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Introduction

The natural oxide layer thickness for titanium (Ti) at room temperature is only about
5nm [1, 2]. The thickness can be increased by thermal or electrochemical methods.
The latter uses anodic potentials to reinforce the oxide formation and increase the
thickness of the compact oxide layer up to several 100 nm. Technically, the process
is called anodization and is applied in the industrial finishing of several metals. Alu-
minum, titanium, vanadium, zirconium, niobium, molybdenum, hafnium, tantalum
and wolfram form readily stable oxide films at anodic potentials, while other metals
can be anodized under specific conditions [3]. Titanium oxide has attracted growing
interest for applications in various fields, for instance, aerospace, medicine, oil and
automotive industry, military, architecture and jewelry [4]. At latest since a report
from Fujishima and Honda about the electrochemical photolysis of water on titanium
dioxide surfaces in 1972, anodized titanium is also highly valued for its potential in
the energy sector [5]. This broad scope of applications, is due to the versatile cus-

tomization of the oxide layers by using numerous variations of anodization.

One technique that emerged from anodization is plasma electrolytic oxidation (PEO).
It belongs to a branch of electrolytic plasma technologies [6], which all have one
thing in common: Characteristic dielectric discharges occur, which induce a plasma
with visible light emission. The first description of plasma electrolytic discharges
phenomena dates back to 1880 and is assigned to Sluginov [7]. The first technical
utilization took already place approximately 110 years ago in the Russian industries of
ship building and repairing [8]. Systematic investigation followed by Giinterschulze
and Betz in the 1930’s as an aspect of the development of electrolytic capacitors
[9]. But only in the 1960’s the practical benefits were exploited by McNeill and
Gruss in the USA [10, 11]. In the early 1970’s Brown et al. derived a method
to form aluminum oxide layers based on electrolytic plasma discharges, which they
referred to as Anodic Spark Deposition (ASD) [12]. A few years later, Markov et
al. developed a similar method for generating an aluminum oxide layer, which they
ultimately called Micro-Arc Oxidation (MAQO) [13]|. Important work followed in the

80’s by the groups of Snezhko and Kurze |6, 14]. In the course of time, various
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terminologies have been used for what is, essentially, the same technique: Micro-arc
oxidation, plasma chemical oxidation, micro-plasma oxidation, anodic oxidation by
spark discharges, and anode spark electrolysis are just a few terms which largely
represent PEO [6, 14]. In the last three decades, the work focused on the refinement
of the produced coatings by adjustments in the process. This is mainly driven by
the attraction for many applications and, nowadays, PEO has established itself in a

number of niche applications in surface engineering [14, 15].
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Figure 0.1: A sketch of the employed electrolytic cell for PEO, basically consisting of
anode, cathode and electrolyte. The glass vessel exhibits an integrated glass shell
for temperature regulation. Some feeds and drains, as well as a quartz window for
optical investigations, are indicated in the left sketch. The cathodic and anodic half
cell reactions for titanium oxidation are given below. A light microscopy image of
the cross section of a plasma electrolytically oxidized titanium foil is shown on the
right side.

Despite its commercial use, the understanding of PEO is far from complete. The
selected process parameters are often based on purely empirical results. This is
partly due to the highly complex nature of PEO. The primary technical setup for
PEO of titanium is no more complicated than for the underlying anodization, see the
electrochemical cell in Figure 0.1. However, it differs from conventional anodization
when the applied potential exceed a distinct value. From then on, dielectric discharges
occur and interact with processes of oxide formation and dissolution. In order to
describe the entire process, extensive knowledge from various fields (e.g. plasma
physics, electro-chemistry, electrical engineering, transport phenomena, heat transfer)

is required.
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While the objective of conventional anodization is usually a compact oxide layer,
PEO is used to obtain a porous or nanotubular TiOy layer. The porous morphol-
ogy of plasma electrolytic oxidized titanium exhibits superior advantages in certain
fields of applications, e.g. osseointegration for permanent medical implants or photo-
catalytic devices [16]. The large surface to volume ratio is also attractive for an
application as a sensor material for gas detection. In general, titanium oxide fulfills
a number of criteria for being used as a sensor material. First of all, the gas adsorp-
tion on TiO, is neither too strong nor too weak. This goes along with the second
prerequisite; the material needs to be stable at various temperatures. Third, TiO,
usually belongs to the (n-type) semiconducting metal oxides (SMOX). This means
that the charge carrier concentration is at the appropriate level in order to detect
changes in electrical material properties on the adsorption of gases. Other promi-
nent SMOX representatives for gas sensing are SnO, WO3, ZnO (n-type) and CuO,
Cr03 (p-type) [17]. Useful advantages of SMOX include the comparatively simple
and inexpensive electrochemical fabrication and the potential integration into Mi-
cro Electro Mechanical Systems (MEMS), which allows easy embedding into existing

structures.

Numerous studies have focused on TiO5 and its application as a sensor material. It is
either exploited for reductive gases like hydrogen (Hsy), carbon monoxide (CO), am-
monia (NHj), hydrogen sulfide (HyS), and volatile organic compounds (VOCs), or for
oxidative gases like oxygen (Oz) and nitrogen dioxide (NOg) [18]. In this work, the fo-
cus is on a sensor setup, which includes a Schottky barrier at a metal/TiOy interface.
The interface exhibit rectifiying properties, which are sensitively influenced by surface
adsorption and can therefore be used to determine gas concentrations. Hereby, the
use of metals with catalytic activity, e.g., palladium (Pd) and platinum (Pt), promises
to improve the performance and enables the operation at low temperatures. Early in-
vestigations with Pt/TiO; junctions concentrated on the detection of reducing gases.
In 1979, Yamamoto et al. were one of the first to use Pt in contact to TiOs in or-
der to form a hydrogen-sensitive Schottky diode that operated at room conditions
[19]. One year later, Harris presented a hydrogen detector based on a Pt/TiO,/Ti
sandwich structure [20]. The basic idea of hydrogen sensing with Pt/TiO, remained
popular, so to this day, various ways have been proposed to improve its performance
[21-26]. Tts commercial relevance for hydrogen sensing is attested by several patent

specifications from the last decade [27-29].

In terms of oxidizing gases, oxygen is obviously the most prominent representative,

but Pt/TiOy junctions are less frequently applied for oxygen sensing. In the early
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1990’s, Schierbaum and others extensively investigated the interaction of Pt/Ti0O5(110)
with oxygen [30-33]. A remarkable sensitivity but limited detection range for oxygen
was found. Keeping the current constant across the interface, resulted in an almost
logarithmic dependence of the voltage on the oxygen partial pressure. This implies
that the sensitivity decreases with increasing oxygen concentrations. At high oxygen
partial pressures, e.g., in ambient air, the interface is almost saturated and changing
the partial pressure has only minor effects on the electrical properties. Nevertheless,
results in this thesis indicate that the Pt/TiOy interface can be exploited for oxygen

sensing under certain conditions.

The present thesis is divided into three chapters. In chapter one, the basic properties
of oxygen, platinum and, especially, titanium dioxide will be discussed. Chapter two
addresses plasma electrolytic oxidation (PEO) in detail and includes experimental
results on the tailoring of titanium dioxide coatings. The third chapter starts to
discuss the oxygen and platinum adsorption on TiO,, before the final experimental
investigation focuses on the interaction of the produced Pt/PEO-TiO, samples with

oxygen.



1 Fundamentals

This section briefly discusses the key elements and compounds in this work to provide

a foundation for the remaining chapters.

1.1 Oxygen

Oxygen is the element with the atomic number eight and exhibits the electron con-
figuration [He|2s?2p? in a neutral state. It is the most electronegative element after
fluorine. This fact combined with the electron configuration already indicates a strong
tendency for atomic oxygen to form chemical compounds. At standard temperature
and pressure, two oxygen atoms readily bind to form molecular oxygen Oy. Above
—183°C, O, is a colorless and odorless gas [34]. The gas density is 1.429g/1 (at 0°C
and standard pressure) and therefore around 1.1 times more dense than air at the

same conditions |35].

The most stable form of neutral Oy is a triplet spin configuration, marked by the
term symbol 32; In this configuration, O has two unpaired valence electrons with
the same spin. This fact induces characteristic properties of triplet O,, such as its
paramagnetism. Despite its diradical nature, triplet O is quite stable. This is due to
the conservation of spin, when forming new bonds or enter chemical reactions. The
vast majority of (organic) compounds have valence electrons with paired spins |36].
For a reaction with these compounds, two radicals with the same spin must be formed,
but “these initial radical products are usually high energy reactive intermediates and
their formation will be slow” [37]. An energetic transition of the molecule into a
singlet state can also result in a reaction, but again the transition energy from the
triplet state to the singlet state is quite high (0.98eV) [38]. Ultimately, the spin
conservation in oxygen reactions prevents that many organic compounds just combust

in the ambient atmosphere [37].
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1.2 Platinum

Platinum (Pt) is a transition metal with the atomic number 78. Its neutral electron
configuration is [Xe|4f'45d%6s! and induces paramagnetic properties. Platinum is
a very versatile material and has a wide scope for utilization. It belongs to the
least reactive metals, even at high temperatures it is quite stable. Therefore, it is
considered as noble metal. This also justifies its applicability as electrical lead or
contact/electrode material. In contrast to this chemical inertness, platinum is also

known for its catalytic activity.

In heterogeneous catalysis, the gaseous reactant has to adsorb on the solid surface
without forming a compound. The Sabatier principle describes the appropriate bond-
ing strength for a high catalytic activity. Herein, a chemisorption of the reactant is
required which must be neither too weak nor too strong. A strong chemisorption
means a strong bonding, which commonly goes along with a long surface-residence
time [39]. However, for an catalytic process a rapid turnover reaction is commonly
desired. Otherwise, the catalytically active sites are temporarily blocked. On the
other side, the bonding with the interface should not be too weak, cause the catalyt-
ical process involves bond breaking. The bond breaking is assumed to be induced
by local low-energy electronic fluctuations with the substrate, which include charge
fluctuations, configuration fluctuations, spin fluctuations and term and multiplet fluc-
tuations [39]. In case of Pt, the incomplete filled d band plays a decisive role for its
catalytic activity. The 10-fold degeneracy and relatively narrowness of the d-band
provide a high density of states, which facilitates electronic fluctuations [40]. In
addition, fluctuation-inhibiting effects, such as Coulomb repulsion, are only weakly

pronounced [40].

A well-known catalysis on platinum is the oxidation of hydrogen, which is commonly

exploited in fuel cells. The corresponding half-cell reaction at a cathode,
1 n _ Pt 0

controls the overall activity of a fuel cell and is also referred to as oxygen reduction
reaction (ORR). The ORR is one of the best studied electrochemical reactions and
platinum has shown the highest catalytic activity for it among all elements. Fig. 1.1
shows theoretical results from Norskov et al. [41], which are in good agreement with
experimental results. Herein, the oxygen reduction activity of different transition

metals is plotted versus the corresponding binding energies of oxygen. The resulting
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volcano plot validates the Sabatier principle and indicates that even higher activities
can be achieved with slightly higher binding energies than for Pt, which may be
realized by alloying Pt. A mutual key step in the ORR and in oxygen sensing, is the
dissociation of molecular oxygen. Therefore, Pt is commonly exploited for improving

the performance in oxygen sensing.
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Figure 1.1: Calculated oxygen reduction activity in dependence of the oxygen binding
energy AFEg for different transition metals. Figure reprinted with permission from
[41]. ©) (2004) American Chemical Society.

