the surface normal. The TiN (100) supercell slab has 120 atoms and lattice dimensions
a=8.51A;b=12.77 A. The stoichiometric rutile TiO, (110) surface contains 144 atoms and

has lattice dimensions @ = 8.92 A; b =13.12 A. We use a (4x4x1) Monkhorst-Pack sampling
6
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grid and Methfessel-Paxton smearing function with 6 = 0.1 eV to integrate the Brillouin Zone.
In addition to the perfect TiO,-TiN stoichiometric system, we also evaluated interface
structures in which several O bridging atoms were removed from the interface and a
configuration in which we exchanged O and N atoms within the interface. More information
about the construction of these interfaces are given in a previous publication.”’ The relaxed
structures of the interface models along with the relevant input and output files are available
via open-access online repository.’” The vacancy formation energy is given by the difference
between the energy of the ideal system and the sum of the energy of the defective system plus
half of the total energy of an O, molecule. The relative energy of the O/N exchanged
structure was calculated with respect to the ideal interface structure. The interfacial binding
energy is given by the difference in energy between a TiO, and a TiN free-standing slabs and

the total energy of the TiO,-TiN interface.

The adsorption of water was simulated by the DFT relaxation of H,O molecules or hydroxyls
at different adsorption sites on rutile (110) with different interface structures. We simulated
coverages of 1/6 mono-layer (ML), 1/2 (ML) and 1 ML water on rutile (110). For the high
coverage interface models, the water molecules or hydroxyls were all simultaneously
adsorbed taking the bare surface as initial structure. The adsorption energies (E,4s) per
adsorbed water were computed for molecular and dissociative adsorption modes using the
following expression:

Eaas = (Enyaratea — Eqyrg —1n- EHZO)/n (D
Where E,rand Ejyaraea are the total energy of the system before and after the adsorption of
water respectively. The energy of an isolated water molecule was calculated using a I"-point
sampling grid and the same plane wave cut-off and convergence criteria as the slabs. The

energy of a single water molecule is multiplied by the number of waters in the system (7).
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Van der Waals corrections can be included in water adsorption studies. Previous work on
water adsorption at TiO, surfaces show that van der Waals (vdW) corrections stabilize water
adsorption by 0.13 eV for a single H,O on anatase (001)®® and by 0.1 eV for a single H,O on
rutile (110).% An stabilisation of 0.18 eV is seen for water adsorption on CeO, (111).”°
However, given the large adsorption energies that we find for water on TiO,-TiN interfaces,
such changes in the computed adsorption energy are not significant enough to change any of

our key results and we therefore do not include any vdW corrections.

To analyze the thermodynamic stability of the different interface models when exposed to a
given environment, we use the DFT-derived total energies as input into an atomistic
thermodynamics framework, which considers the effect of the surrounding gas phase as a
reservoir that is in thermodynamic equilibrium with the surface. Assuming that the gas
reservoir exchanges particles with the system without affecting its chemical potential, the
interface energy can be calculated as follows:

y(p,T) = 1/A[G — X N (p, T)] )
where, A is the interface area, G is the Gibbs free energy of the crystal, u; (p,T) is the
chemical potential of the atomic species in the system and the term N; is the total number of
atoms of species i. We assume that the interface is in equilibrium with an environment
formed from a mixture of two different chemical species in the gas-phase, namely O, and
H,0, which are considered to be in non-equilibrium with each other. This assumption allows
us to treat the chemical potential of water and oxygen as independent variables, so that a

broad spectrum of environmental conditions can be treated.

Equation 2 can be rewritten to separate the contributions to the energy of bulk TiN and TiO,

from the contribution of the two independent chemical potentials (Lo and poo):

y(»,T) = 1/A[G — Nringrin — Nrio,9rio, — (No — 2N7)po — NHzoﬂHzo] (3)

8
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where grin and grioz are the calculated bulk energies of TiN and TiO; per formula unit

considering their lattice parameter at the interface. Here, the chemical potential of water can

be considered as resulting from the separate contributions of the hydrogen and oxygen.

Approximating water vapor 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:

1 ’ Po
1o, T) =[S Eo, + 'y, + kTin (22)] “)
, p
Um,o®T) = [EHZO 1y, o+ kpTin( 1;?)0)] (5)

Here, T and p represent the temperature and partial pressure of the two gases, p° denotes
atmospheric pressure and kp is the Boltzman constant. x4’ 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.”' In the following we will measure the chemical potentials with respect to the
calculated energy of the isolated molecules, and therefore define the relative chemical
potentials of species i to be Au;(p, T) = u;(p,T) — E;. A more detailed description of the

methodology used here can be found elsewhere.”*™*

3. Results

3.1. Oxidised TiN model surfaces (TiO,-TiN interfaces)

We now briefly summarise our results on TiO, (110)-TiN (100) interfaces; a detailed
discussion is presented in a previous publication.”® The TiO, (110)-TiN (100) interface
structure was prepared from interfacing surfaces cleaved from a rutile (P4,/mnm) TiO,

structure with lattice constants a = b = 4.64 A and ¢ = 2.97 A and a cubic rock-salt TiN

9
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(Fm3m) with lattice a = 4.26 A. Both values are in good agreement with the experimental
lattice parameters.” ’® The rutile TiO, (110) structure has two types of oxygens on the
surface: the three-fold coordinated (Os¢) and the under-coordinated two-fold oxygen (Ozf)
bridging two surface Ti atoms. There are also two kinds of Ti on the surface: the five-fold
coordinated (Tis¢) and the six-fold coordinated (Tigr) which is bridged by two bridging O
and these alternate along the [001] direction. The rutile (110) (3x2) surface supercell, with
equilibrium lattice constants a = 8.91 A; b= 13.12 A, was compressed 2.7% along [110] and
4.6% along [001] to match the TiN (100) (2x3) surface supercell equilibrium lattice of a =
8.51 A; b=12.77 A. The compressed rutile unit cell was then placed on the TiN surface,
assuming that in our approach the oxide grows on the TiN and thus it has to adjust to the
substrate structure.

