metals

Article

Influence of Ti Vacancy Defects on the Dissolution of
O-Adsorbed Ti(0001) Surface: A First-Principles Study

Xiaoting Wang 1, Dong Xie 1*{), Fengjuan Jing 2, Donglin Ma 3

check for
updates

Citation: Wang, X.; Xie, D.; Jing, F;
Ma, D.; Leng, Y. Influence of Ti
Vacancy Defects on the Dissolution of
O-Adsorbed Ti(0001) Surface: A
First-Principles Study. Metals 2024, 14,
573. https://doi.org/10.3390/
met14050573

Academic Editor: Francesca Borgioli

Received: 10 April 2024
Revised: 4 May 2024

Accepted: 10 May 2024
Published: 13 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yongxiang Leng 2*

Key Laboratory of Advanced Technologies of Materials, Ministry of Education of China, School of Physical
Science and Technology, Southwest Jiaotong University, Chengdu 610031, China; wxting2024@163.com
Sichuan Province International Science and Technology Cooperation Base of Functional Materials, College of
Medicine, Southwest Jiaotong University, Chengdu 610031, China

College of Physics and Engineering, Chengdu Normal University, Chengdu 611130, China

Correspondence: xiedong@home.swjtu.edu.cn (D.X.); yxleng@263.net (Y.L.)

Abstract: To investigate the dissolution mechanism of Ti metal, ab initio calculations were conducted
to observe the impact of Ti vacancy defects on the O-adsorbed Ti(0001) surface, focusing on the for-
mation energies of Ti vacancy, geometric structures, and electronic structures. The surface structures
subsequent to Ti dissolution were simulated by introducing a Ti cavity on both clean and O-adsorbed
Ti(0001) surfaces. Our findings indicated that Ti vacancy formation energies and electrochemical
dissolution potential on the O-adsorbed Ti(0001) surface surpassed those on the clean surface, and
they increased with increasing O coverage. This suggested that O adsorption inhibited Ti dissolution
and enhanced O atom interaction with the Ti surface as O coverage increased. Furthermore, at higher
O coverage, Ti vacancies contributed to the strengthening of Ti-O bonds on the O-adsorbed Ti(0001)
surface, indicating that Ti dissolution aided in stabilizing the Ti surface. The formation of Ti vacancies
brought the atomic ratio of Ti to O on the Ti surface closer to that of TiO,, potentially explaining the
increased stability of the structure with Ti vacancies.

Keywords: «-Ti; first-principles calculations; Ti vacancy defect; oxygen adsorption; electrochemical
dissolution potentials

1. Introduction

Under atmospheric conditions, titanium (Ti) manifests in two allotropes: an o-phase
featuring a hexagonal close-packed (HCP) structure below 882 °C and a 3-phase character-
ized by a body-centered cubic (BCC) arrangement above this temperature threshold [1].
Commercially pure titanium, denoted as «-Ti, finds extensive application in biomedicine
(including orthopedic implants and dental instruments), as well as in aerospace engineer-
ing [2]. This popularity stems from its remarkable properties, including excellent fatigue
strength, low density, high tensile strength, lightweight nature, exceptional biocompatibility,
and outstanding resistance to corrosion [3].

When titanium (Ti) implants are introduced into the high-oxygen, saline, and elec-
trolytic milieu of the human body, the Ti surface undergoes gradual degradation due to
electrochemical processes, a phenomenon termed as corrosion of Ti implants [2]. Conse-
quently, the corrosion of surgical Ti implants, a significant determinant of their service
life, cannot ensure their long-term stability [4]. This corrosion process compromises the
chemical and physical stability of the surface, potentially leading to various side effects [3].
For instance, Olmedo et al. have demonstrated an association between per-implantitis (a
site-specific infectious disease) and ion corrosion of the Ti surface [5]. One approach to
modify the corrosion resistance of Ti implants involves alloying them with elements such as
aluminum, vanadium, niobium, zirconium, rhenium, chromium, nickel, or manganese [6].
However, the dissolution of these alloy components may also pose adverse effects on the
human body [7]. Despite numerous experimental investigations into Ti implant dissolution,
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the underlying dissolution mechanism remains incompletely elucidated, and research into
Ti dissolution at the electronic level remains limited.