In general, the catalytic activity of Pt depends strongly on its surface structure. The
activity is promoted by rough, kinked, and stepped surfaces. In addition, the activity
is also promoted by point defects, which will increase the sticking probability of
adsorbates at room temperature [42]. In combination with the effort to maximize the
reactive surface area, nanoparticles of platinum are commonly used. In the present
work, platinum was sputter deposited on electrochemical produced TiO,. A cluster
formation is assumed, which is supported by SEM results [43] and several studies,

which were using a similar preparation method [44, 45].

1.3 Titanium Dioxide

Titanium is defined in the periodic table by the atomic number 22 and belongs to the
transition metals. Tts neutral electron configuration is [Ar| 3d* 4s®. In its ground state,
the two d-electron spins are parallel adjusted and induce paramagnetic properties.
At standard temperature and pressure, it will crystallize into hexagonal o-Ti. Above

approximately 882 °C, it changes to a body-centered cubic lattice, which is referred to
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as $-Ti [46]. With different alloying elements, either the alpha or the beta phase can
be stabilized [47]. The melting temperature is approximately 1668+5°C [48]. From
a technical point of view, the combination of excellent corrosion resistance, high

strength-to-weight ratio and good fatigue resistance is of particular interest [49].

However, pure titanium hardly ever occurs in nature. One reason for this, is its strong
tendency to form bonds with paramagnetic Oy. At ambient atmosphere or in oxygen
containing liquids a native oxide layer up to several nm forms [1]. The oxide layer
serves as a protective passive layer and accounts for the before-mentioned excellent
corrosion resistance of the titanium substrate. The formation of the oxide layer and

technical functionalization is further discussed in chapter 2.

The oxidation states of titanium in common titanium oxides range from +2 to +4,
which is due to the two 3d and two 4s valence electrons. The corresponding oxides
are TiO (42), Ti;O3 (+3) and TiOy (+4). In addition, other stoichiometries occur.
The forming of the oxide strongly depends on the pressure, temperature and ratio
of oxygen to titanium, which is summarized in the phase diagram in Fig. 1.2. The
regions between TiyO3 and TiO, also contains TizO5 and seven discrete phases of
the homologous series Ti,02, 1, which are sometimes referred to as Magneli phases.
At atmospheric pressures only titanium dioxide TiOs, also known as titania, occurs
[50]. For the present work, TiOq is most relevant and will be discussed in detail in

the following.

Spatial Structure

Titania has at least eight polymorphs [50]. In nature, rutile and anatase occur,
while brookite is less frequent. The former is a stable polymorph, while anatase and
brookite are metastable. At elevated temperatures both polymorphs will transform
constructively and irreversible into the stable rutile form. The conventional unit cells
are presented in Fig. 1.3. Characteristic for all polymorphs is the more or less dis-
torted octahedral TiOg configuration. Rutile forms a tetragonal lattice (P4;/mnm,
a=b=4.584 A | ¢=2.953A), anatase as well (I4;/amd, a=b=3.782 A, ¢=9.502 A),
and brookite crystalizes in a rhomboedrical lattice (Pbca, a=5.436 A, b=9.166 A,
¢=5.135A) [51]. Due to its low abundance and difficult synthesis, brookite is not

relevant to many studies, including this one.

The initial crystal phase in forming TiOs is typically anatase. From a structural point

of view, this can be explained by the density of the TiO4 octahedra. The unit cell
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Figure 1.2: The phase diagram of Ti-O. Figure reprinted with permission from [48].
©) (2011) Springer Nature.

volume is about 0.0624 nm? for rutile and 0.1363 nm? for anatase, which also affect
both mass densities (rutile with 4250 kg m~> and anatase with 3894 kg m~?) [50].
It is assumed that an arrangement of the TiOg octahedra into the anatase order is
favored compared to the dense rutile order. From the thermodynamic point of view,
the fact is contradictory at first. Bulk anatase has a higher formation enthalpy than
rutile (AH = 2.61kJ/mol) and should be formed preferentially [53]. However, for
very small particles, the contribution of the surface enthalpy to the total enthalpy
dominates. The surface enthalpy of anatase (0.4+0.1Jm~2) was found to be signifi-
cant smaller than for rutile (2.240.2 Jm~2) [53]. Thus, the overall enthalpy becomes
larger for rutile than for anatase below a certain particle size (estimated to 14 nm)

and, therefore, anatase is initially formed in various methods of anodization [54].

This is in contrast to the phase stability of larger titania particles at elevated tem-
peratures. Pure bulk anatase starts to transform into rutile in an irreversible and
constructive process (nucleation and growth) above approximately 600 °C. However,
the transformation temperature depends on the oxidation method and the experi-
mental conditions. It may range from 400 °C to 1200 °C [50]. The constructive trans-
formation involves bond breaking and the formation of new bonds, which makes the

transformation sensitive to the oxidation time. Thus, the transformation can be kinet-
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Figure 1.3: The conventional unit cells for TiO5 (a) anatase, (b) rutile and (c) brookite.
Figure reprinted with permission from [52]. (C) (2011) Springer Nature.

ically inhibited even at high temperatures, when the oxidation time is insufficient.

Electronic Structure

The electronic structure of TiO, can be described within the band model. The
polymorphs slightly differ in their electronic structure. Fig. 1.4 shows the density of
states for rutile, anatase and brookite, determined by a combined density functional
theory and many-body perturbation theory study [55]. The vast majority of Ti3d
states are unoccupied, since titanium valence electrons are transferred to oxygen in
TiO,y. These states form the lowest states in the conduction band. The valence band
is mainly derived from O2p states, which partially hybridize with Ti3d states to form
o- or m- type states. The distinct gap around 6eV in the unoccupied Ti3d states,
originates from crystal field splitting. As a consequence of the octahedral coordination
of the titanium ions, the corresponding states split into to, (lower energy range) and

e, states (higher energy range) [33].

The band gap energies for rutile, anatase and brookite are 3.02eV, 3.23 eV and 3.14 eV,
respectively [56]. When regarding the k-resolved band structure, it is often reported
that anatase shows an indirect band gap with a marginally smaller energy than the
direct gap at the I' point |52, 55].

Titania is well known for its dielectric properties. Rutile single crystals shows static

dielectric constants of e,=170 (along the c-axis) and €,=86 (along a-axis) at 300 K [57].

10
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Figure 1.4: The density of states for the TiOy polymorphs rutile, anatase and brookite
(in eV relative to Er). The Ti3d, O2s and O2p contributions are considered. Figure
reprinted with permission from [55]. (©) (2012) IOP Publishing, Ltd.

However, the reported dielectric constants for anatase are significantly lower. From
thin films, containing a mixture of rutile and anatase, it was evaluated that the mean
dielectric constants were 45+3.9 and 12742.8 for anatase and rutile, respectively
[58].

The electronic properties of TiOy and other binary transition oxides depend strongly
on the defect chemistry in the bulk and on the surface. This issue will be briefly

discussed in the following sections.

Defect Chemistry

All polymorphs have a rather large bandgap, which makes TiO, an electrical insu-
lator. However, a small deviation from the ideal stoichiometry by intrinsic defects
can change its electrical properties significantly. Most prominent is the formation of
oxygen vacancies, which results in an oxygen deficit stoichiometry. Oxygen vacan-
cies induce intrinsic donator states in the band gap and ultimately makes TiOy_, a
n-type semiconductor. This process involves the excorporation of molecular oxygen,

O,. Using the Kréger-Vink notation the equilibrium can be expressed as
X (1] / 1
OO:VO +2€ +§OQ y (12)

where V& and O represents a double ionized oxygen vacancy and lattice oxygen,
respectively. The electrons become delocalized and may populate certain defect states
in the band gap or are thermally excited to the bottom of the conduction band. The
delocalization will leave two Tix -ions in the lattice behind. Using the mass action law
for the equilibrium (1.2), an oxygen partial pressure dependence of the concentrations

1

can be estimated. Thus, the electron concentration n is linear to pos~'/%, which can

be experimentally confirmed by measuring the bulk conductivity [59]. Prerequisite

11
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for the approach, is the neutrality condition [¢/] = 2|V®] and the assumption that

|Og] is constant. Occasionally, singly ionized vacancies are also considered [60].

Using the equilibrium
1
Oéﬁ\/6+e’+502 ; (1.3)

it is derived analogously that n is linear to pos~"/%. In general, the degree of defect
ionization is assumed to depend on the temperature [61]. It is assumed, that at room
temperature the vacancies are fully ionized [62]. Typical donor concentrations are
reported to be in the magnitude of 101%-10%° em =3 for TiO,, which was anodically
grown at low voltages in 0.5 M H5SO, [63].

Besides oxygen vacancies, other intrinsic point defects occur. The formation of inter-
stitial titanium also generates delocalized electrons. Just as in equation 1.2, molecular

oxygen leaves the lattice, according to the equilibria

1

S —+ Tl:[<‘1 i Tii... +3 e/ + 5 02 , (14)
1

S+ Ty, = Ti*™* +4¢ + 5 0, . (1.5)

Thereby, fully ionized titanium interstitials are preferably formed at appropriate con-
ditions, due to the relatively low ionization energies in TiO5 [64]. In the case of Tif**®

1/5

and Ti’**, the electron concentration can be estimated to be linear to po,~"/° and

po2~ /4, respectively.

In general, the energy for the formation of titanium interstitials is higher compared
to the energy for the formation of oxygen vacancies. Intuitively, this can be under-
stood in the image of the Born model: Herein, the energy is linear to .2¢2/r,, where
z is the charge number, e the elementary charge and r; the radius of the defect.

When neglecting the difference in radius between V¢ and Tif**®, the energy for the

YYY}
i

defect formation of Tif**® is four times larger than for Vg [64]. This is also reflected
in results from temperature-controlled conductivity measurements. With increasing
temperature, titanium interstitials contribute progressively and eventually start to
dominate the conductivity, which is determined by the change in the slope o /opo,-
In anatase samples, the transition was observed around 600°C, while rutile sam-
ples show the transition around 900°C [64, 65|. The lower temperature transition
in anatase indicate that the formation of titanium interstitials are more favorable in
anatase compared to rutile. This can be rationalized by the lower lattice density of

anatase, which facilitates the formation of interstitials.

12
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The previous point defects arise in reducing atmospheres, which is also evident from
the oxygen deficit in the stoichiometry TiO5_,. According to Chatelier’s principle, the
equilibria 1.2-1.5 shift to the nondefect stoichiometry when more molecular oxygen is
provided. When oxygen is further provided, it may result in an excess of oxygen in the
lattice, which corresponds to the notation TiOs,,. With a different perception, it can
also be considered as a deficit of metal atoms, represented by the equivalent notation
Ti,_,O,. Either way, an ongoing oxidation at a sufficient temperature is accompanied

by the formation of titanium vacancies V., according to the equilibrium

"

Tif; + Oy == TiOs + Vi +4h° | (1.6)

where h® denotes an electron hole. The formation of TiOs indicates the expansion
of the volume in the process. At oxidizing conditions, the major charge carriers are
electron holes, which makes the material a p-type semiconductor. By applying the
mass action law to the equilibrium (1.6) and assuming that the neutrality condition

" oo 1/4

2|V | = [VE] is valid, a dependence of the electron concentration n ~ pog~'/* or

electron holes concentration p ~ po2'/* can be estimated.