The formation of defects such as O vacancies’’ or the interfusion of N and O atoms'' within
the interface is common during TiOx growth on the TiN surface and can affect the properties
of the system. Therefore in addition to the ideal TiO,—TiN interface, we increased the
complexity in our models by introducing several non-stoichiometric or non-ideal structures.
The interface models used in this work shown in Figure 1 include:

a) Stoichiometric and defect-free (perfect) TiO, (110)-TiN (100) interface.

b) Non-stoichiometric oxygen defective interfaces, in which several bridging
interfacial O, atoms were removed from the perfect system. For this paper, there
are two different cases:

b.1) interface with 3 O vacancies, which forms a non-stoichiometric TiO; ¢4—TiN interface
system.
b.2) interface with 6 O vacancies, in which all of the bridging O,f atoms have been

removed from the interface, forming a TiO; gg—TiN interface system.

10
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c) O/N exchanged interface, in which one oxygen atom from TiO, and a nitrogen atom

from TiN exchange their positions in an otherwise perfect interface.

a) Tio,—TiN b) TiO, g, —TiN c) TiO, 5 —TiN d) O/N exchanged

Figure 1. Rutile TiO, (110)-TiN (100) interface models: a) ideal interface, b) O-defective
Ti0O; 94—TiN interface, ¢) O-defective TiO, gg—TiN interface and d) O/N exchanged interface.
Zoom of the interfacial regions are shown underneath. Ti*" atoms in TiO; are green, Ti*"
atoms in TiO; and all Ti in TiN are grey, N atoms are blue, O atoms are red, and the yellow
spheres represents the vacancy sites in (b). The top panels show the oxide surface and
interface region and the bottom panels show a zoom of the interface region.

The O vacancy and interface formation energy values are listed in Table 1. Figure 2 shows
the interface energy as a function of the chemical potential (Ap) for our TiOx-TiN interfaces.
We observe strong adhesion of the deposited oxide on TiN due in part to the small lattice
mismatch and also to the formation of strong Ti-O bonds in the interface.® The perfect
interface, which is stable for values of Ao > -3.15 eV, presents an Eyjg = -5.27 eV; or -1.32
eV per site for the four interfacial Ti—O binding sites. The non-stoichiometric TiO; gg—TiN
has the most favourable interface energy for reducing conditions with App <-3.15 eV and
exhibits strong interfacial bonding with Eping = -4.39 eV, or -0.88 eV per biding site. Figure 2
shows that the TiO; 94—TiN interface is energetically unfavoured compared to the other

models. This is consistent with our previous work, where was found that despite the high

energy needed for the formation of one O vacancy at the perfect interface, the further
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introduction of vacancies in an O-defective system progressively becomes more favourable,
leading to the stability of highly non-stoichiometric interfaces.” Despite its thermodynamic
instability, the differences between the TiO; 94—TiN surface energy compared to more
favourable interfaces for pp ~ -3.36 eV is quite small, thus defects may form from an initially
perfect interface under certain conditions. However the most expected cause of defect
formation is likely to be during oxide growth and the defects may then be kinetically trapped
in the interface after the TiOx processing of TiN and affect the structure and electronic
properties of the system. Therefore we will also describe the TiO; 94—TiN in the following

sections to ensure the completeness of our study.

The exchange of O and N in the interface region is only 0.82 eV higher relative to the perfect
interface. Figure 2 shows that the interface energy of the O/N exchanged interface is only
~0.01 eV/A? higher in energy than the perfect interface while both lines are parallel upon

variation of Lo due to the same O composition in both systems.

12
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Table 1. Formation energy for different non-stoichiometric structures evaluated on the rutile
TiO;, (110)-TiN (100) interface region. The different interfacial systems are listed in the first
column. Column 2 presents the O vacancy formation energy of the TiO,-TiN interfaces and
energy difference between the O/N exchanged interface with respect to the ideal system.
Column 3 presents the total interfacial binding energy of the ideal and O-defective systems
and column 4 presents the interfacial binding energy normalized by the number of Ti-O
bonds in the interface.

Egetect (€V7atom) Ebinding (€V) Ebinding (€V/site)
TiO, — TiN - -5.27 -1.32
TiO;.94 — TIN 1.79 -4.77 -1.59
TiO, g — TIN 1.30 -4.39 -0.88
O/N exchanged 0.82 - -

Upon formation of the interface, the TiO, inter-layer distances are shortened in the outermost
and in the interfacial regions. The larger separation between the layers in the bulk-like region
results in the absence of some Ti—O (bonds are plotted when the Ti—O distance is less than
2.30 A). Ti atoms on the TiN surface layer migrate from their initial positions on the surface
to bind with O in the perfect, TiO; ¢4—TiN and O/N exchanged systems. We do not observe

significant distortion of the atoms under the TiN surface.