A strong affinity between titanium (Ti) and oxygen (O) atoms facilitates the formation
of an oxide film, thereby enhancing corrosion resistance and mitigating Ti dissolution.
Oxygen adsorption facilitates instant repair of any damaged oxide film; conversely, the
degradation of the oxide film can lead to Ti corrosion under anaerobic conditions [8].
In environments with acidic conditions, such as the oral cavity where titanium is often
used as a dental implant, the presence of fluoride in toothpaste can lead to the generation
of hydrofluoric acid (HF), which, at certain concentrations, can corrode the oxide film
protecting the implant, resulting in corrosion [9]. Thus, oxygen plays a crucial role in
stabilizing Ti and regenerating oxide films that have been compromised for various reasons.
Moreover, the equilibrium phase diagram, as determined by Sahoo et al. [10] using ab initio
thermodynamic methods, indicates that clean Ti surfaces are nearly non-existent under
room temperature and atmospheric pressure. Hence, it is imperative to investigate how O
adsorption influences Ti dissolution.

Greeley and Nerskov proposed an ab initio thermodynamics method to assess the
dissolution tendencies of alloys in acidic environments, enabling the calculation of the
dissolution potential of solute metal atoms on alloy surfaces [11]. Ma et al. [12] utilized
a similar approach to investigate the influence of alloying elements on Pt dissolution.
Wang et al. employed this thermodynamic framework to explore the selective corrosion
of the B; and B19’ phases of NiTi alloys, comparing the dissolution tendencies of Ni and
Ti atoms [13]. In our recent work [14], we employed density functional theory (DFT)
calculations to elucidate how oxygen (O) adsorption affected the corrosion behavior of o-Ti.
Additionally, we investigated the impact of oxidation on the dissolution potential of Ti using
the thermodynamic method proposed by Greeley and Nerskov. Our results demonstrated
that oxidation impeded Ti dissolution by elevating the potential of the Ti atoms at the
dissolved surface. However, the influence of Ti dissolution on the geometric and electronic
structures, as well as the bonding of Ti metals—essential factors for understanding Ti
dissolution—was not further explored in our recent work.

In this investigation, we selected the most stable crystallographic surface, namely, the
Ti(0001) surface [15], to delve deeper into the dissolution mechanism of x-Ti. Building
upon our recent research [14], to ensure thorough consideration of the changes in various
properties with varying oxygen coverage and to prevent overlooking crucial information,
we meticulously examined the oxygen coverage of the Ti surface. We evaluated the
influence of O adsorption on the electrochemical dissolution potential of x-Ti metal by
introducing Ti vacancy defects on both clean and O-adsorbed Ti(0001) surfaces. The
mechanism of Ti vacancy defects acting on O-adsorbed Ti(0001) surfaces under various
O coverage was investigated by first-principles calculations. Our findings confirmed that
from a thermodynamic perspective, O adsorption mitigated Ti dissolution, and Ti vacancies
rendered the Ti metal more resistant to corrosion.

2. Computational Details

The Cambridge Sequential Total Energy Package (CASTEP) code [16] was employed
for all density functional theory (DFT) computations. The exchange—correlation interac-
tion was characterized by applying the generalized gradient approximation (GGA) and
Perdew-Burke-Ernzerhof (PBE) functional. The ultra-soft pseudopotential was chosen
to describe the electron-ionic core interactions. An energy cutoff of 450 eV and a k-point
grid of 5 x 5 x 1 were set. The Ti(0001) surface was represented by a five-atomic-layer
slab with 20 A vacuum layers between in a 3 x 3 supercell (see Figure 1a). Only the
bottom two layers of Ti atoms were constrained, while the other layers were fully relaxed.
Convergence criteria were set at 10~° eV /atom for energy, 0.03 eV /A for maximum force,
and 0.001 A for maximum displacement. The valence electronic configurations involved
in the calculations were as follows: Ti 3d?4s? and O 2s2p*. Electron occupancies were
determined with a smearing width of 0.02 eV. To account for van der Waals interactions



Metals 2024, 14, 573

30f16

correction and the induced dipole moment produced by adsorbed O atoms, the DFT-D3
method [17] and the dipole correction [18] were applied, respectively. Comparing the
calculated lattice parameters of bulk Ti and the work function of the clean Ti(0001) surface
with other calculations and experimental results (Table 1), it was evident that they were in
agreement with previous experimental and DFT studies, indicating the reasonableness of
the parameters employed in this study.