Nowotny et al. [66] summarized the defect concentrations and corresponding conduc-
tivity in dependence to the oxygen partial pressure in an isothermal diagram, which
is seen in Fig. 1.5. The diagram gives an impression of how the defect concentra-
tions behave at equilibrium conditions at 1073 K. In practice, the observation of the
predicted conductivity is complicated due to several factors. One common reason is
an inhibited kinetic of defect formation, which occurs especially at lower tempera-
tures. Therefore, the thermodynamic equilibrium is often not reached. In addition,
the spatial structure, unintentional dopants, or additional reactive components in the

atmosphere may affect the thermodynamic equilibrium and the kinetic of defects.

Overall, the exact description of the neutrality condition has to include all charged

defects, according to

’ 1"

Vo] + 2[VE] + 3[Tif**] + 4[Tif*** | + [D*]+p=n+[A] +4[Vy] . (1.7)

1

Hereby, [A'] and [D°®] denote the intended or unintended (acceptor- or donator-type)

ions.

13
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Figure 1.5: Isothermal defect disorder diagram of intrinsic lattice species and the
corresponding conductivity of bulk TiO2 at 1073 K. Figure reprinted with permission
from [66]. (©) (2015) Royal Society of Chemistry.

In the concept of electronic band structure, point defects are primarily prominent
due to related states in the band gap. In general, the states are summarized in a
defect band Eq4, which is situated 0.1eV below the conduction band minimum and
has a maximum density of states at 0.9eV below the Fermi energy, Ey [67]. An
early investigation from Henrich et al. determined the center of the defect band
approximately 1eV below Fg [68]. The authors contributed the DOS to surface
oxygen vacancies. This interpretation still forms the common conception today and
was confirmed in numerous studies. For instance, a combined UPS and STM study
on TiO4(110) showed that the population of the band gap state increases directly
with the density of bridging vacancy sites, Vi, [69]. The experimental results are
shown in Fig. 1.6a. However, the limitation on oxygen vacancies was controversial

and the concept was extended in the progress of research.

Water adsorbs dissociatively at surface vacancy sites, leaving bridging hydroxyl groups,
OHy,;, behind. Outgoing from this finding, different studies indicate that these OH
groups can also contribute to the defect band. For instance, a combined UPS and

DFT study on slightly reduced TiO5(110) indicate a linear increasing relationship
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between OH coverage and the band gap intensity [70|, which is illustrated in Fig.
1.6b. Based on STM and PES results, Wendt et al. objected that titanium intersti-
tials Tiy, in the subsurface significantly affect the defect band intensity [71]. Other
studies have also been able to confirm a contribution of Ti;,; to the DOS, however, in
most studies the contributions by Ti;,; are small in comparison to the contribution of
Vi [72]. Summarized, the defect states can be caused by Vi, OHy, and Ti;,,. How-
ever, the relative contribution of the species strongly depends on the experimental
conditions. For a detailed overview of the electronic band structure of TiO,, see the
report of Yin et al. [72].
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Figure 1.6: Normalized integrated intensities of the band-gap state on rutile TiO5(110),
derived from UPS measurements. (a) The intensity as a function of surface bridging
oxygen vacancies, V;,,, which were determined by STM [69]. Figure reprinted with
permission from [69]. (C) (2010) American Physical Society. (b) The intensity plotted
versus the OHy, concentration [70]. Figure reprinted with permission from [70]. (C)
(2013) American Chemical Society.

Relevant Surfaces

In surface science of metal oxides, TiO, is one of the most investigated materials.
Accordingly, the number of studies is quite large. The focus in the following sec-
tion will be on the two most relevant representatives from anatase and especially
rutile. However, they are only briefly described due to the limiting transferability to
polycrystalline samples. For a detailed overview of the surface science on TiOs, the
reviews from U. Diebold [51] or, with a focus on photocatalysis, from M. Henderson

[73| is recommended.
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When the orientation of the crystal surfaces is analyzed, it is frequently found that
the R(110)-surface (rutile) and the A(101)-surface (anatase) are more abundant com-
pared to other surfaces. The preferred formation of these surfaces can be rationalized
by their surface energies: For rutile, the (110) surface and for anatase, the (101)
has the least surface energy and, therefore, are thermodynamically favored |74, 75].
This is one reason why a basic understanding of both surfaces is relevant for many

preparation methods and technological applications.

The A(101) surface has received more attention in the last two decades due to its
possible role in energy and environmental technology. A recent study showed its
potential by forming a titanium-terminated A(101) sample with a decreased band
gap energy below 2eV [76]. Even though other surfaces, i.e. the (001)-surface, might
be superior to the (101) surface in terms of reactivity [77].

In general, the R(110) surface is by far the most studied TiOy surface and is often
used as a model system. This is due for several reasons. First of all, it is the most
stable surface orientation and is most common in different preparation methods.
Therefore, it is well-suited for reversible solid-gas interaction. Second, it can be
well characterized, due to the ability to control its defect density [51|. In addition,
ultraviolet photoemission spectra show, that the surface has no appreciable density of
surface states in the bulk band gap |78|. Therefore, the states induced by intrinsic or

extrinsic point defects become more important and easier to access in experiments.

At standard conditions the defect free R(110)-surface terminates with a (1x1) re-
construction. Under reducing conditions, i.e., in ultra-high vacuum and at elevated
temperatures, a (1x2) symmetry also occurs. For A(101), the (1x1) termination is
stable [75]. In comparison to R(110), the A(110)-surface has a stronger tendency
to form step edges. This induces fourfold coordinated titanium atoms at the edges,

which are more reactive to gas interactions [79].

Fig. 1.7a shows a ball model of the A(101)-surface (top) and R(110)-surface (bottom)
|80]. Both surfaces have sixfold coordinated titanium atoms, Tis., and fivefold coor-
dinated titanium atoms, Tis.. In contrast to Tig., Tis. is coordinatively unsaturated
with one dangling bond. The density of Tis. is quite similar for A(101) and R(110)
with 5.16 x 10 sites/cm? and 5.20 x 10 sites/cm?, respectively |75]. There are
also two kinds of oxygen sites: Threefold coordinated oxygen, Os. and twofold oxy-
gen, Og.. The R(110)-surface has a main surface plane, in which Og. is located. In
contrast to Os., Oq. are slightly isolated from the main plane. It is also referred to as
bridging oxygen, Oy,. Due to its location and coordinative undersaturation, bridging

oxygen is considered to be of special importance. For example, during dissociative
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water adsorption at the non-defect surfaces. Figure 1.7b shows schematically, how
water molecules bond initially with their oxygen end at undercoordinated Tis. sites on
the R(110)-surface (top) or A(101)-surface (bottom). Subsequently, water may dis-
sociate by transferring a hydrogen atom to the adjacent Oy, atom and leaving behind
two individual hydroxyl groups. A recent study clarifies that the energy difference
between the dissociated and the intact configuration on TiOs is very small. With this
small preference to the intact configuration, already a change in temperature may be

sufficient to promote dissociation.

(a) (b)

Figure 1.7: (a) Ball model of the rutile TiO5(110)-surface (top) and anatase TiO2(101)-
surface (bottom) with characteristic surface sites. (b) Illustrated water dissociation
on both surfaces. Figures reprinted with permission from [80]. (©) (2017) American
Chemical Society.

Overall, surface defects are known to crucially control associative or dissociative ad-
sorption processes. Especially, surface oxygen vacancies Vo, which form preferentially
at bridging oxygen sites, play a decisive role [51]. Typical values for oxygen vacancy
concentrations on R(110) samples range from 2-8% ML [81]. Surface oxygen vacan-
cies are commonly formed by annealing (in vacuum), electron bombardment or UV
irradiation. For instance, the annealing of a R(110)-crystal in UHV at 850K for
10 min typically results in a bridging oxygen vacancy population on the surface of
about 8% (approximately 4 x 10'3 sites/cm?) [82]. In comparison to R(110), A(101)
does not show a strong tendency for losing Oy. upon annealing in ultrahigh vacuum
|75]. In general, the density of vacancies appears to be much lower, although step
edges are more common and therefore undercoordinated oxygen should favor vacancy
formation [51]. Results from a STM study indicate that defects on anatase reside pre-

dominantly on the subsurface and form linear chains, which might explain the lower
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density observed in several experiments [83|. With a perspective on gas interaction,
it is assumed that subsurface defects are less reactive than surface oxygen vacancies.
The authors from the STM study also emphasize that the exclusive focus on oxygen
vacancies (Schottky defects) falls short and should be extended with the consider-
ation of other point defects, i.e. titanium interstitials and titanium vacancies [83].
Even though the oxygen deficit is often a good indicator for macroscopic parameters
as the electrical conductivity, for a profound understanding of surface interactions, a

combination of point defects should be considered [60].
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2.1 Oxide Formation

2.1.1 In Equilibrium

Titanium belongs to a group of metals which are not stable even in neutral solution,
which is reflected by the very negative standard electrode potential (E° = -1.63V)
for the equilibrium reaction

Ti** +2e” = Ti . (2.1)

However, instead of metal solvation, a passivating oxide layer is formed in oxygen
containing solutions. For instance, TiO, is formed in neutral water. The chemical
reaction proceeds in steps, where hydration states and lower oxidation states occur
as intermediates. A plausible sequence of reaction steps [84] are

Ti+HyO == Ti(Hy0)aq
Ti(Hy0)aq == Ti(OH )aq+HT
Ti(OH™ )aa == (TiOH)aq +e”
(TiOH)aq == (TiOH)j4 + e~
(TiOH)};, —= (TiOH)2l +e”
H,O + (TiOH)?f == {Ti(OH),}%{+H" +e"
{Ti(OH), } 2, == TiO,+2H"

Simplified, the net reaction is
Ti+2H,0 —= 4H" 4+ TiOy +4e™ . (2.2)
In general, the equilibrium potential £ for an oxidation or reduction reaction,

Red == Ox +ze~ |, (2.3)

can be calculated by the Nernst equation

E = g0 — My, ORea
Z€  aox
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with apx and agreq being the activities for reduced and oxidized reactants. All other
terms are in accordance with the convention. The activity dependency in the Nernst
equation leads to a pH dependency for the reaction (2.2). The equilibrium of titania
in water at different levels of pH can be summarized in a Pourbaix diagram, which
is shown in Fig. 2.1 (a). Hereby, the dashed lines indicate the region of stable water.
For £ > 0V, TiO, is stable in a wide range of pH values. In concentrated acids with
pH < 0, TiOg is reduced and dissolves. The stability of titania in concentrated acid
media can be increased by applying anodic potentials.
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Figure 2.1: (a)Pourbaix diagram for titanium in water at 25 °C. Figure reprinted with
permission from [85]. (C) (2010) Springer Nature. (b) Schematic polarization curve
for titanium in water (pH=T).

2.1.2 Kinetics with Applied Potential

A Pourbaix diagram is a valuable tool in the preliminary assessment of the thermody-
namic stability of a metal in a liquid solution. However, the convenient visualization
often simplifies the complex reality [85, 86]. It is usually limited to reactions involv-
ing the pure metal and O, OH~ and H,O without considering solvation [87]. Other
dissolved reactants in the aqueous solution or products may also have an impact on
the equilibrium. Furthermore, it does not respect the limited solubility of a species,
which strongly depends on the pH-value [86]. However, the major drawback is the
omission of equilibrium kinetics. In a number of applications, the system is far from
thermodynamic equilibrium. The kinetics can be derived from the charges transferred
per time, i.e., the current. The logarithmic current density plotted against the applied
potential is often referred to as polarization curve. Fig. 2.1 (b) shows a schematic
polarization curve. At the corrosion potential E.,, or open circuit potential (Focp)
the dissolution and formation currents chancel each other out. Deviations to E.op
lead to a rapid increase in current, which is commonly described by the Butler-Volmer
equation, which respects a limitation of the charge transfer at heterogeneous inter-
faces. At sufficiently high overvoltage, the contribution of the reverse reaction at the
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interface can be neglected and the polarization curve in the vicinity of E., can be
extrapolated by the resulting Tafel equation. With higher anodic potentials the tran-
sition from active to passive is indicated by a critical current, i.;. Due to the oxide
formation, a passive layer forms and only a small current i, passes. At even higher
anodic potentials, the transpassive region is reached, which involves decomposition,

further oxidation, oxygen evolution, electrolyte decomposition or a combination of
those [87].