We use Bader charge analysis to identify the presence of reduced Ti*" ions in the oxide. We
find Bader charges of ca. 1.30 electrons on the Ti*" atoms in TiO, while reduced Ti** cations
exhibit typical Bader charges of ca. 1.65 electrons and spin magnetizations with absolute
values between 0.8-0.9 pg. The charge transfer from TiN to rutile (110) forms reduced Ti*"
cations, which are primarily localised next to the interface. In the off-stoichiometric defective
systems, more Ti’" cations are formed in the system due to the extra electrons introduced
after the creation of vacancies. The formation of reduced Ti, perhaps also influenced by the
compression applied to compensate the lattice mismatch between TiO, and TiN, leads to a
rotation of the TiO, octahedra perpendicular to the [001] axis. The larger size of Ti’"

compared to Ti*" introduces a strong distortion in the rutile structure leading to the formation

13
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of amorphous-like domains particularly in the interfacial region of the off-stoichiometric

interfaces.
Interface Ener
-4.60r 9y
——Pristine Interface
4.65 —SVO
6V o
o0 65,0
N,-'-n. — 0 2 L
<
> -4.75}
Q
(‘- -
-4.80
-4.85¢
-4.90 : : : :
-4.0 -3.0 2.0 -1.0 0.0
_\,uo (eV)

Figure 2. Interface energy (y) as a function of the chemical potential of oxygen (Apy) as
defined in the methodology section. The negative values of L correspond to reducing
atmospheric conditions. The y of TiO,- TiN (pristine interface) is represented by a red line,
the TiO, 94- TiN interface (3Vo) is represented in blue, the TiO; gg- TiN interface (6Vo) is
represented in green and the O/N exchanged interface in cyan.

3.2 Water adsorption at TiO,-TiN

Water can be found in almost any environment, either in gas or liquid phase, and can modify
the characteristics of the material with which interacts as well as impact on
hydrophilicity/phobicity or solvate molecules near the surface. Thus it is important to
understand how the presence of water can modify the structure and electronic properties of an
oxidised TiN surface when it is present in the surrounding environment. In this study, we
simulate the adsorption of water in molecular (H,O) and dissociated (OH-H) adsorption
modes at perfect, O-defective TiO,—TiN and O/N exchanged interfaces. The H,O molecules

are adsorbed at the exposed rutile (110) surface in the most favourable adsorption site®’,
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which is on top of a surface Tiss coordinated atom. For the dissociated water model
(hydroxylated surface), an OH is adsorbed on an undercoordinated surface Tis¢ site and the
remaining H from each water is transferred to an adjacent bridging O site.”' We discuss the
stability of the molecular versus dissociated adsorption mode as a function of the surface
coverage and the nature of the TiO,—TiN interface. Our supercells have up to six surface Tis¢
sites available for water adsorption, thus we tested surface coverage ratios of 1/6 water mono-
layer (1/6 ML) (1 H,O molecule), 1/2 ML (3 H,O molecules) and 1 ML (6 H,O molecules).
Table 2 presents the computed adsorption energy per water molecule for molecular and
dissociated water adsorption at TiO,-TiN, TiO; 94-TiN, TiO; gs-TiN and O/N exchanged
interfaces as a function of the water surface coverage. A graphical representation of the
change in water adsorption energy as a function of coverage is shown in Figure 3, in which
the energy values for molecular adsorption are linked with solid lines and energy values for
the dissociated adsorption mode are linked with dashed lines.

The relaxed atomic structures of the molecular and dissociative adsorption modes of water on
the rutile (110) surface in TiO,-TiN interfaces are shown in Figure 4 and Figure S, with the
different interfaces distributed in rows and the water surface coverage in columns. Figures
showing the water adsorption structures that include the TiO,-TiN interfacial region are
presented in the Supporting Information, Figures S2 and S3.

The negative energy values in Figure 3 indicate the favourable adsorption of water at all
oxide-nitride interfaces. The dissociative adsorption mode is more stable at 1/6 ML coverage
at perfect and oxygen defective interfaces. These results are in line with a previous theoretical
study by Kowalski el at.* that found preferred dissociative adsorption for single isolated
water molecules at rutile (110). In addition, our computed binding energies for an isolated
water molecule are stronger that those reported in the literature for rutile (110) surfaces; these

lie in a range between -0.76 eV and -0.93 eV for molecular adsorption and between -0.66 eV
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43,78
» % Our

results show in addition that adsorption energy of the isolated OH-H is significantly stronger

at the oxygen defective interfaces compared to the stoichiometric models. The TiO,-TiN

interface thus promotes water adsorption when compared with pure rutile (110) and this is as

a result of the presence of the reduced Ti’* sites present when the oxide forms an interface

with TiN.

Table 2. Computed adsorption energy (Eagsomption) per water molecule adsorbed at different
TiOx (110)-TiN (100) interfaces. The energy values for the molecular adsorption mode of
water (mol) are and for dissociative adsorption (diss) are represented in the columns. The
rows give the adsorption energy values as a function of the water surface coverage

Eadsorption / Water molecule (eV)

TiO,-TiN TiO 94-TIN Ti0O, gg-TIN O/N exchanged
Coverage mol diss mol diss mol diss mol diss
1/6 -1.14  -148 -1.85 -2.04 -1.58 -508 -0.82 -0.75
1/2 -1.03  -092 -1.18 -1.75 -2.76  -1.17 -093 -0.81
1 -1.01  -094 -1.03 -1.05 -1.08 -0.86 -091 -0.73
16
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— molecular H,0
--- dissociated OH-H

E (eV)

/ 02 04 06 08 10
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Figure 3. Adsorption energy (E) per water as a function of the water coverage. The energy
values for the molecular adsorption mode of water are linked with solid lines while and those
for dissociative adsorption are linked with dashed lines to guide the eye. The different
interfaces are represented with different colours and labelled in the figure. The inset shows
energy values in a range between -0.5 eV and -5-5 eV, units are the same as in the main

graph.