(2) , (b)

20 A vacuum

S layer slab

Figure 1. (a) Side view of the Ti(0001) slab. (b) Top view of the Ti(0001) slab, illustrating four adsorption
sites on the surface: hexagonal close-packed (Hcp), face-centered cubic (Fcc), bridge, and top.

Table 1. A comparison of calculated lattice constants of bulk Ti and the work function of the clean
Ti(0001) surface with other computational and experimental results.

This Work Experiments Other Calculations
GGA-PBE:
B B a=b=292c=463[1]
a=b=294 a=295¢/a=1587[19] c/a=1.580 [20]
Lattice (A) c=4.66 a=b=294,c=463[21]
c/a=1.585 LDA:

c/a=1.586[20]
c/a=1.588[22]

c/a=1.580[22]
¢/a=1.594[23]

Work function (eV)

4431

GGA-PBE:
46+02[24] 4,48 [25], 4.42 [20]
445 [23] LDA:

4,64 [22], 4.75 [23]

3. Results and Discussion
3.1. Adsorption Behavior of O Atom on the Ti(0001) Surface

Four adsorption sites of O atoms are considered in Figure 1b. The average adsorption
energy per O atom on the Ti(0001) surface, denoted as E, s, is calculated as follows [26]:

1 Eo
Eags = “Ng {ETi/O - (ETi +NOZZ>} 1)

where Ng represents the number of adsorbed O atoms; Et; and Et;,0 denote the energies
of the clean and O-adsorbed Ti(0001) slabs, respectively; and Ep, represents the energy
of the spin-polarized O, molecule. A positive value for E,q4 indicates an exothermic
(thermodynamically favorable) adsorption.

The E_ 4 at different O-adsorbed sites are presented in Figure 2. Initially, the position
of the O atom was found to be unstable at the bridge and top sites, while it was stable at the
Hcp and Fcc sites. The E 44 of the O atom at the Fcc site (approximately 6.06 eV) exceeded
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that at the Hcp site (approximately 5.72 eV), indicating that the O atom was most stable at
the Fcc site. This observation was consistent with previous studies [14,27]. Consequently,
the Fcc site was selected for O atom adsorption in the subsequent calculations.

7.0
Final Site
65F
§‘ )
2 6.0k Q.........Q"
3 6.06 6.05 --.,
&3
55F
O Ti
@ 0

[4

Bridge Fcc Hcp Top
Initial Site

Figure 2. E, 45 of an O atom at various sites on the Ti(0001) surface. The corresponding structural
diagrams for each site are provided. The initial position of the O atom is indicated by the orange
dotted circle.

The adsorption behavior of O atoms at varying coverage was investigated by adsorb-
ing one to nine O atoms on the Ti(0001) surface. The O coverage (8) was defined as 6 = ﬁ—g,
where Np and Nrj represent the total number of adsorbed O atoms and the total number
of Ti atoms in the first Ti layer, respectively. To elucidate the interaction between O atoms
on the surface at high 6, the concept of indirect interaction energy (E;,q) was introduce.

Eing at a specific 6 was calculated as follows [28]:

Eind(e) = _[Eads(e) - Eads(l/g)] )

where E,45(0) represents the E, 4 at the corresponding 0, and E,45(1/9) represents the E 45
at 0 = 1/9 ML. E;q was negative for attractive interactions and positive for repulsive ones.

Figure 3 illustrates the variations in E,45 and E;,gq of the O-adsorbed Ti(0001) surface
with different 6. Positive E,4s values, as depicted in Figure 3a, signified that O adsorption
was exothermic and hence thermodynamically favorable. The Ti(0001) surface readily
adsorbed the highly electronegative O atoms, resulting in longitudinal Ti-O interactions.
In Figure 3b, the positive Ej,4 values increased significantly with increasing 6, thereby
amplifying the electrostatic repulsion and electrostatic energies between the O atoms.
Consequently, the horizontal repulsion between O atoms increased with 8, while E 44
decreased. Similar observations were made for O adsorbed on other metallic surfaces [29].
Notably, at high 6 (6 = 5/9-1 ML), the E;,4 values exhibited a sharp increase (refer to the
orange transparent area in Figure 3b), indicating a significant rise in repulsion between O
atoms. This may also have led to a sharp decline in E, 4 (refer to the orange transparent
area in Figure 3a).
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Figure 3. (a) E, 45 and (b) E;q of the Ti-O adsorption systems at different 8. The orange transparent

areas denote the region of higher oxygen coverage (0 = 5/9-1 ML).