Ti TiO, Electrolyte
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Figure 2.2: Exemplified processes at the Ti/TiO2/electrolyte interface with indicated

contributions to the total current. Figure reprinted with permission from [1]. (©)
(2000) Elsevier.

In the passive region the total current is mainly limited by the charge transfer pro-
cesses in the solid and at the interfaces. A theoretical approach distinguishes the
total current density into different contributions [1]. The most important processes
are schematically visualized in Fig. 2.2:

e i, describes the electronic charge transport.

e i, presents the transfer and diffusion of oxygen anions inwards and titanium
cations outwards, ultimately leading to oxide formation.

o i. refers to the transfer of titanium cations into the electrolyte.
e ip, indicates the anodic oxygen evolution for sufficiently high potentials.

® 1..q4 represents reduction reactions.

In addition, a partial current ¢ can be consumed for capacitive charging. The re-
duction reactions on TiOs, represented by the current i,.q, are essentially blocked in
anodic polarization. The electronic current i, is relatively low, because the electrical
conductivity in TiOs is small compared to the ionic conductivity. When i, prevails
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over anodic corrosion i..,, the oxide layer growths. The growth rate of the oxide
layer can be deduced from the individual current contributions to the net current.

2.1.3 Growth Rate

The growth rate dL/d¢ of the oxide layer is according to Faradays law proportional
0 Zox,
dd M
-, = *lox-
dt  poxzF

The factor of proportionality contains the molecular weight M, the molecular density
of the oxide layer pox and the charge to form one mol oxide zF. The complete
discussion of the growth rate considers a closed current circuit, essentially consisting
of an anode (for example Ti), cathode, connected power source and an electrolyte.
Each element and its interface represents a resistance. Focusing on one electrode, the
most relevant reaction steps are

(2.5)

e the ionic transport of reactants in the electrolyte,
e the charge transfer at electrodes, including
o (partial) removal of solvate shell,
o double layer migration,
o charge transfer reaction at solid-liquid phase boundary,
o diffusion in lattice,
e the transport of products away from the electrode and

e the electronic transport in bulk electrodes.

The overall reaction rate is often dominated by a single reaction step. Typically, this
rate-determining step occurs in the charge transfer process in or at the electrode.
With an appropriate selection of the cathode, the rate-determining step can be nar-
rowed down to one at the passivated anode. In the most basic approach, it is assumed
that the field supported ionic diffusion in the oxide lattice is rate-determining. A first
description was made in 1934 by Giintherschultze and Betz and was refined by Ver-
wey in 1935 [9, 88|: Ordinarily the diffusion in an immobile lattice is a thermally
activated hopping process of particles from one potential minimum to an adjacent
potential minimum. At sufficiently high fields (F > 10°V/cm) and moderate tem-
peratures, the concentration gradient-induced migration can be neglected and the
activation energy for the hopping process is lowered by the electrical field F', which
ultimately leads to the current density

i =1igexp (BF). (2.6)
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The parameters i (primary ionic current) and J (field factor) contain, among oth-
ers, the density of the ionic species, the activation energy for hopping, the attempt
frequency and the jump distance of ions [3, 89]. Due to the focus on high fields, the
model is often referred to as a high-field model. It has been constantly developed over
the years. Mott and Cabrera considered that the rate-limiting step is the injection of
cations from the metal into the oxide [90]|. The different approach leads ultimately
to a similar exponential relation. The approach promoted the idea that only mobile
metal cations contribute to oxide formation [3]. This was reasonable since the volume
of oxygen ions is much bigger compared to metal cations. However, marker experi-
ments show that the cation transfer number in TiO, is around 0.4 and approaches
0.5 for higher currents |3, 91]. Even though an unknown quantity of metal cations
will dissolute and do not contribute to oxidation, the precise high field model should
be modified to

i =10 exp (B F) +igcexp (BF) (2.7)

with anion and cation contribution [3].
If the oxide is homogeneous, the field strength can be replaced by

_AE

1 (2.8)

with the applied potential AE. For the sake of simplicity, only one ionic current
contribution is considered, leading to

i = igexp (5%) . (2.9)

This results in a complex differential equation for the growth rate from equation (2.5),

dd M AE
= i 2.1
dt  poxzF 10 ExP <ﬁd(t)> (2.10)

The self-inhibiting character of the oxidation is apparent: An increasing thickness
will exponentially decrease the growth rate (at a constant potential). The equation
cannot be solved in a closed form [92]. However, an approximation gives

dy

—— =A—Bln(t 2.11
with A and B being constants. This approximation is valid for d(t) < d; with d1
being typically about 107 m up to 107" m [90, 92]. So, for higher thicknesses a
numerical approach might be necessary.

On a real titanium surface there will always be inhomogeneities (e.g., scratches, dis-
locations), which represent low resistance sites. If the charge transfer is concentrated
at these sites, the true local current densities may drastically deviate from the ap-
parent current densities [1]. Therefore, an inhomogeneous oxide thickness would be
expected. However, if the current is predominantly constructive, the oxide layer at
these points growths and the local currents diminish. The process repeats itself until
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a homogeneous dielectric oxide layer is formed with local thickness deviations of only
a few percent.

2.1.4 Operation Mode

The most widely used DC operation modes to force oxide growth in an electrochemical
cell are potentiostatic (constant current) and galvanostatic (constant potential) con-
trol. Fig. 2.3 illustrates the transients of the current density ¢, the applied potential
FE and the film thickness d along the processes.

;A i A
E A > E A >
d A > JA >
»> >

Galvanostatic ! Potentiostatic

Figure 2.3: Schematic representation of the current density 4, the applied potential
FE and the film thickness d during anodization, distinguished between potentiostatic
and galvanostatic control.

With potentiostatic control, the current density starts with a maximum value im-
mediately upon voltage application. According to (2.10), the thickness drastically
increase in the first stage and changes only slightly after that. Current densities
above 100 Acm~! are conceivable and, thus, the oxide film is formed mostly in few
milliseconds [3]. If the process continues, an aging of the oxide layer occur.

In contrast, under galvanostatic control the current density is kept constant. When
the constructive current contribution . is constant and no structural transformation
in the oxide occur, the growth rate is constant according to (2.5). To obtain a constant
growth rate, the field has to be constant as well. From this, it can be concluded that
the thickness of the oxide layer is linear to the applied potential (relative to the
necessary potential for oxidation),

d~kAE (2.12)
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The coefficient k is sometimes referred to as formation coefficient or anodizing ratio.
It can be determined by k& = dd/dE [1]. For TiOs, results suggest that the forma-
tion coefficient k slightly increases with the temperature [3]. This is not surprising
since the underlying mobility of ions increase with the temperature. In the case of
potentiostatic control, a similar linearity to the applied voltage as in (2.12) can be
observed if the anodization duration is kept constant [3].

2.2 Plasma Electrolytic Oxidation

So far, it has been assumed that the growth rate in a galvanostatic anodization is
constant and thus the thickness is only limited by the maximum voltage. Prerequi-
site was the constant constructive ion current i.,,. However, at higher voltages the
current contributions to the net current may change. The effect becomes apparent
when the voltage transient deviates from the initial slope k, see the diagram in Figure
2.4a. One reason, is the increasing current contribution for anodic oxygen genera-
tion (above a certain potential, indicated with the line b in Fig. 2.1). Besides, the
electronic current contribution may drastically increases at a higher voltage, often re-
ferred to as breakdown voltage Ug. Above Ug, the oxide lattice cannot withstand the
local high field strength. As a result, so-called dielectric breakdowns occur. Dielectric
breakdowns are characteristic for PEO and can range from inconspicuous repassiva-
tion to explosive dissolution or vaporization of the anodic surface [1]. They can be
easily noticed during operation by irregular current peaks, visible sparks, potential
fluctuations and audible noise [1]. Visible sparks origin from plasma states during
dielectric breakdowns, which led to the term plasma electrolytic oxidation (PEO) for
the technical process.
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Figure 2.4: (a) Early cell voltage transients in a galvanostatic PEO process of titanium
in 0.5M H2S04 with different current densities. (b) Titanium oxide surface after PEO
with characteristic sinkholes and indicated TiOs crystals. Experimental details can
be found in [93]. Figure reprinted with permission from [4]. (C) (2014) Taylor Francis.
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2.2.1 Dielectric Breakdowns

The term breakdown also applies for local destruction of the passive film by the
attack of halide ions (localized corrosion) or by massive hydrogen evolution (layer
lift-off) [87|. Dielectric breakdowns resemble a short circuit of a dielectric layer. In
a PEO process, the dielectric breakdowns substantially shape the oxide layer. While
the effects of dielectric breakdowns are often easy to observe, it can be difficult to
determine their origin.

It is assumed that inhomogeneities in the bulk or at the interface electrolyte/oxide
represent local flaws in the passive film and therefore serve as nucleation points for
dielectric breakdowns [87, 89]. Possible flaws can be impurities in the local composi-
tion, defects (e.g., grain boundaries, dislocations, inclusions) or localized stress states
|4, 89]. When the applied potential reaches a critical value, the local field strength
at these sites is sufficient to induce an electron avalanche process [94]. The corre-
sponding voltage is referred to as breakdown voltage Ug. The very initial step of the
avalanche effect is either an ionic or electronic injection. Ikonopisov promoted the
avalanche model and proposed that electrons are injected to the oxide conduction
band from electrochemical reactions at the oxide/electrolyte interface [3, 94]. Albella
et. al supported the avalanche model as well, but concluded from systematic studies
with different concentrations of electrolyte that the electrolyte species incorporate at
first and only then electrons are injected [95].

The primary electrons accelerate in the field and their energy must be higher than
3/2E¢ for breaking down the oxide, where Eg represents the band gap [96]. The
electron energy is sufficient for ionizing the atoms, which will lead to new electrons.
When the density of free electrons reaches a critical value, a discharge channel of
plasma between electrolyte and substrate is formed. In the center of the channel,
the material is partially ionized and almost completely atomized. In the electrical
field, cations move outwards, and anions move inwards towards the anode. However,
compared to the electrons the remaining ions are almost immobile and practically
create a stationary charge, which decelerates electrons [96]. The charge exchange is
mainly due to electrons and represents high current values in the experiment. Local
temperatures in the channel can reach up to 103-10* K and are accompanied with
high pressures up to 102 MPa [97]. The temperature drops towards the channel walls
and changes in the course of the discharge. The conditions in the channel induce a
quick melting of material at the walls and explosion-like ejection of its vapors. Thus,
the channel expands spatially. Light emission notably occurs and originate from op-
tical transitions of electrons in the plasma, but are only a minor side effect in terms
of energy consumption [98]. Analysis of light emissions reveal essential features of
the process and are discussed in the section 2.2.2.
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Figure 2.5: The lifetime of an individual discharge in a PEO process is presented in
schematic sections through a pore. Figure reprinted under the terms of the Creative
Commons CC BY license from [16].