The stronger adsorption energy for dissociated water at 1/6 ML coverage, particularly on the
highly oxygen defective surfaces may be related in part to the higher concentration of
reduced Ti’" in TiO, while it can also be influenced by TiO,.,-TiN interfacial atomic
relaxations. This would be consistent with the preference for dissociative adsorption of water

427980 However, we do note that in the

on defective rutile (110) with surface O vacancies
latter studies this is a mechanism in which the OH group fills the vacancies and a hydroxyl is
formed with bridging oxygen on the surface. On other metal oxide surfaces, the presence of

O vacancy sites, e.g. CeO,%" ¥, Cu,0* or ALO;™ also promotes water dissociation. In

particular, a DFT+U study on defective CeO,(111) found that dissociative water adsorption
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was more favourable than molecular adsorption by up to 1.15 eV at CeO, (111) with one
oxygen vacancy and by 0.27 eV on a Ni-doped surface.* Both systems have reduced Ce*
present so that reduced metal cations appear to promote water dissociation on metal oxides.
In addition, experiments showed the hydroxyl concentration on reduced CeO; 7 (100) to be

1.6 times larger than at stoichiometric CeO, (100).%

However, on moving to higher coverages, molecular adsorption is the most stable at higher
coverages of half and one monolayer water for the perfect, O/N exchanged and TiO; gg-TiN
interfaces so that the apparent role of Ti*" on water dissociation is now diminished. We
suggest therefore that the interface relaxations promote water adsorption in general and
surface relaxations can be more easily accommodated at low coverages which may promote

dissociative water adsorption.

In investigating high water coverages, we compare two different distributions of water at 1/2
ML coverage on the rutile surface at the perfect and O/N exchanged interfaces. The aligned
distribution adsorption mode, in which three HO molecules are adsorbed at the same rutile
[100] row is 0.06 eV/molecule more favourable than a non-aligned distribution in which
H,0O molecules are adsorbed on alternate undercoordinated surface Ti sites on different [100]
rows. The preference for the aligned distribution is due to the H bonds that are formed
between adjacent water molecules and is in agreement with previous publications on water
adsorption at TiO, rutile (110).* The difference in stability between the water distributions at
1/2 ML coverage is much larger on the TiO; g3-TiN, where the aligned distribution leads to a
binding energy of -2.76 eV/molecule, which is more stable by 1.31 eV/molecule compared to

the non-aligned distribution of water.

The adsorption energy is usually used to estimate the strength of the bonds created between

the adsorbed water molecules or hydroxyls and the rutile surface. However the total
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adsorption energy is also determined by the contribution of atomic relaxations in the TiO»-
TiN interface after water is adsorbed. Therefore to obtain deeper insights into the origin of
the high adsorption energies calculated in some interfaces, i.e. TiO; sg-TiN covered with 1/2
ML of H,0, it is important to estimate the contribution of the interface relaxation to the total
binding energy. To estimate this contribution, we remove three water molecules from the 1/2
ML covered surface and perform a DFT+U relaxation of TiO, gg-TiN. The interface
relaxation is then given by the difference in energy between the pristine surface, before water
adsorption, and the interface relaxed after the water desorption. The TiO, gs-TiN interface
with 1/2 ML of aligned H,O exhibits an adsorption energy that is strongly influenced by the
interfacial atomic relaxations, which is responsible for -1.86 eV out of the total computed
adsorption energy of -2.76 eV. In fact, the half-covered TiO; gs-TiN interface (Figure 4)
exhibits a strongly disordered TiO, structure within the interfacial region that forms after the
adsorption of water on the rutile surface. In this interfacial amorphous-like region some Ti
atoms occupy an interstitial-like position within the rutile structure. The distorted rutile
structure in the highly reduced model is influenced by the large concentration Ti*" cations in

the interface, with larger atomic radii compared to Ti*".

Molecular water tends to become more stable when adsorbed on the rutile surface at higher
surface coverages. Molecular adsorption is more stable at perfect, O/N exchanged and

TiO; gs-TiN interfaces while at TiO; 94-TiN interface the molecular and mixed models are
degenerate in energy. The small difference in energy between the molecular and dissociative

adsorption, also found in other theoretical studies, ™ ***

suggests that the rutile (110) surface
in TiO,-TiN which will be covered by molecular water aligned in rows distributed along

[100], where some hydroxyls may form at certain atmospheric external conditions.

Our computed energies per water molecule for a water monolayer at TiO,-TiN interfaces

range between -0.91 eV on O/N exchanged interface and -1.08 eV on TiO; 33-TiN, which are
19
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consistent with those reported in the literature for full water coverage on rutile (110), which
lie in a range between -0.8 eV and -1.0 eV.* ¥ % The adsorption energy is stronger for the
systems with larger concentration of reduced Ti*". The stability of molecular water at high
surface coverage might be due the H-bonds formed by the H,O molecules aligned along the
rutile [001] direction on the rutile (100) surface. The binding energy per water is stronger
when isolated than on fully covered surfaces, which is also found for the rutile (110)
surface.” Counterintuitively, we may expect that the formation of H bonds on highly covered
surfaces will lead us to a more stable system. Nevertheless, the energy gain due to the H-
bonds formation is balanced by the energy required to drive the surface relaxations, leading
to very strong binding energy values in which we should however be aware of the different

contributions of each component to the total energy.43

Temperature programmed desorption spectroscopy (TPD) experiments on water at rutile
(110) detected a desorption peak at around 270-275 K, which is assigned to the desorption of
water from 5-fold coordinated Ti on the TiO, surface.***® The estimated desorption energy
values for water adsorbed at 5-fold coordinated Ti were found to go from 0.74 eV to 0.64 eV
with increasing coverage, which is consistent with adsorption energies computed from DFT.
The cited TPD experiments present weaker water adsorption on rutile (110) compared to our
predicted binding energy for water at TiN-Ti0, interfaces, most likely as a result of the
presence of Ti’" species in TiO, as discussed above. The decrease in desorption energy with
increasing surface coverage found from TPD is also consistent with t weakening of water

adsorption at high coverage found in our DFT calculations.