3.2. Ti Vacancy Formation Energy

The dissolution activation energy of Ti metal serves as an electrochemical kinetic
parameter, challenging to accurately estimate either through modeling or experiment
means. In Figure 4, following our recent methodology [14], we simulate the surface
structure post-Ti dissolution by constructing a Ti cavity at the center of the clean and
O-adsorbed Ti(0001) surfaces. The dissolution activation energy was assessed using the Ti
vacancy formation energy (E}° ), which was required to create a Ti vacancy defect. The

form
Ti vacancy formation energy (E¥2° ) represented the energy required to remove a Ti atom

form
from the Ti surface, and it could be calculated as follows [30]:

vac __ pvac atom
form — Eslab + Ebulk - ESlab (3)
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where Egj,;, denotes the energy of the slab without a vacancy defect, Ef){ represents the

energy of the slab with a vacancy defect, and E2'9F is the energy of the removed atom.
Given that E{S"  depended on the location from which the Ti atom was removed and to
avoid removing Ti atoms at the surface edge, the Ti atom was consistently removed from

the central position of the surface Ti layer in all models. Generally, E}°  increased with the

surface stability [31]. The higher the E}°C , the greater the difficulty in dissolving Ti atoms.

form”

(a) (b)

Ti cavity

Ti(0001) Ti(0001)/0

Figure 4. Diagram illustrating the Ti vacancy structure of (a) the clean and (b) the O-adsorbed Ti(0001)
slab. The orange dotted circles denote the removal of Ti atoms from the center of the surface Ti layer.

Figure 5 illustrates the calculated E{S5 . The EFS° on the O-adsorbed Ti(0001) surface
was greater than that on the clean surface. Atlow 6 (6 = 1/9-4/9 ML), E}2°  values closely

form
resembled those of the clean surface, at 0.433 eV, with minimal variation. However, at high 6

(0 = 5/9-1 ML), E}Z | exhibited a significant increase, as depicted in the orange transparent

area. When the adsorbed O atom approached the monolayer (6 = 7/9-1 ML), the E}5°
value changed gradually. This suggested that O adsorption near the monolayer could
notably raise the energy required for Ti dissolution from a thermodynamic perspective.
Furthermore, E{S. was positive, indicating that Ti atoms departed from the Ti surface
endothermically. Considering the electrochemical corrosion mechanism [32], our recent

research has shed light on the origin of this heat [14].

3.5
3.0F
25F
2 2.0
g £
o 15F
1.0F
05k clean surface
0.433 eV
179 2/9 1/73 49 5/9 2/3 7/9 89 1
0 (ML)
Figure 5. The calculated E}7; . of a Ti vacancy under different 6. The orange transparent areas denote

the region of higher oxygen coverage (6 =5/9-1 ML).
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3.3. Electrochemical Potential Shift

Building upon our previous derivation [14], the influence of O adsorption on the
electrochemical dissolution potential of the Ti surface could be evaluated through the
electrochemical potential shift (AU) and chemical potential difference (An), which were
determined by the following equations:

f f
Al = UTioxid ~ MTi clean- 4)
B~ e Au
AU = — i,0xi iclean _or 5
2e 2e ©®)

where u’}‘frcflean and usrli"(fxi q represent the chemical potentials of Ti atoms released from the

clean and O-adsorbed Ti(0001) surfaces, respectively. Thus, Ay indicates the difference in
chemical potentials required to release Ti atoms from the clean and O-adsorbed Ti(0001)
surfaces, while AU signifies the shift in the electrochemical dissolution potential of the O-
adsorbed Ti(0001) surface compared with the clean surface. As elucidated in our previous
study [14], the slab models with Ti vacancy defects were employed to investigate AU and
Ay of both clean and O-adsorbed Ti(0001) surfaces under different 6. The Ap value was
negative, indicating that the O-adsorbed Ti(0001) surface was more stable than the clean
surface. A more negative Au value suggested stronger interaction between the adsorbed O
atoms and the surface Ti atoms. Conversely, the AU value was positive, suggesting that
a higher electrochemical dissolution potential was required to release Ti atoms from the
O-adsorbed Ti(0001) surface. In other words, the dissolution of the O-adsorbed Ti(0001)
surface was more challenging than that of the clean surface. A higher positive AU value
indicated stronger interaction between the adsorbed O atoms and the surface Ti atoms.