Termination

The lifetime of an individual discharge is self-limited, illustrated in Fig. 2.5. Oth-
erwise, only a few plasma channels would be sufficient for charge compensation, so
that no further channels would be formed. The origin for the termination is assumed
to be the thermal expansion of the channel, which leads to a reduced density of par-
ticles. In the beginning of expansion, the reduced density can be compensated by
adjacent particles evaporating from the walls of the channel [96]. When the expan-
sion continues, the density decreases, and the conductivity of the channel diminishes.
Simultaneously, the temperature decreases. The thermal mass from the substrate en-
ables a rapid cooling of the plasma at the bottom of the channel [99]. Starting from
the bottom and the walls of the channel, the particles in the extinguishing plasma
are able to form metal oxide. Since the oxide formation is exothermic, the reaction
slows the cooling [96]. This is the main reason, why the discharge lifetime is at least
two orders of magnitude higher compared with the ordinary electron avalanche [100].
When the plasma continues to cool down, the oxide condenses, settles down at the
walls or is ejected from the channel. Parallel, gases at the top of the channel accu-
mulate and form a growing ,bubble‘, mainly consisting of water vapor and oxygen.
The ,bubble’ is sometimes referred to as vapor-gas phase in pores (VGPP) [100]. The
reduced conductivity in the gas phase will shut down the plasma rather abruptly
|16, 98]. Finally, the bubble shrinkages as vapor escapes or condense. Subsequently,
the remaining cavity in the discharge channel fills with the electrolyte. When the
channel is completely filled, it can be reused for discharges.

The deep pore and relatively small layer of oxide at the bottom of the extinguished
channel, presents a rather small resistance and is a favored nucleation point for new
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discharges. However, the time for refilling the channel with electrolyte can be con-
sidered as incubation time, in which no discharges in the channel take place. The
incubation time for a new discharge in a pore were determined to 0.1-1 ms [16]. In the
course of the process, the incubation time tends to increase [101]. The reason for this
can be assigned to the increasing oxide thickness, which means that the electrolyte
takes longer to fill the channel. The filled channel can provide a preferred injection
point for a new discharge.

Cascades

An important feature of PEO is that these discharges typically occur in prolonged
sequences, also referred to as cascades. The total size of a cascade is estimated to
be in the order of 100-1000 individual discharges |16, 102|. Individual discharges are
complicated to distinguish. Recent studies with real-time imaging (see section 2.2.2)
indicate a lifetime of an individual discharge in the order of 300us, while cascades
can last up to a second or more [16]. Cascades occur in a spatially limited area or
slowly move along the surface. An analysis of a cascade during a PEO of titanium
(55 mA /em?; 12.9mol/1 HySOy, recorded at 70 C/cm?) determined the propagation
rate to approximately 1.6 mm? /s [103]. One reason for the slow movement of cascades
is assumed to be the high temperature induction of individual discharges. When the
original plasma extinguishes, the remaining high temperature promote the formation
of a new plasma channel in adjacent regions. As a result, cascades are slowly moving
along the surface, which is visually accessible.

Oxide Reformation

Dielectric breakdowns are partially destructive, which is apparent at the surface by
formed sinkholes, exemplified in Fig. 2.4b. In contrast, the destructive effect on the
substrate are not immediately apparent. Strong discharges progressively consume the
substrate, which is evaporated into plasma. Thus, the interface moves progressively
downwards relative to the initial titanium surface [16, 104]. When the plasma extin-
guishes, evaporated substrate partially react with oxygen. The oxide may condense
on the bottom or the walls of the channel. It is also partially ejected from the channel
and deposits on the oxide surface like a volcanic crater. Subsequently, the oxide so-
lidify. Therefore, the total thickness of the porous coating increases. The conversion
character and the growth of the porous layer during PEO is schematically shown
in Fig. 2.6. Especially in late stages of PEO, a physical loss of oxide or substrate
material is possible due to strong cascades. The amount of substrate material in the
electrolyte can be determined by subsequent solution analysis [105]. In addition, the
high pressures can cause cracks in the coating, which can be identified on the surface
by various analysis techniques [99].

In conventional anodization the maximum voltage is a simple indicator for the coat-
ing thickness. However, in PEO a porous coating is formed. The charge exchange
is mainly accomplished by discharges, which reoccur preferentially at the bottom
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Figure 2.6: Schematic illustration of the oxide forming during PEO in etching media.
Emphasized is the characteristic phase development and distribution, with anatase
in a compact layer near the substrate and rutile dominating in the upper porous
layer. Figure reprinted with permission from [104]. (©) (2014) Springer Nature.

of pores (see step (a) in Fig. 2.5). Therefore, the maximum voltage indicates the
thickness (or to be more precise, the resistance) at the bottom of the pores. Experi-
mental results show that the voltage required to maintain the constant current during
galvanostatic PEO, increases with the time. It can be concluded that the compact
thin layer adjacent to the bottoms of the pores, growth in the process. Hereby, a
change in the oxide conductivity due to any change in morphology is neglected. Nu-
merous studies confirm the existence of a compact layer and its growth during PEO
of titanium [106-109]. Further studies used impedance data and equivalent circuit
models to confirm its dominating contribution to the overall resistance of the coating
[110, 111].

When considering the growth of the oxide, it should be noted that the conventional
oxide growth by ion migration also promotes the oxide formation during PEO. Tts
contribution will decrease in the process with the increasing number of dielectric
discharges but does not completely vanishes. This aspect will be dealt with in the
second publication of this thesis (see section P.II).

Crystallization and Phase Transformation

The titanium substrate for PEO is often amorphous or contains a polycrystalline frac-
tion of the hexagonal a-Ti phase. At moderate temperatures, the initial oxide film on
titanium is amorphous [112]. In the course of the PEO process, crystallization and
phase transitions occur. Hereby, the substrate, the temperature and the electrolyte
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have a major impact on the morphology. The growth of the TiO, crystallites starts
early in the process, e.g., in the stage of conventional anodization [112|. First, isolated
TiO, crystallites with an average size of a few nm evolve in the amorphous oxide [3].
The initial crystalline phase is generally anatase. This can be rationalized by the less-
constrained molecular ordered anatase structure in comparison to rutile (see section
1.3). Although some studies report the presence of rutile before the occurrence of
breakdowns, it is generally accepted that the anatase/rutile transformation is largely
controlled by breakdowns [3|. Hanaor and Sorrell summarized typical transformation
temperatures in air for bulk anatase to rutile to 400-1200°C [50]. When compared
with typical temperatures during dielectric breakdowns, it is evident that the temper-
ature during PEO is sufficient for the irreversible phase transformation from anatase
to rutile. Therefore, a high number of discharges results in a dominant fraction of
rutile. Friedemann et al. reported a rutile crystallinity of approximately 95% after
PEO of titanium (in 1.5 mol/1 sulphuric acid with and voltages up to 220V) [113].

Despite the dominating rutile fraction in PEO produced TiO, coatings, several inves-
tigations indicate that the compact layer consists mainly of nanocrystalline anatase
[104, 106, 109]. For once, this can be due to the constant contribution of conventional
anodic growth at the bottom of the pores, which favors the formation of anatase.
However, the transformation to rutile seems also to be inhibited in the compact
layer. This can be understood, when respecting the high thermal mass of the sub-
strate, which means that the temperature in the immediate vicinity of the substrate
equalize rapidly. Therefore, the phase transformation is kinetically inhibited. A
typical layer composition and their crystalline TiO, phases are summarized in Fig.
2.6. The phase composition of PEO produced TiO, coatings is further discussed and
quantified with the distinction of the compact and porous layer in the publications
P.I and P.IIL

Electrolyte

The most important process parameters in PEO are the substrate material, the pa-
rameters for the electrical supply and the composition of the electrolyte. Compared
to the former, the influence of the electrolyte is less well understood. Many of the
findings in this area are empirical ones, and the complexity of the PEO process makes
it difficult to draw consistent conclusions.

The electrolyte acts primarily as an ionic conductor, which provides charge carriers
for the anodic reaction. In conventional anodization and PEO, acid and alkaline
electrolytes are commonly used. The demands on an electrolyte may vary in both
cases. In conventional anodization, the growth is controlled by lattice diffusion,
while in PEO the oxide growth takes place when the plasma collapse and cools down
[16]. With the focus on PEO, the influence of the electrolyte on breakdowns will be
primarily discussed in the following.

The beginning of dielectric breakdowns indicate the transition from conventional
anodization to PEO. In terms of the applied potential, it is often defined by the

30



2 PEO-TiO;

breakdown voltage Ug (sometimes also referred to as ignition voltage). Ug can also
be used as a good indicator of how readily breakdowns occur. Naturally, Ug depends
on the substrate material and approximately correlates with the band gap of the oxide
|94, 96]. From empirical results Up was related to the electrolyte conductivity s,

UB :aB+bBlog(1/ﬁ), (2.13)

where ag and bg are constant values for a given metal and electrolyte composition
|94, 114]. It is assumed that an increased conductivity facilitates electrolytic electron
donation and subsequent injection into the oxide conduction band.

Since the conductivity and the concentration of the electrolyte are closely related, a
concentration dependency is found as well. In general, the conductivity of aqueous
electrolytes increases with the concentration up to a certain value. Above it, the
conductivity decreases due to inter-ionic interactions. Therefore, discharges should
start later as the concentration continues to increase above the certain value. If
this tendency is transferred to the overall process, less impact of discharges can be
expected. However, results from the first publication in this thesis P.I indicate, that
the impact of discharges during PEO of titanium in sulphuric acid do not decrease
(above the certain concentration). Another deviation to the conductivity relation in
equation 2.13, is reported by Simchen et al. [115]. They showed that the change
in electrolyte conductivity between 30-210 mS/cm? has no relevant influence on the
breakdown voltage. These results suggests that a mere consideration of conductivity
is not sufficient for a comprehensive description.

A more fundamental approach focuses on the electron injection ability of an elec-
trolyte. Herein, the nature and the concentration of anions at the oxide surface are
essential for initiating dielectric breakdowns [111, 115]. Both parameters are highly
difficult to determine. The nature of the anions can imply basic properties as the
molecular charge or the ionic size. To understand the dependence on the concentra-
tion, the concept of the electrical double layer in Fig. 2.7 can be used. An electrical
double layer at the interface is assumed to impede electron injection. From studies
on conventional oxidation, it is assumed that the spatial width of the double layer
decrease with the anion concentration and therefore decrease the forming voltage
[116]. In principle, this should also affect the electron injection ability for initiating
dielectric breakdowns.

The electron injection ability goes along with another macroscopic effect in elec-
trolytes: The electrolyte’s activity to dissolve the anodic oxide material is closely
related to the electron transfer ability [116]. The dissolution can also create inho-
mogeneities, which present preferred nucleation points for dielectric discharges. In-
dications for this can be found in the first and second publications of this thesis (see
section P.I and P.IT).
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Figure 2.7: A sketch of the electrical double layer at the titanium oxide/electrolyte
interface. Figure reprinted with permission from [116]. (2001) (©) Elsevier.

2.2.2 Insights into PEO

To provide a more detailed picture of the PEO process, results from a variety of
investigation methods are presented in the following section. The focus is on titanium,
although few results come from studies on aluminum. In general, the investigation of
PEO can be performed during or after the process. Both options are often combined
and complement each other to provide a complete picture. Table 2.1 lists several
common methods. In the following, we take a closer look at some methods, which
can be performed during PEO. Methods for the analysis of titanium samples after
PEO are presented and discussed in detail in the studies P.I and P.II.