If we begin with a fully covered hydroxylated surface, the relaxation results in spontaneous
formation of H,O molecules on the perfect, O/N exchanged and TiO; ¢4-TiN surfaces, which
indicate the instability of a high coverage of dissociated water on these interfaces. Although

hydroxyls does not recombine on TiO gg-TiN, the difference in energy between the two
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adsorption modes is the largest (0.22 eV) among all the interfaces under study. The strong
and negative adsorption energy values and the spontaneous formation of H,O molecules after
relaxation suggest the formation of surfaces that may become fully covered by a layer of
molecular water after long exposure times. It has been observed that a high concentration of
reduced Ti*" induced by UV illumination of TiO; increases the concentration of hydroxyls
and therefore enhances the hydrophilicity of the surface.” Our models show the fully
hydroxylated surfaces to be more stable at oxygen defective interfaces, which contain a larger
amount of Ti*" cations than the stoichiometric interfaces. Therefore the formation of
molecular H,O from OH-H recombination at hydroxylated TiO, surfaces may be related to

the conversion from hydrophilic to hydrophobic observed upon oxidation of TiO, surfaces.®

Looking at the individual interfaces, we observe that the adsorption of molecular water is
always more favourable at the O/N exchanged compared to surface hydroxylation, although
the computed adsorption energy is not significantly dependent on the surface coverage.
However the small energy differences, up to ca. 0.2 eV, suggest the possible formation of a
mixed layer of hydroxyls along with water molecules at higher water coverages. The
dissociative adsorption of water is more favourable than molecular for 1/6 ML coverage at
the perfect and O defective systems. At the ideal interface, an isolated water is strongly
adsorbed in dissociative mode with E,4s = -1.48 eV. At higher coverages of water, molecular
adsorption becomes more favourable. The lower binding energy for surface coverage > 1/2
ML suggest the predominant stability of H,O molecules, while the small energy difference
may allow the coexistence with some hydroxyls on the surface for certain conditions, as will

be discussed in the next section.

In the TiO, gs-TiN interface, a single OH-H seems to be strongly adsorbed, decreasing the
overall energy of the system by 5.08 eV. We found that the adsorption energy of a single

dissociated water molecule includes a significant contribution arising from interface
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relaxation (Egyrtrelax = -1.17 €V); this still results in a rather strong surface-water binding
energy of -3.91 eV. The TiO, ¢4-TiN interface shows a preference for dissociative adsorption
at all surface coverages, which is quite strong at partially covered surfaces. The water
adsorption energy for the fully hydroxylated TiO; 94-TiN surfaces is very close in energy to
molecular adsorption with a difference of only 0.02 eV. Closer inspection shows that upon
relaxation 4 H,O molecules form when starting from the initially hydroxylated surface.
Although mixed adsorption is favourable on fully covered TiO, 94-TiN, we showed
previously that this interface is less stable than a stoichiometric or a highly non-
stoichiometric interface like TiO; gg-TiN. The TiO; ¢4-TiN interface also presents a strong
binding energy of -2.76 eV/molecule at half-covered surface, while in this case the
relaxations caused by the added molecule contribute 1.86 eV to the calculated adsorption
energy. This significant contribution leads to an adsorption of energy of 0.90 eV/molecule

between the distorted surface and the water molecules.

Table 3. Bond distances (expressed in A) between O from adsorbed water and surface Ti
atoms and H, after adsorption on rutile TiO;, (110) — TiN (100) interfaces. Molecular (mol)
and dissociated (diss) adsorption modes with increasing surface coverage are distributed in
lines. The ideal, TiO; 94—TiN, TiO; gs—TiN and O/N exchanged interfaces are represented in
columns. Top-down listed distances represent adsorption sites between 1 and 6 respectively,
when applicable. For the H atoms, the top half values correspond to the distances between
“H,” and its nearest O and the second half correspond to the distances measured from atom
“Hyp”. The atom site labels are shown in the inset figure under the table.

Bond Distances (A)
TiO,-TiN TiOy 94-TIN TiO; g5-TiN O/N exchanged
Coverage Ti-O O-H Ti-O O-H Ti-O O-H Ti-O O-H
1/6 (mol) 2.16 0.97 2.16 0.97 2.19 0.97 2.18 0.97

1.03 1.03 1.02 1.02
1/6 (diss) 1.85 0.97 1.90 0.97 1.89 0.97 1.91 0.97
0.99 0.99 0.99 1.00

1/2 (mol) 2.26 0.98 2.23 0.98 2.28 0.98 2.26 0.98
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1

§ 226 098 224 098 226 099 225  0.99
;‘ 225 098 223 098 228 099 225  0.99
6 1.03 1.04 1.03 1.03
: 1.03 1.03 1.03 1.03
9 1.03 1.04 1.03 1.03
10