Figure 6 illustrates the calculated Ap and AU. All calculated Ap values were negative,
indicating an enhancement in the stability of the Ti(0001) surface due to O adsorption.
Moreover, all calculated AU values were positive, implying an increase in the electrochem-
ical dissolution potential of the Ti(0001) surface upon O adsorption. Consequently, the
dissolution of the O-adsorbed Ti(0001) surface became more challenging.

0.0 1.50
05} 11.25
ol 1 1.00

S S
2 1075 =
s-15} ~
10.50
2.0}
10.25
.—
25} *—o—*
Il 1 L b 1 Il 1 I 1l 0.00

1/9 2/9 1/3 4/9 5/9 2/3 7/9 89 1
0 (ML)

Figure 6. Apand AU of the O-adsorbed Ti(0001) surface compared with the clean surface under different
0. The orange transparent areas denote the region of higher oxygen coverage (6 =5/9-1 ML).

Atlow 6 (0 = 1/9-4/9 ML), the change in Ap or AU values was minimal. However,
at high 8 (6 = 5/9-1 ML), the Ap values became more negative, and the AU values became
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more positive, as indicated in the orange transparent area. This observation underscored a
significant strengthening in the interactions between the adsorbed O atoms and the surface
Ti atoms. Once again, this highlighted the significant enhancement in the interaction with
surface Ti atoms when O was adsorbed near the monolayer.

3.4. Geometric Structures

To explore the influence of Ti vacancy on the geometric structure of the Ti(0001)
slab, the geometric structural parameters of the Ti-O slab are presented in Figure 7. In
Figure 7b, Hti_o denotes the vertical distance between O and surface Ti atoms, while
Dri_o represents the bond length of the Ti-O bond. Both Hrj_o and Drj_g are averages.
It is evident from the data that both Hti_o and Drj_o values decreased with increasing
0. Specifically, the Hrij_o values of the Ti(0001)/O-vac slab were smaller than those of the
Ti(0001)/O slab. Similarly, the Dtj_o values of the Ti(0001)/O-vac slab were less than those
of the Ti(0001) /O slab at high 6 (6 = 5/9-1 ML), as indicated in the orange transparent
area. This suggested a strengthening of the Ti-O bonds with increasing O adsorption, with
the enhancing effect of a Ti vacancy on the Ti-O bonds becoming more pronounced when
the adsorbed O atom was close to the monolayer.

Figure 7c illustrates the variation in spacing between adjacent atomic layers of the Ti-O
slab. The percentage change in spacing (Adj) is defined as Ad;;(%) = Cth;m) x 100%, where
djj is the spacing between adjacent atomic layers i and j after O adsorption or creating a Ti
vacancy, and dy is the spacing between adjacent atomic layers i and j of the clean surface.
For the Ti(0001)/0O slab, Adj, represents the variation in spacing between the first and
second layers of the Ti surface after O adsorption, while Adj3 represents the variation in
spacing between the second and third layers of the Ti surface after O adsorption. Similarly,
for the Ti(0001)/O-vac slab, Adj, and Adj3 represent the variation in spacing between
adjacent atomic layers of the Ti surface after creating a Ti vacancy.

As depicted in Figure 7c, the Adj, values of the Ti(0001)/O slab were positive and
increased with increasing 6, indicating that O adsorption expanded di,, with the degree of
expansion increasing with the amount of O adsorption. Similarly, the Ad;, values of the
Ti(0001)/O-vac slab were positive, suggesting that a Ti vacancy also expanded dj,, with the
degree of expansion increasing with increasing 6. At high 6 (6 = 5/9-1 ML), as indicated
in the orange transparent area, the expansion degree of the Ti(0001)/O-vac slab was greater
than that of the Ti(0001)/O slab. This indicated that the Ti vacancy assisted in enlarging
dqp, facilitating closer binding of surface Ti atoms with O atoms. Furthermore, the Ady3
values of the Ti(0001)/O slab were negative and decreased with increasing 0, indicating
that O adsorption reduced dj3, with the degree of contraction increasing with the amount
of O adsorption. Similarly, the Adys values of the Ti(0001)/O-vac slab were negative,
indicating that a Ti vacancy also reduced d3, with the degree of contraction increasing
with increasing 0. At high 0 (0 = 5/9-1 ML) as indicated in the orange transparent area,
the contraction degree of the Ti(0001)/O-vac slab was close to that of the Ti(0001) /O slab.
This suggested that the effect of the Ti vacancy on dy3 was reduced, resulting in surface Ti
atoms being closer to O atoms. These findings demonstrated that Ti dissolution facilitated
the combination of surface Ti with O, providing an insight into the combination of Ti and
O atoms from a geometric structure perspective.
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Figure 7. Geometric structural parameters of the Ti-O slab. (a) [llustration of structural parameters in
the side view of the O-adsorbed Ti(0001) slab. (b) Hr;_o and D;_g of the Ti(0001) /O and Ti(0001)/O-
vac slabs. (c) Adjp and Adpz of the Ti(0001)/O and Ti(0001)/O-vac slabs. The orange transparent
areas denote the region of higher oxygen coverage (8 = 5/9-1 ML).