During PEO After PEO

Optical Emission Spectroscopy (OES) | Scanning Electron microscopy
Electrical Monitoring (In-situ) Impedance Spectroscopy
Acoustic Emission Analysis (Confocal) Raman Spectroscopy
Real-time imaging Glow Discharge OES

Energy-Dispersive X-ray Spectroscopy
X-ray Diffraction
X-ray Spectroscopy

Table 2.1: A selection of common methods to study the oxide formation in PEO, dif-
ferentiated into measurements performed during and after PEO. Techniques written
in bold letters were used in the present work.
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Electrical Monitoring

Voltage-time diagrams are a convenient way to receive fundamental information about
the galvanostatic PEO process. Fig. 2.8 (a) shows typical voltage transients for
different current densities from PEO of titanium. The final voltage is between 120—
130 V. A plot of the voltage against the transferred charge density can be used to
compare different current densities. The right diagram in Fig. 2.8 (a) indicate, that
the variation in the current density has a minor impact on the voltage when referred
to the charge density instead of the time. In fact, SEM images in Fig. 2.8 indicate
that the surface structure of each sample is very similar, as long as the transferred
charge density is comparable. The crystallographic ratios between anatase and rutile
(determined by XRD analysis, exactly as in [108]) are also very similar (68+5%
anatase) and therefore reinforce the assumption that the oxide formation under the
given conditions is independent of small deviations in the current density.

T T T T T T T T TT T T

(@)

1004 A 1004

110.2 mA/cm?
——5851mA/cm? |
——27.6 mA /cm?
—— 13.8 mA/cm?

50 4 50

voltage / V
voltage / V

Figure 2.8: (a) On the left side, recorded voltage transients of an galvanostatic PEO
process with different current densities are shown. On the right side, the voltage
signal was plotted versus the charge density and demonstrates the low impact of
the difference in current densities on the curves. In addition, characteristic stages
of the PEO process are indicated. (b) Scanning electron microscopy images of the
corresponding surfaces after a charge transfer of approximately 9C/cm~2 show no
significant differences in the surface morphology (secondary electron imaging mode;
for experimental details see [99]).
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The voltage curves are often divided into three (or even four stages) |97, 110, 117,
118]. The first stage represents a conventional anodizing process. Therefore, the
formation coefficient k is constant. The second stage arise just above the breakdown
voltage Up. The beginning can be roughly estimated by an inflection point in the
curve. In this stage, a large number of small dielectric breakdowns occur. The
formation coefficient k changes drastically. After the second stage, the voltage curve
reaches a constant slope, which is the third stage in the process. The transition is
less pronounced compared to the former transition. In the third stage, cascades
become larger, more intense and their color changes progressively from white to
yellow. The cascades are sometimes called microdischarges and, in accordance with
this, the stage is also known as microarc stage 110, 119]. The fourth stage is often
defined by a constant cell voltage and is not shown within the plot in Fig. 2.8 (a).
The discharges are even stronger compared to stage three, which can be recognized
by the increasing voltage fluctuations [118]. If the process continues, sequences of
detrimental discharges occur more frequently and their distribution on the surface
becomes increasingly inhomogeneous. Due to the partial destruction of the coating,
the voltage drops abruptly [14]. This critical event should be avoided in order to
maintain an intact passivation layer. In practice, the precise assignment of individual
stages is challenging. Especially since a small change in the process parameters can
produce a significant change for the oxide formation and, as a consequence, for the
voltage-time diagrams.

Real-time Imaging

As mentioned before, individual discharges and cascades change in the course of the
process. The change can be optically inspected by real-time images. In this way,
Matykina et al. determined the size and lifetime of microdischarges from stage four
to 70-380 pm and 35-800ms [120]. Hereby, the PEO of titanium was performed
in orthophosphate at 20mA /cm?.  Furthermore, it was reported that the average
lifetime of microdischarges increase in the course of the process [120]. However, the
frame interval of 40 ms induce a high uncertainty of 35 ms. Therefore, it is assumed
that individual discharges could not be resolved.

A recent study from Troughton et al. investigated the PEO of a small area aluminum
sample (AA2014; Al > 93%) by combined high speed electrical monitoring and video
photography [102]. The frame interval was about 5.1 us. The individual discharge
lifetimes were approximately 300 us and the individual currents around 100 mA. A
comparison study between Al, Mg, Ti and Ta indicate that the lifetimes of individual
discharges on Ti and Ta are even less in comparison with Al and Mg [16]. The authors
assume, that "electron flow through the oxide layer was taking place more readily
with Ti and Ta, inhibiting the development of high electric fields across the oxide
and hence of large, well-defined discharges" [16].

Several studies with real-time imaging revealed that during PEO the size of cascades
becomes larger during the process, while the number of cascades is reduced [121].
This was confirmed during PEO of titanium in sodium metasilicate at 200 mA /cm?
by Stojadinovic et al. [122]. This tendency for larger and longer microdischarges
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in later stages of PEO, could also be qualitatively confirmed in our own real-time
imaging studies on PEO of titanium in different concentrations of sulphuric acid at
55mA /em? [103]. Some of the results are shown in Fig. 2.9.
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Figure 2.9: (a) Spatial distribution of time-integrated discharges in a relative color
scale during a PEO of titanium in 12.9mol/l at 55 mA /cm?. The final charge density
was around 89 C/cm?. (b) Integrated luminescence intensity over the corresponding
areas in relation to the charge density during the PEO process. Figure reprinted
with permission from [103].

The right column in Fig. 2.9 shows the integrated emission intensity over the cor-
responding sample area, indicated in the left column. A tendency for an increasing
light emission during PEO is apparent. The spatial distribution of discharges on the
area is visualized with the colored sample areas on the left. Especially, on the small
image section (B) with 3x3 mm? a slight non-homogeneity of the discharge distribu-
tion can be determined. Similar results were obtained in an AC PEO of aluminum
(AA2214; Al > 93%) in an electrolytic solution of KOH and NaySiOj diluted in water
[123, 124|. Hereby, the growth rate and the roughness were found to be higher at the
edges than at the center of the samples. In this context, a recent study also investi-
gated the n-type semiconductor properties of PEO aluminum (AA1060; Al > 99.6%).
The Schottky-Mott analysis revealed that the carrier density at the edge of the spec-
imen is lower compared to the central region [125]. This edge effect is assigned to an
unevenly distributed electrical field strength and applies regardless of the substrate
material (although the degree of impact may vary). Simulations revealed that the
field strength at the specimen edge region is nearly two times higher than at at the
specimen center [125]. Thus, the geometry of the sample is crucial for the homogene-
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ity of the coating. Likewise, the distance and geometry of the counter electrode are
relevant parameters and can be adjusted to achieve the desired homogeneity [123].

Overall, with the results of real-time imaging, the life cycle in Fig. 2.5 can be quan-
tified in time and space. However, the intensity and origin of the discharges cannot
be determined.

Optical Emission Spectroscopy

A powerful in situ technique to study the nature of discharges during PEO is the opti-
cal emission spectroscopy (OES). By analyzing the spectral distribution of discharges,
characteristic electron transitions are revealed. The intensities can be used to esti-
mate the temperature and the electron density in the plasma. In this way, Dunleavy
et al. investigated PEO of an aluminum alloy (AA6082; Al > 95%) and estimated the
temperature in the core of the plasma channel to approximately 16,000 + 3,500 K,
while the corresponding electron density was about N, &~ 5 x 107 cm™ [126]. Outside
the core, the temperatures (T ~ 3,000-4,000 K) and the density (N, ~ 10" cm™3) is
significantly lower [126]. Another spectroscopic study from Hussein et al. on a com-
mercially pure aluminum alloy (AA1100; Al > 99%) recorded the temperature along
an galvanostatic PEO process, shown in Fig. 2.10 (a) [117]. For a current density
of 0.15A/cm?, the temperature ranges from 4,500+450K to 10,000+1,000 K. The
higher value was attributed to sporadic strong discharges, while the lower value is
found at the beginning of the process and then settles at a mean value of ~ 4,800 K.
According to Hussein et al. [117] and earlier reports by Yerokhin et al. [121] three
types of discharges can be distinguished, summarized in Fig. 2.10 (b):
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Figure 2.10: (a) Plasma temperature in dependence of the process time during PEO
of aluminum in a solution of NaySiO3 plus KOH (pH=12). The temperature was
derived from the intensity ratio of Al (396.1nm) and Al (309.2nm), which were de-
termined by OES. (b) Illustration of three different discharges on oxidized aluminum.
Figures reprinted with permission from [117]. (©) (2010) IOS Publishing.
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Discharges occur at the metal/oxide interface (type B) and at the oxide/electrolyte
interface at either in relatively small holes near the surface (type A) or in micropores
at the bottom of the oxide layer (type C). The latter two origin in gas discharges,
which are initiated by dielectric breakdowns. They are relatively weak and form
the baseline of the temperature transient in Fig. 2.10 (a). The discharge type B
represents the dielectric breakdown in a strong electric field. This type of discharge
induces the high temperature peaks and is substantially involved in the reforming of
the oxide layer. The contribution of electrode and electrolyte elements to the opti-
cal emission spectrum is used to distinguish between discharge type B and type A
or C. The high temperatures of type B discharges lead to the vaporization of alu-
minum and magnesium as anode material, which can be derived by the intensity of
the characteristic emission lines in the spectrum [97]. The evaporation of aluminum
(T,,=933 K) and magnesium (T,,=1941 K) is observed regardless of the applied elec-
trolyte. For metals with higher melting point T,,, e.g., titanium (T,,=1941K) and
tantalum (T,,=3290K), the evaporation is less pronounced and depends sensitively
on the type of electrolyte [97, 122]. Stojadinovic et al. characterized the PEO of
titanium (in sodium metasilicate, 10 g/ 1 NaySiO3 - 5 HyO, at 200 mA /cm?) using real
time imaging and optical emission spectroscopy [122]. According to their results,
the electron density ranges from 3.5 x 10 cm™3 to 4.5 x 10 cm ™2 and the electron
plasma temperature is about 3,700+£500 K, which is estimated from the line intensity
ratios of Ti emissions.

In the course of this work, OES during galvanostatic PEO of titanium with 7M or
12.9M H,SO, were performed. A high performance fiber optic cooled spectrometer
(SILVER-Nova, StellarNet Inc., Tampa, FL, USA) with an applied fiber optic of
1,400 pm net diameter (7x200 um core fibers, BFL200HS02, Thorlabs Inc., Newton,
NJ, USA) has been used to obtain OES spectra. However, different experimental
configurations always led to continuous spectra without characteristic emission lines.
It is assumed that dissipative scattering in the highly concentrated electrolyte leads
to a strong broadening of discrete emissions. Due to the strong etching in the medium
and the high voltages applied during PEO, the distance of the fiber and the sample
cannot be reduced freely. Thus, an valuable OES during the PEO of titanium in
HySOy is only conceivable in reduced electrolyte concentrations.
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Abstract: We report on plasma electrolytic oxidation of titanium, employing a technique with combined
potentiostatic and galvanostatic control. The effect of different H,SO, electrolyte concentrations
on the titanium oxide formation was studied sytematically. The titanium oxide consisted of
two distinguishable layers. The upper layer is porous, up to few micrometers thick and primarily
rutile, while the interlayer is compact, comparatively thin and is associated to anatase formation.
The electrolyte concentration changed substantially layer thickness, porosity and phase composition,
as deduced from scanning electron microscopy, X-ray diffraction and Raman spectroscopy.