11

12 1/2(diss) 1.95 099 207 097 202 097 205 097
12 185 1.0l 193 100 190 100 216 1.0l
12 187 098 1.8 097 189 097 190 0.97
17 0.97 1.05 1.01 1.03
12 0.98 1.04 1.00 1.03
20 0.98 1.05 1.01 0.99
. I(mol) 226 098 225 098 227 099 227 098
23 226 098 226 098 225 099 227 0098
;‘5‘ 226 098 225 099 230 098 226  0.99
26 230 098 228 099 228 098 229  0.99
5; 230 098 228 099 230 098 229  0.98
gg 231 098 228 098 226 099 230 0098
31 1.03 1.04 1.03 1.03
gg 1.03 1.04 1.03 1.03
34 1.03 1.04 1.03 1.03
gg 1.02 1.03 1.03 1.03
37 1.02 1.03 1.03 1.03
i 1.02 1.03 1.03 1.03
40 I (diss) 202 098 223 100 199 099 223  1.00
j; 200 098 205 098 1.92 098 201 098
ji 223 099 223 099 200 098 197 0098
45 225 099 205 098 202 098 202  0.99
j? 226 099 226 100 189 099 199 098
48 226 099 226 099 201 099 198  0.99
;‘g 1.03 1.03 1.05 1.02
51 1.02 1.05 0.97 1.02
o 1.02 1.03 1.03 1.02
54 1.03 1.04 1.05 1.06
§§ 1.03 1.02 0.98 1.02
57

58 23
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1.03 1.02 1.03 1.02

The interatomic distances between O atoms from adsorbed water molecule or hydroxyls and
Ti sites in the surface together with the distances between H atoms from water and the nearest
oxygen sites are listed on Table 3. The Ti-O distances between surface Ti and O from water
increase upon increasing coverage of water, which is consistent with a general weakening of
water adsorption energies.

For the models with adsorbed molecular water, the Ti-O distances for oxygen of the isolated
water and the surface Ti range between 2.16-2.19 A at 1/6 ML, between 2.23-2.26 A at
1/2ML coverage and between 2.26-2.31 A at IML coverage. The increasing Ti-O distance to
oxygen of water along with the decreasing adsorption energy per adsorbed water at higher
water coverages indicates the progressive saturation of the surface; this is also affected by
surface relaxations on rutile (110).

On the hydroxylated surface, the Ti-O distances in Ti-OH species are shorter than the
corresponding Ti-O distances in Ti-OH, for molecularly adsorbed water. Computed Ti-O
distances in Ti-OH are between 1.85-1.91 A for an isolated molecule, between 1.85-2.16 A at
1/2ML and between 1.89-2.26 A at IML coverage.

As mentioned before, the formation of hydrogen bonds between neighboring water molecules
is important for the stabilization of molecular water along the [100] rows on rutile, especially
on fully covered surfaces. Distances between H, (H atoms located over surface five-fold
coordinated Ti — see inset of Table 3) and O from neighboring water range between 1.98-2.04

A on the covered surface. In addition, we measure distances between 1.53-1.57 A from H,
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(see Table 3 inset) to surface two-fold coordinated O, both of which can contribute to the

stabilization of the molecular water rows.

Surface Tisfatoms migrate after binding with O on the partially covered surfaces. The
migration of surface Ti is larger at surfaces covered by dissociated water, where this
adsorption mode is more favourable than the molecular for 1/6 ML coverage. On the perfect
surface, the surface Ti migrates outwards by 1.20 A with respect to the undercoordinated Ti
on the same rutile [100] row (water row) and between 1.10-1.19 A with respect to the atoms
on the empty row (bare row). On TiO; 94-TiN, the migration of Ti is 1.08 A with respect to
the undercoordinated Ti on the water row and 1.03-1.10 A with respect to the atoms on the
bare row. At the TiO g3-TiN interface, surface Ti migrates 1.18 A along [110] with respect to
the atoms on the water row and between 1.00-1.05 A with respect to the atoms on the bare
row. The effect of the adsorbed OH-H is extended though the subsurface and affects the TiO,
layers near TiN, introducing an apparent disorder in the rutile structure at the interfacial
region. The surface relaxation introduces an important contribution to the calculated total
adsorption energies, as previously discussed. At the O/N exchanged, the surface Ti migrate
between 0.99-1.03 A with respect to the Ti on the same [100] row and 0.92 A with respect to

the bare row when the water molecule is dissociated.

The adsorption of an isolated water molecule on the O/N exchanged interface results in Ti
migration of Tise by 0.25 A as measured from the Ti atoms on the same row, near the water
molecule, and between 0.14-0.21 A measured from the bare Ti row. On the models with a
single water molecule deposited on Ti we found migrations of up to 0.27 A (0.27-0.25 A
water row, 0.18-0.20 A bare row) on the perfect interface, up to 0.43 A (0.26-0.28 A water
row; 0.43-0.36 A bare row) on TiO) 94-TiN and up to 0.29 A (0.26-0.29 A water row, 0.25-
0.29 A bare row) on TiO; gs-TiN. The adsorption of 1 ML of water does not produce any

extra distortions to the interfacial atoms.
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The interface models show a distribution of reduced Ti*" in TiO, that are mostly located
near the oxide-nitride interface. We observe the presence of some Ti*" on the rutile surface in
Ti0O,-TiN and TiO; 94-TiN with 1/6 ML H,O and at hydroxylated surfaces at coverages larger
than 1/2ML. All the hydrated interfaces with Ti*" on their surfaces correspond to the
energetically unfavoured water adsorption modes on the surface, except for the TiO; g4-TiN
with 1/2 ML OH-H. However TiO; ¢4-TiN is less stable compared to the ideal or the TiO gg-
TiN interfaces. The adsorption of water leads to a similar number of localised Ti’" for the 1/6
ML and 1 ML at the perfect interface compared to the bare surface with one less reduced Ti
at 1/2 ML for the most stable water model. At the O/N exchanged interface, the amount of
Ti’" decreases progressively from 5 at the pristine surface, 4 on the 1/6 ML covered and 3 for
higher surface coverages. The TiO o4-TiN interfaces presents 9 Ti*" in all the interfaces
except for the single OH-H, with 10 Ti**, The TiO; gs-TiN interfaces presents 12 Ti*" in all
the interfaces except for half coverage, which has 14 Ti*". The variations in the apparent total
number of reduced Ti** as a function of the water coverage are due to partial localization of

electrons on Ti sites within the interface supercells.