3.5. Electronic Structures

In Figures 8 and 9, the electron density difference and electron density analyses were
conducted to delve deeper into the bonding nature between O and Ti atoms. Within
the charge density difference diagram (refer to Figure 8), a conspicuous augmentation
in electron density around the O atoms was observed, juxtaposed with a diminution in
electron density around the Ti atoms neighboring O, thus implying an electron transfer from
Ti to O. This phenomenon instigated electron redistribution across the surface. Moreover,
the electron gain and loss distribution on the Ti(0001)/O-vac surface (see Figure 8a—d)
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manifested variances from that observed on the Ti(0001)/O surface (see Figure 8e-h),
elucidating that Ti vacancies precipitated electron redistribution on the Ti(0001)/O-vac
surface. Figure 9, the electron density diagram, delineates electron density overlap between
O and Ti atoms on both the Ti(0001)/O and Ti(0001) /O-vac surfaces, thereby suggesting the
covalent nature of Ti-O bonds [33] and the chemisorption of atomic O onto the Ti surface.
Additionally, an electron density overlap amid O atoms was observed, indicative of an
interaction between neighboring O atoms.

0= 0=-ML 6=1ML

(@) i
(e)

ML

O =

°Q®
o

Figure 8. Analysis of charge density differences in the Ti(0001)/O (a-d) and Ti(0001)/O-vac slabs
(e-h) from the top views, using 6 =1/9,1/3,2/3, and 1 ML as examples. Areas of increased electron
density are depicted in magenta, while areas of decreased electron density are shown in gray. The
translucent orange circular region indicates the position of the titanium vacancy.

Figure 9. Electron density distribution in the Ti(0001)/O (a-d) and Ti(0001)/O-vac slabs (e-h)
observed from side and top views, with 0 =1/9,1/3,2/3, and 1 ML as examples.

Figure 10 illustrates the outcomes of the overlap population analysis [34], which
furnished quantitative insights into the atomic bonding between Ti and O, as well as
the dissolved nature of Ti. A positive overlap population denoted a bond between two
atoms; conversely, a negative overlap population indicated anti-bonding. Notably, the
magnitude of the positive overlap population positively correlated with the strength of
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bonding [34]. For the Ti(0001)/O slab, the parameter D;_¢ experienced a gradual decrease,
while the positive population of the Ti-O bond showed a slight increase with rising 0,
signifying a gradual enhancement in the strength of the Ti-O bond with increasing O
adsorption. These values (the D1i_o values in Table S1) closely approximated the Ti-
O bond (1.92 A) observed in bulk TiO, [33]. In contrast, for the Ti(0001)/O-vac slab,
Dri_o decreased, and the positive population of the Ti-O bond increased as 6 increased.
Particularly noteworthy was the behavior observed at low 0 (6 = 1/9-4/9 ML), where
the changes in Drj_o and the population of Ti-O bonds were minimal. However, at
higher 0 values (6 = 5/9-1 ML), denoted by the orange transparent area, there was
a sudden increase in the changes in Drj_o and the population of Ti-O bonds. These
observations suggested that Ti vacancies significantly diminished the Drj_o and increased
the population of Ti-O bonds at higher 6 values (8 = 5/9-1 ML), underscoring the role
of Ti vacancies in enhancing Ti-O interactions when O adsorption approached monolayer
coverage. Furthermore, at higher 6 values (6 = 5/9-1 ML), as indicated in the orange
transparent area, the negative overlap population suggested anti-bonding O-O interactions
occurring on both Ti(0001) /O and Ti(0001)/ O-vac surfaces, resulting in the formation of
0-O bonds of approximately 2.8 A. This observation was consistent with the sharp increase
in Ejnq values at higher 6 values (8 = 5/9-1 ML) (see Figure 3b), indicating a significant
rise in repulsive forces between O atoms.