Keywords: titanium dioxide; plasma electrolytic oxidation (PEO)

1. Introduction

Microstructured oxide layers on titanium, produced by plasma electrolytic oxidation (PEO),
are of great interest for various applications, including bioengineering, architecture, photovoltaic
and sensing technology [1,2]. In gas sensors, PEO films on titanium exhibit a number of interesting
properties. For example, after coating them with graphite or graphite/catalysts mixtures, various
gases can be detected at room temperature with high sensitivity [3-6]. Galvanostatic, potentiostatic
and potentiodynamic operating modes are commonly applied [7] and have been compared with
respect to surface morphology, phase composition and electrical properties [8]. Sulphuric acid is
frequently used and yields porous oxide layer of certain thickness under PEO conditions [9-13].
Furthermore, previous studies also confirm the growth of a compact interlayer at the metal substrate
which is thin compared to the porous layer [8,14,15]. Growth models for lightweight metals have been
proposed which explain the relevant structure-determining processes and correlate them with the key
influence factors, including electrolyte composition, electrical process parameters, process temperature,
oxidation time and additives [16,17]. In most studies, a low electrolyte concentration is used which
is often below 2 M. Our process employed an exceptionally high concentration of sulphuric acid of
12.9 M as well as a combination of galvanostatic and potentiostatic PEO. This leads to a remarkable
good adhesion, well controlled microstructure and phase composition [18]. In this study, we present
the special PEO operation mode and discuss the impact of different HySO, electrolyte concentrations
on the resulting oxide layers. To determine the microstructure of the surfaces and cross-sections, we
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used scanning electron microscopy (SEM). The phase composition was investigated quantitatively
with two different techniques, i.e., X-ray diffraction (XRD) and Raman spectroscopy.

2. Materials and Methods

Samples (surface area approx. 1990 mm?) were cutted from titanium foil (thermally annealed,
99.6% purity; 125 um thickness) by means of a laser (PowerLine F30, ROFIN-SINAR Laser GmbH,
Hamburg, Germany). It is cleaned ultrasonically in acetone and in deionized water, each for
approximately 15 min.

The electrolytic cell consists of a glass vessel with integrated glass shell, which enables temperature
regulation of the electrolyte by pumping cold water through the shell. The water temperature is
kept constant at 15 °C with a recirculating cooler (FL1201, JULABO GmbH, Seelbach, Germany).
The reaction chamber is filled with 150 mL H>SO4. The concentration varied from 0.5 M up to
12.9 M (which corresponds to 3 wt. % up to 75 wt. % HSOy, respectively). A magnetic stirrer is
utilized to prevent spatial temperature differences in the electrolyte and also to reduce disturbing
gas accumulations on the electrode surfaces. The electrolytic system was completed by the titanium
sample as anode and a graphite rod as cathode (area of immersion 3180 + 120 cm?) at a distance of
23 + 4 mm. The current in the cell was permanently limited to Imax = 200mA. The voltage V was
gradually increased in defined time intervals up to 145 V by a highly stable current power supply (FUG
MCP 350-350). The voltage steps were achieved by adjusting the voltage limitation Vj;,,. This means,
when Iy is reached, V is automatically regulated to a value smaller than or equal to Vji,. Voltage
and current were adjusted and recorded in 250 ms intervals using an in-house developed LabVIEW
program. After treatment the sample was rinsed in deionized water and dried in air.

The microstructure of the oxide layer has been investigated by field emission scanning electron
microscopy (Merlin FE-SEM, Zeiss Microscopy GmbH, Jena, Germany). Surface images of secondary
electrons were done with 5 kV excitation and at a tilt angle of 38°. Cross-sections were prepared
by argon ion milling (Cross Section Polisher SM-09010, JEOL Ltd., Tokyo, Japan). For cross-section
images, backscattered electrons were collected with 10 kV at 0° tilt angle. The phase composition
was determined by X-ray diffraction (XRD). Diffraction data were collected on a Bruker D2 Phaser
diffractometer with Cu-Ka radiation (A = 1.54184 A, 30 kV, 10 mA) in Bragg-Brentano geometry and
LYNXEYE 1D-detector. XRD patterns were measured with a flat silicon, low background rotating
sample holder (5.0 min~!) in 10 min duration between 20° < 20 < 45° with a scan speed of 1 s/step and
a step size of approximately 0.05° per step.

Raman spectra were collected by using a self-built Raman microscope. Samples were excited
with a solid-state Nd:YVO; laser (Newport Corp., Irvine, CA, USA, Millennia Pro 2 s, wavelength of
532 nm). A Nikon Instruments 100 x microscope objective (Nikon, Tokyo, Japan) was used to focus
the laser excitation light, delivering in the sample plane a power of 3.2 mW. The spot size was about
2-3 um in diameter. The Raman scattered light was collected by the objective and was then diffracted
by a monochromator (Kaiser Optical Systems, HoloSpec, Ann Arbor, MI, USA, slit width of 50 um)
equipped with a CCD camera Newton DU920P-BV (Andor Technology Ltd., Belfast, UK). The average
spectral resolution of the Raman system was approximately 6.5 cm~!. Raman spectra were obtained
by single acquisition of 0.5 s at 100 different sample positions from 260-2480 cm~!.

3. Results

3.1. Current, Voltage and Temperature During PEO

Voltage, current and electrolyte temperature transients for the PEO process with 1 M and
129 M H)SO; concentration are represented in Figure 1, respectively. In comparison with
El Achhab et al. [18] the process was further refined by increasing the number of voltage steps and the
times per step.



Metals 2018, 8, 386 3of11

(a) 150 -
100 -
>
I 504
0_
200
<
£ 1004
0_
(b) 150 -
100 -
>
I 501
0_
At a b
-+ |« \ ;] ©
200 - " ‘ “1.";.\*
< t 2
S o o W L
° =1,
T T T T T T T T T T
0 15 30 45 60 75 9 105 120 135

t/ min

Figure 1. Voltage, current and temperature transients during the PEO process in (a) 1 M and (b) 129 M
H,SOy4 electrolyte concentration. Further explanation is given in the text.

In the beginning of the process, the electrolytic oxidation occurs under potentiostatic control,
as confirmed by the exponential decrease of the current immediately after each voltage step.
Strong oxide growth occurs only for several seconds and decreases rapidly. Oxide occurs preferentially
at surface inhomogeneities, accompanied by the oxidation of the entire surface during the sufficiently
long period. This procedure leads to a controlled oxide growth with a good stability and adhesion of
the oxide layer to the substrate. In the regime of higher voltages, the current does not drop immediately
after a voltage step. Here galvanostatic oxidation at Iax = 200 mA takes place during a period At.
The current limitation of Inax prevents from electrically induced etching. The highest growth rate is
expected in this period. After At the current decreases exponentially. The decay, described by the
half-life t1 /», represents the growth rate under potentiostatic conditions. The current Iy in the end of
an interval is determined by the insulating properties of the oxide and is a good indicator for the oxide
layer after each voltage step and finally after the entire process.

Distinct peaks in the current transient originate from electrical breakdowns. At higher voltages,
breakdowns are accompanied by visible light emission, originating from plasma discharges. Such light
emissions have been studied by other groups. It is known that spectra of the emitted light change
during the PEO process, due to the specific nature of the discharges [19]. Under galvanostatic control
(i.e., at Imax), strong discharges can be visually observed. In these periods (for example period a in
Figure 1) dielectric breakdowns affect the entire oxide layer and substrate. Discharges induce plasma
conditions and, due to escaping gases, create a micropore structure. Neighboring regions are affected
and further discharges are leading to a cascade. They move avalanche-like across the surface for a short
duration of time. After At discharges occur less common and less intense (for example period b in
Figure 1), due to the increased oxide layer thickness and its improved insulating properties. The oxide
growth approaches always a limitation and finally only single discharges occur (for example period
cin Figure 1). The corresponding peaks in the current transient are well below 200 mA and are caused
by comparably weak discharges. We believe that they correspond to gas discharges, which occur in
micropores, as previously investigated for PEO of aluminium [19].
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The increase of the electrolyte temperature is a consequence of the electrical power dissipation
into heat, especially during the time intervals At (i.e., at Imax). It was experimentally found that the
stability and adhesion of the oxide is significantly reduced if the cooling is omitted. This seems to be in
line with previous results on light metals, for which a high-temperature process promotes dissolution
of the oxide layer [17]. Hence, the control of the electrolyte temperature by cooling is a prerequisite to
yield high-quality oxide layers in our PEO process.

3.2. Microstructure

The visual appearance of the PEO samples is of light grey color, which is usually the case for
porous titanium oxide. The comparison of all samples produced with different H,SO, electrolyte
concentrations suggests that the oxide thickness increases with the concentration.

Figure 2 presents the SEM images of the surfaces produced with 0.5 M, 1 M, 3 M, 7 M and
12.9 M HSO;4. All images confirm a porous structure of the oxide films. For 0.5 M, the pore size
seems rather small and uniform. With increasing concentrations the pores enlarge and, simultaneously,
the surface becomes rougher. The maximum roughness is found for 12.9 M.

Figure 2. Scanning electron microscope surface and cross-section images from samples prepared with
PEOin0.5M,1M,3M, 7 M and 12.9 M electrolyte concenctration of sulphuric acid.

To determine the thickness of the oxide layer, cross-sections of the samples were prepared and
were imaged with SEM. They are shown in Figure 2. The oxide layer can be distinguished into
two layers of different thickness and porosity, in accordance to other studies [8,14,15]. The titanium
substrate is coated with a relative compact oxide interlayer. Table 1 summarizes the thicknesses of the
porous and compact layers of the samples as well as the mean pore sizes. These data were determined
at randomly selected sites of each SEM images.

Table 1. Pore size, thickness of the porous layer and thickness of the compact layer derived from
SEM investigation.

0.5M 1M 3M 7™M 129M

Pore size/um 020£0.09 025+0.07 029£0.08 035+006 0.38£0.07
Thickness porous layer/um ~ 0.79 £0.06 139 £0.09 3.18+020 5144020 5.21+0.62
Thickness compact layer/um  0.13 £0.03 0.12£0.03 0.22+0.04 0.25+0.03 0.25=+0.03
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3.3. Crystal Structure

3.3.1. X-ray Diffraction

XRD scans for samples prepared with 0.5 M, 1M, 3 M, 7 M and 12.9 M are displayed from 24.5° to
42.5° in Figure 3. All marked reflections are assigned by ICDD card numbers 00-001-1198 (hexagonal
a-Ti), 01-089-4920 (TiO; rutile) and 01-073-1764 (TiO, anatase). Reflections derived from brookite are
not observed. Because of the increasing thickness of the oxide layer (as found in the SEM images),
the reflection intensities derived from a-Ti, for example Ti(002), decrease with the concentration of
H)SOy. At the same time, the intensities of the rutile-derived reflections, i.e., R(110), R(101), R(200) and
R(111), increase strongly. In contrast the A(101) and A(004) reflections, that belong to anatase, behave
differently. Here the reflections of the 0.5 M sample are significantly larger than for the samples which
were prepared in higher concentrated HySOj.