a) TiO, - TiN b) TiO, ¢4 —TiN c) TiOy 55— TiN d) O/N exchanged
= “% ? ?“- %
. }f" ‘,’f‘" Wx; ?‘
= i j.._ia ) 99,4 94 3&..,_ . 4%

b,k T

= %

B ¥

Figure 4. Structure of molecular water (H,O) adsorbed at the rutile (110) surface on TiO; -
TiN interfaces. Represented in columns from left to right are a) perfect TiO,-TiN, b) O
defective TiO; 94-TiN, ¢) O defective TiO, gg-TiN and d) O/N exchanged TiO,-TiN interfaces.
The rows from top to bottom are 1/6 ML (isolated water), 1/2 ML and 1 ML surface coverage
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1

2

3 ratios. The Ti*" atoms in TiO, are represented by green spheres, Ti*" atoms in TiO, and all Ti
4 in TiN are grey, N atoms are blue, O atoms are red and H atoms are white.
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3 a) Tio,—TiN b) TiO; g4 —TiN c) TiO, gg—TiN d) O/N exchanged
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23 Figure 5. Structure of dissociated water (OH-H) adsorbed at the rutile (110) surface on TiO,
24 -TiN interfaces. Represented in columns from left to right are a) perfect TiO,-TiN, b) O

25 defective TiO; 94-TiN, ¢) O defective TiO, gg-TiN and d) O/N exchanged TiO,-TiN interfaces.
26 The rows from top to bottom are for 1/6 ML (isolated water), 1/2 ML and 1 ML surface

27 coverage ratios. The Ti’" atoms in TiO; are represented by green spheres, Ti*" atoms in TiO,
28 and all Ti in TiN are grey, N atoms are blue, O atoms are red and H atoms are white.

29

30

31

g; Figure 6 shows the Electronic Density of States (EDOS) projected onto Ti 3d, N 2p and O 2p
34

35 states for one isolated water adsorbed molecularly and dissociatively on the perfect TiO,-TiN
36

37 and TiO gs-TiN interfaces. The Ti’" states lay in the gap between the highest occupied O 2p
38

39 states in TiO; and the lowest unoccupied Ti 3d states in TiO,. The TiN contribution to the

40

41 EDOS presents metallic features, due to the contribution of Ti d-electrons. These features are
42

:S: common to all the interfaces and are not strongly affected by the adsorption of water.

22 However, we observe clear differences in the EDOS between molecular and dissociative

47 . .

48 adsorption of water. Molecular water adsorbed on the perfect interface shows the O 2p states
49

50 from water present in a broad band between 0.3 eV and 4.7 eV below the O 2p states from

51

52 Ti0O, valence band, with main peaks around -1 ¢V and -4 ¢V measured from the top edge of
53

54 the valence band. On the O defective interface, the O 2p states from water are between 0.1 eV
55

g? and 4.8 eV below the O 2p from TiO, valence band, with main peaks around -1.5 eV and -4.5
>8 27
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eV measured from the valence band edge. When water is dissociatively adsorbed, O 2p states
are more localized and exhibit more defined peaks that are shifted to lower energy states
compared to the models with molecular water. The shift of O2p states from water towards
lower energy indicates the higher stability of dissociative water adsorption compared to

molecular adsorption at 1/6 ML coverage.

TiO,~TiN TiO, gg—TiN
— | : : : |
ITi 3d (TiO,) Ti3d (TiN)
|0 2p (TiO,) N 2p (TiN)
|0 2p (H,0)
: <
A =X
? o
I
[
o
| 1 | |
J'III"I 'I.II II g — ——
—1 7 = B \". f
-8 -6 -4 -2 0 2 -8 -6 -4 -2 0 2

Energy (eV)

EDOS
EDOS
H-HO pajenossiq
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-2

-4

-2

Energy (eV)

Energy (eV)

Figure 6. Spin polarized electronic Density of States (EDOS) of 1/6 ML covered T10,-T1iN
(left column) and TiO, gg-TiN (right column) interfaces. The graphs on the top row represents
the adsorption of molecular water and the bottom row stands for the dissociative adsorption
mode. A legend with the contribution of each species is included in the top left graph. Ti 3d
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electrons from TiN are represented with black lines, N 2p electrons in blue, Ti 3d electrons
from TiO; in grey, O 2p electrons from TiO; in red and O 2p electrons from water in magenta.
The individual contribution of O 2p states from water are shown under the main graphs and
amplified by a factor of 23 with respect to the contribution of one single atom. The
accumulated contribution of each species was taken into account for the total EDOS. The 0
eV energy stands for the Fermi level.