0.50
41 —0.002
045F 4 —0.004
S . 1 S
S 930} THOD/O-vac 000 1 12 =
g ’ 2
.E,: 025k 41-0.014 E
a o0k 4—0.016 g-
g 1-0.018 2
~ 015} "(“"“”’" Ny 020"
otol 1-0.022
4-0.024
0.05
1.96 2Ti0001)/0-vac 133¢
1-94 | Sy ' " 3.30
p—
= LI92F  1i0001y0 ¢ —® J3183
< 190} N — 1212 <
Q A 43.06 &2
= L A—A— a
Q 1.88 43.00
1.86 Ti(0001)/O-vac /‘ 1294
1aal A —A {2.88
e 42.82
1.82} Ti(0001)/O¢ e 42.76
M 2 M A A - - o 2.70

19 2/9 1/3 4/9 5/9 23 7/9 89 1
0 (ML)

Figure 10. Overlap population analysis of the Ti-O slab under different 8. Drj_g is the same as in
Figure 7b, and Dg_g is the average bond length of the O-O bond. The corresponding data are shown in
Table S1. The orange transparent areas denote the region of higher oxygen coverage (6 =5/9-1 ML).
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Figure 11 presents the partial densities of states (PDOSs) for both the Ti(0001)/O and
Ti(0001)/O-vac surfaces at coverages of 1/9,1/3,2/3, and 1 monolayer (ML). Compared
with the clean surface, as highlighted in the orange transparent area in Figure 11a,b, the
overlapping of peaks in the O 2p and Ti 3d orbitals on both the Ti(0001) /O and Ti(0001)/O-
vac surfaces indicated the formation of Ti-O bonds. This suggested that electron transfer
between O and Ti atoms resulted in hybridization of O 2p and Ti 3d orbitals. As the 0
increased from 1/9 to 1 ML, the number of peaks in the O 2p and Ti 3d orbitals increased,
and the overlapping regions became broader, indicating an enhancement in hybridization
and the formation of stronger Ti-O bonds. At higher 0 (6 =2/3 and 1 ML), in comparison
with the Ti(0001)/O surface (see Figure 11a), there was an increase in the number of O
2p and Ti 3d orbital peaks on the Ti(0001)/O-vac surface, accompanied by a widening of
the overlapping area (see Figure 11b). This suggested that the presence of Ti vacancies
intensified hybridization, thereby reinforcing the Ti-O bond. These observations were in
line with the results obtained from the overlap population analysis.
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Figure 11. Analysis of PDOS between O and surface Ti atoms on the Ti(0001)/O (a) and Ti(0001)/O-
vac (b) surfaces, with 6 = 1/9, 1/3, 2/3, and 1 ML as examples. The orange transparent areas
symbolize the overlap of hybrid peaks from different orbitals.

The work function (®) of both the Ti(0001)/O and Ti(0001)/O-vac surfaces is presented
in Figure 12. It is noteworthy that the calculated ® of the clean surface was 4.431 eV, a
value consistent with previously reported theoretical and experimental findings in Table 1.
A higher ® indicated greater stability of surface electrons [35]. Atlow 6 (6 =1/9-4/9 ML),
the variation in @ on both the Ti(0001)/0 and Ti(0001)/O-vac surfaces was minimal.
However, as depicted in the orange transparent area, ¢ experienced a sudden increase
at higher 6 (6 = 5/9-1 ML) on both surfaces, with the ® of the Ti(0001)/O-vac surface
surpassing that of the Ti(0001)/O surface. These results suggested that the inhibitory effect
of O adsorption on the escape of surface electrons positively correlated with the quantity of
adsorbed O atoms, and the presence of the Ti vacancy significantly impeded the escape of
surface electrons from the Ti(0001) /O surface.
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Figure 12. Variation of the work functions (®) of the Ti-O slab as a function of 8. The orange

3.8

transparent areas denote the region of higher oxygen coverage (6 =5/9-1 ML).