3.3 Thermodynamics of water adsorption at TiO,-TiN

Having obtained the relevant TiN-TiO; structures with adsorbed water from 0 K DFT
computations, we can now study the stability of each surface when in contact with an
atmosphere containing a mixture of water vapour and oxygen. The key quantity of this study
is the surface free energy defined as function of the chemical potential of O and H,O, and the
stable structures are those that minimize the surface free energy for a particular value of Ay,
and Auy,o.
Figure 7 shows the surface stability as a function of App and Apy,, and these quantities are
converted into a scale of partial pressure at two given temperatures T=300 K and T=1200 K
using Equation 5 and Equation 6 in the Methodology Section. In Figure 7 the range of
Apy, o is from 0 eV to -3 V. However to consider water vapor as a thermodynamically stable
phase, the maximum value that Auy, o can assume is -0.91 eV, which corresponds to the
chemical potential of water at the experimental critical point.”
Within this range we obtain five stable compositions under different environmental
conditions:

a) the pristine TiO,-TiN interface

b) the interface with 6 oxygen vacancies TiO;ss-TiN with one dissociated water

molecule (6V OH-H)

c) the interface with 6 oxygen vacancies TiO;gs-TiN with half water monolayer of
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coverage (6V 3H,0)
d) the perfect (defect-free) interface with one water monolayer (6H,O)

e) the perfect interface with one dissociated water molecule (OH-H)

Po, (atm)
1028 1014 1 10°
4 4 + + 1200 K
1.0-80 1.0-60 1.0-40 19-201.0‘14 1‘ 300 K
T T T T T T
I Pristine Interface 14
-g'”r:zg ;
6V OH-H
- 5V BH?O
= +107° _
O 1101 £
o 0 %
9 t1o2 1107 5
S) o®
410
-+ 1
41040
+104
4.0 -3.0 -2.0 -1.0 0.0
Ap, (€V)

Figure 7. Surface phase diagram of stable structures of TiN-TiO; in equilibrium with a ‘humid
environment’’, as a function of Apty, and Apiy, o in the gas phase.

Some observations on the stability of water on TiO,-TiN can be taken from the plot in Figure
7. At 300 K and high oxygen partial pressure (1atm), IML water coverage is always stable,
independent of the water partial pressure, whereas at 300 K, to remove water we require low
oxygen pressures of 107 atm, where we predict a transition to a 1/6 ML coverage of
dissociated water at the interface; however this is seen only at very low water concentration.
By increasing the temperature up to 1200 K and fixing Po, to 107" atm, we observe two
transitions. The first is a transition from a 1ML coverage of water coverage to dissociated

water at 1/6 ML coverage and then complete desorption of water, but at very low water
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pressures (Py20). From our analysis, oxygen vacancies are always stable in high concentration,
however only at extremely low oxygen pressure, even at high T. However, this analysis
assumes the vacancies form relative to a perfect oxide-nitride interface. In reality, vacancies
can form and be trapped during oxide growth on the TiN surface.

If we compare the stability of selected interfaces, in order to resemble specific conditions, we
observe from the phase diagrams that fully covered perfect and off-stoichiometric interfaces
are always stable at ambient Py,0 and P, conditions. The phase diagrams for water surface
coverage on the TiO,-TiN, TiO; ¢4-TiN, TiO; g3-TiN and O/N exchanged systems are shown
in Figure S1.

As a general trend, we can conclude that water is present at high coverage on TiO,-TiN
interfaces and dissociates only at very low Pypo, with stabilisation of oxygen vacancies
“clusters” at the condition of low oxygen pressures. The stability of a pristine interface is

guaranteed only at very low pressure of both gases.

4. Conclusions

We presented a Density Functional Theory study with Hubbard +U correction on Ti 3d states
(DFT+U) to describe the structural and electronic properties of molecular and dissociative
adsorbed water at the rutile (110) surface of perfect and non-stoichiometric TiO,-TiN
interfaces. The surface free energy shows the perfect TiN-TiO,; interface as the most stable at
regular O pressures, while TiO; gs—TiN is more favourable only at highly reducing conditions
with Apo <-3.15 eV, although oxygen vacancies can be trapped during growth. The O/N
exchanged interface is only ~0.01 eV/A? higher relative to the perfect interface.

We discuss the stability of the molecular versus dissociated water adsorption modes as a
function of the surface coverage and the nature of the TiO,—TiN interface. The computed

adsorption energies indicate that water is favourably adsorbed at the TiO,—TiN interface. The
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dissociative adsorption mode is more stable at low coverage (1/6 ML) at perfect and oxygen
defective interfaces, which is in agreement with a previous study.*’ Our results show the that
adsorption energy of the isolated OH-H is significantly stronger at the oxygen defective
interfaces compared to the stoichiometric models, which is explained by the higher
concentration of reduced Ti*" in the oxide and the contribution of atomic relaxations within
the TiO,«-TiN interfaces. Moving to higher coverages, we find that molecular adsorption is
more stable than dissociative adsorption at 1/2 ML coverage on the perfect, O/N exchanged
and TiO, gs-TiN interfaces. The aligned H,O distribution adsorption along [100] on the rutile
surface is the most stable configuration due to the H bonds that are formed between adjacent
molecules

Molecular adsorption is more stable on 1 ML covered perfect, O/N exchanged and TiO gs-
TiN interfaces while at the TiO; 94-TiN interface the molecular and mixed models are
degenerate in energy. The decreasing binding energy per water at higher surface coverages is
due to the energy required to drive surface and interfacial relaxations in the rutile-TiN
system. On the TiO, surface, the Ti-O distances between surface Ti and O from H,O increase
upon adsorption of water. The Ti-O distances are larger on the molecularly covered surface
than on hydroxylated. Surface Tis; atoms migrate up to 1 A after binding with O on partially
covered surfaces. Ab initio atomistic thermodynamics show that water is present at high
coverage on all TiO,-TiN interfaces and dissociates only at very low Py,o. The pristine

interface is only stable at very low pressure of O and H,O.

These DFT+U simulations of water adsorbed on TiO,—TiN (100) interface give a
description of at the rutile TiO; (110) surface that grows on TiN in a realistic hydrated
environment. The main outcomes of this study can be used for the further analysis of

wettability or biomolecules adsorption on metal-oxides thin films.
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Supporting Information
Surface phase diagrams for the relative water stability at selected TiN-TiO; structures in
equilibrium within a humid environment.
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