Furthermore, ® was associated with the equilibrium potential (Ue). The positive
correlation between U, and ® can be expressed as follows [36]:
D+ AD

Ue = P (6)

where A® represents the variation in ® due to changes in the solution environment.
Notably, only when 6 = 8/9 and 1 ML does the Ti(0001) /O surface exhibit an increase in ¢
compared with the clean surface, indicating that O adsorption can enhance the corrosion
resistance of the Ti surface only when the adsorption approaches a monolayer of O atoms.
Moreover, at higher 6 (6 = 5/9-1 ML), Ti vacancy can render Ti metal more corrosion-
resistant by enhancing the stability of surface electrons.

4. Discussion

As illustrated in Figure 13, as the adsorption of O on the Ti surface increased, the O
atom layer gradually amalgamated with the surface Ti atoms. Consequently, the surface
Ti atoms began to detach from the bulk material (Figure 13c), eventually culminating in
the formation of a stable oxide film that exhibited an anticorrosive effect on the surface.
The constituents of the oxide film on the Ti surface primarily comprised TiOy, TipO3, and
TiO [37], among which amorphous TiO, predominantly conferred protective properties
to the surface [21]. According to the theory of amorphous structure, the potential configu-
rations of the surface atomic structure of amorphous TiO, are myriad. Herein, the most
stable phase, rutile (TiO,), was considered representative of the composition of the Ti oxide
film. Subsequently, we delved deeper into how Ti vacancies contributed to stabilizing the
Ti(0001)/0O surface.
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Clean surface 0=1ML 0> 1ML

Figure 13. llustration depicting the formation of the oxide layer on the Ti(0001) surface. (a—c) illustrate
the alteration in Ti(0001) surface structure corresponding to the augmentation in oxygen coverage.

It was postulated that only the Ti atoms in the surface layer of the Ti(0001) slab
combined with O to form an oxide film. The surface layer of the Ti(0001) slab comprised
nine Ti atoms. The atomic ratio of Ti to O is denoted as R = Nt; : No, where N represents
the number of Ti atoms in the surface layer of the Ti(0001) slab, thus, N1; = 9; N represents
the number of adsorbed O atoms. The atomic ratio of Ti to O in rutile (R.j) was assumed
to be 1:2.

As No increased from 1 to 9, Ry;_glap gradually decreased from 9:1 to 1:1, approaching
the value of R, je- This indicated that the surface oxide composition of the Ti(0001)/O
slab was progressively converging toward that of TiO,, thereby enhancing the stability of
the Ti(0001) /O surface. Comparing the Ti(0001) /O and Ti(0001)/O-vac surface, it became
evident that the Ti vacancy rendered the Ti(0001)/O-vac surface more stable. This could be
interpreted as follows: for the same number of adsorbed O atoms on the Ti(0001) surface,
Ti vacancies reduced the value of Rrj_gj5p of the Ti(0001)/O-vac slab, bringing it closer
to Rrutile and thus enhancing stability. For instance, at 6 = 1 ML, Ryj(gpo1)/0 = 1:1 and
Ri(0001) /0—vac = 8:9; R1i(0001)/0—vac Was closer to Ryyte, rendering the Ti(0001)/O-vac
surface more stable.

5. Conclusions

First-principles calculations provided insights into the dissolution mechanism of Ti
metal by examining the impact of Ti vacancies on the O-adsorbed Ti(0001) surface. By
inducing Ti vacancies on both clean and O-adsorbed Ti(0001) surfaces, the Ti vacancy for-
mation energies, geometric structures, electronic structures, and electrochemical potential
of the Ti surface were investigated.

Analysis of the adsorption energy and indirect interaction energy revealed that the
increase in repulsion between O atoms was the primary factor contributing to the sharp
decline in adsorption energy. Analysis of the geometric structures revealed that Ti vacancies
facilitated the bonding of surface Ti atoms with O atoms. This observation helped explain
the high stability of the oxide film from the perspective of the effect of Ti dissolution on the
geometric structure. Furthermore, electrochemical potential shift analysis demonstrated
that O adsorption inhibited Ti dissolution, while increased O adsorption contributed
to the stabilization of the Ti surface. Finally, electronic structure analysis revealed that
Ti dissolution contributed to the stabilization of the Ti(0001)/O surface. Work function
analysis suggested that Ti vacancies could enhance the corrosion resistance of Ti metal.
The formation of Ti vacancies brought the atomic ratio of Ti to O on the Ti surface closer
to that of TiO,, which may explain the enhanced stability of structures containing Ti
vacancies. Our findings contribute to a better understanding of how Ti metal corrodes from
a thermodynamic perspective.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met14050573/s1: Table S1: Overlap population of Ti-O systems under different 6.
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