' IR(200)

R(110) X
R(101)  TH002) [0
AT01) Ti(100)  \ \ | RO
\"\‘ 129 M
I
i
I
h I\ f
‘ \ \
. M\g—W_WJJLQLq'\_/gyM
?é'
5
© 3M
>
2 A(004)
S \
E 1M
,_k 05M
B e
26 28 30 32 34 36 38 40 42

26/ deg

Figure 3. X-ray diffractograms from 24.5° to 42.5° (20) of samples produced with different HySO4
concentrations. Labeled reflections are assigned to «-Ti, TiO, rutile and TiO, anatase. Most prominent
features of the TiO; crystallographic phases are the (101) reflection for anatase (26 = 25.46°) and the
(110) reflection for rutile (26 = 27.59°).

Several researchers have calculated xg [12,20,21], the weight fraction of rutile, by comparing
the intensities of the most prominent reflections of anatase and rutile, i.e., A(101) and R(110).

We determined xy according to
1

(1)
I
1+ KTQ

XR = 1-— XA =
with K=0.68 for xg > 0.8 and K=0.79 for xg < 0.8 as first suggested by Spurr and Myers [20]. From our
data the peak areas I5(101) and Ir(110) were determined by deconvolution, using two Voigt functions
and a linear background. The coefficient of determination (R?) was >0.997.

3.3.2. Raman Spectroscopy

Recently, Raman spectroscopy is considered to be an alternative technique to determine rutile and
anatase fractions in mixtures [21,22]. Here it is used in additional to XRD. In Figure 4 averaged Raman
spectra from samples prepared with 0.5 M, 1 M, 3 M and 12.9 M are presented. Raman-active modes
derived from anatase are centered around 395 cm ™! (B1g), 515 cm ™! (B1g and Aqg) and 637 cm ™! (Eg).
two active modes frome the rutile phase around 442 cm~! (Eg) and 605 cm~! (A1g) are identified [23,24].
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The deconvolution in Figure 4 was done with OriginPro 9.0 (OriginLab Corp., Northampton,
MA, USA). A linear background from 300-780 cm ! was substracted. According to the origin of the
Raman modes, we assumed a mainly Lorentian shape with a constant Gaussian contribution (due to
instrumental effects), resulting in a Voigt profile. The total FWHM was limited to 50 cm~! and the

Gaussian width was kept constant at 5 cm™!.
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Figure 4. Raman spectra for TiO, samples from 300-780 cem ! produced in (a) 0.5 M, (b) 1M, (c) 3 M and
(d) 12.9 M H,SOy4. Data points are averaged from 100 single acquisitions along a line. Deconvolution
were done with a linear background and voigt profiles. Raman active modes are labeled for anatase
in (a) and for rutile in (c).

The evaluation shows that the mixed Raman spectra of rutile and anatase in the region
300-780 cm ! are composed of more than five Raman active modes. The intensity around 515 cm ™~ is
derived from two single modes, Bz and Ajg, of the anatase phase, but cannot be separated in the fitting
procedure. Besides the first-order Raman modes, numerous combination modes contribute to the total
spectra [24]. It can be assumed, that contributions of combination modes are mainly induced by the
rutile phase. To take into account these combination modes, two corrections, in terms of two additional
Voigt profiles, around 330-360 cm ! and around 680-700 cm ! were added. The final fit obtained a
coefficient of determination (R?) >0.994.

Zanatta et al. [21] suggested a method to estimate the concentration of rutile in TiO, and found

AR

= -, 2
Ap + AR @

XR

with Ap and Ag, representing the total areas of anatase and rutile deconvolutions, respectively.
Here the areas of the correction profiles contribute to the total area of rutile.
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4. Discussion

We start the discussion of our results with a brief overview of the oxide growth model of the PEO
process, previously suggested by El Achhab et al. [18]. It explains qualitatively the formation of the
two well distinguishable oxide layers, i.e., the porous and the compact layer that were found in the
SEM images of the samples’ cross-sections. In the initial phase of our PEO process (i.e., for an applied
voltage less than 90 V for 1 M and less than 70 V for 12.9 M H,S0Oy), potentiostatic conditions prevail
and anodic oxidation controls the oxide growth on top of the titanium substrate. Ostwald’s step rule
suggests the formation of the less stable crystallite (in our case anatase) in a non-equilibrium situation
for entropy reasons [25]. Therefore, we believe, that small nuclei of anatase are favored over rutile
formation on the bare titanium surface. They coalesce and continuously grow until a first anatase layer
covers the titanium. Each subsequent voltage step induces anatase growth and increases the thickness
step-wisely at the surface of the titanium substrate. The growth can be associated with the current
decay, seen in the transients of I (compare Figure 1). The evaluation of the decay yields a characteristic
half life t1 ,, which varies with the electrolyte concentration.

After the initial phase (i.e., at voltages above 90 V for 1 M and 70 V for 12.9 M), the discharges
occur and drastically affect the growth. In this regime of the PEO process, the applied voltage exceeds,
immediately after a voltage step, the breakdown voltage Vg of the oxide layer. The I and V transients
reveal galvanostatic conditions (i.e., in the period At, compare Figure 1). The nature of single discharges
and their impact have been explained by several researchers for other systems [19,26] and is assumed
to be analogous for TiO,. These strong discharges degrade the passivation layer of anatase. It is locally
destroyed and the bare titanium substrate can be chemically attacked by sulphuric acid. At these sites
temporary dissolution occurs. An additional effect results from the plasma which is formed during
these discharges and is accompanied by a local temperature rise. The high temperature causes melting,
gas evolution and formation of channels in the oxide. Around the discharge channels the temperature
is sufficiently high to induce an irreversible transformation of anatase to rutile. In a certain distance
from the channel, the transformation temperature is not reached and no conversion of the anatase
takes place. Due to the local removal of the passivating layer, the potential barrier breaks down and
the discharges at these sites stop. The remaining oxide layer cools rapidly down and further transition
of anatase to rutile is inhibited. Simultaneously, the continuous anodic oxidation of titanium to anatase
heals the passivation layer and the dissolution gradually stops.

Galvanostatic conditions after a voltage step last, however, only for a short time (i.e., At) since the
passivating property of the oxide layer increases. After At, the PEO process is again under potentiostatic
control and the frequency as well as the intensity of discharges decrease over the course of time.
The anodic growth of anatase dominates until the next voltage step is applied. Finally, the PEO process
is completed when the last voltage step was conducted. Its value equals 130 V and is lower than the
preceding value of 145 V.

Our results of SEM, XRD and Raman spectroscopy are summarized in Figure 5. The total layer
thickness, derived from the SEM images of cross-sections from selected samples, can be separated into
a porous (white column) and compact part (grey column). Both thicknesses increase with increasing
H,SOy electrolyte concentration, but the porous layer is always thicker. We found that the strongest
effect in the thickness increase is below an electrolyte concentration of around 7 M. Evidently, higher
concentrations lead to only marginally higher layer thicknesses. Compared to the porous layer,
the compact oxide interlayer is relatively thin. Its thickness equals 0.12 um for 1 M and increases
weakly up to 0.25 um for 12.9 M.
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Figure 5. Experimentally derived weight fraction between TiO; crystal phases rutile and anatase in
different samples as a function of HySO, concentration. The fraction is presented with the estimated
uncertainty of each sample and is determined from data acquired with XRD and Raman spectroscopy.
The columns represent the thickness of the porous and compact oxide layer, as determined by SEM
investigation on selected samples.

We found a substantial change of the phase composition between electrolyte concentrations of
0.5M and 3 M. In samples produced with 0.5 M, anatase dominates and has a fraction of more than 80%.
For concentrations above 3 M, the rutile contribution exceeds and has a fraction of over 80%. Since the
thickness of the porous layer increases at the same time, we assume that the porous layer is composed
mainly of rutile. Both Raman spectroscopy and XRD data (compare Figure 5) indicate an increase of
the rutile fraction xg. However, it is evident that XRD-derived values of xp are significantly larger than
Raman-derived values (with one exception for 0.5 M). The Equation (1) was derived from XRD analysis
of polycrystalline powders. Since the PEO process does not likely produce a random orientation
of crystallites the evaluation of XRD data may exhibit a systematic error. Several effects have been
discussed in the literature to explain such overestimation of x fractions from XRD data [21,22]. In our
case, non-isotropic growth of the crystallites can also favor certain orientations which may cause larger
peak intensities of the corresponding X-ray reflections.

With the help of the oxide growth model, given above, one can rationalize the observed
concentration-dependence of thickness, microstructure and phase composition. The thickness of
the compact layer, formed as the result of anodic oxidation, is controlled by the corresponding growth
rate. The experiment shows that the values of the half life t; /,, associated with anodic oxidation,
decrease with rising electrolyte concentration. Half life times depend slightly on the initial value
of each voltage step and may scatter significantly, due to the current spikes at higher voltages, that
adversely affect their accurate determination. Quantitative values of t1,, are given here only for
the voltage step 110 V (indicated in Figure 1), which are about 113 £ 20 s for 1 M and 10 + 5 s for
12.9 M, respectively. In between, they decline monotonously with increasing concentration. It is
also found that the values of Iy are smaller in higher concentrations, which confirms thicker anatase
layers. At the same time, the sum of At periods, in which the transformation of anatase to rutile takes
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place, becomes larger between 0.5 M to 12.9 M. We conclude that the effect of both anatase formation
and anatase-to-rutile conversion is more pronounced at high concentrations of HySOy4. As a result,
the total layer thickness increases strongly while the compact layer gets only slightly thicker for rising
concentration.

The formation of the porous layer is mainly determined by the number and intensity of discharges
that occur above the breakdown voltage Vg. Previous research has shown that V3 depends on the ion
conductivity of the electrolyte, which is a function of the electrolyte concentration [13,27]. In accordance
with the theory, Vg is smaller in 12.9 M than in 1 M (compare, e.g., the I transients for 12.9 M and
1 M in Figure 1). Correspondingly, discharges appear already around 70 V in 12.9 M while they
appear around 90 V in 1 M. Besides the lower breakdown voltage V3, the period of galvanostatic
control At (i.e., I = Imax), in which strong discharges predominate, rise with electrolyte concentration.
Another concentration-dependent effect arises from the etching of the oxide layer in the sulfuric acid.
Since concentrated sulfuric acid reacts stronger than diluted one with respect to its dissolving property,
one may assume that the increasing surface density of sites, locally etched by the acid, promote
discharges. The combined action of these effects consequently enhances the pore sizes and roughness,
at increasing concentrations of HySOj. Since discharges also promote the transformation from anatase
to rutile, the rutile fraction becomes larger and saturates at 3 M.

The last voltage step of our process is 130 V and is considerably lower than the previous voltage
with 145 V. At this voltage, no discharges occur and anodic oxidation produces anatase at the titanium
substrate. If the last voltage step is omitted in the PEO process the rutile fraction becomes slightly
larger for a preparation in 12.9 M, as indicated in Figure 5. This observation is in line with our growth
model of the oxide layer on titanium.

5. Conclusions

We refined a PEO process for titanium, which benefits from the combination of galvanostatic
and potentiostatic oxidation. The effect of varying H,SO,4 concentrations was investigated from 0.5 M
up to 12.9 M. Thickness, porosity and phase composition change drastically. SEM investigations
showed that the resulting oxide layer can be distinguished by a thin interlayer at the titanium substrate
and a thick porous layer on-top of the interlayer. The former mainly consists of anatase, while the
porous structure, greatly influenced by the impact of plasma discharges, reveals a large rutile content.
The weight fractions of both modifications have been quantitatively determined by analyzing XRD
and Raman spectroscopy data. Based on the experimental results, we gain further insight into the
growth mechanism of our PEO-process. It was found that the H,SOj electrolyte concentration can
be used to control the number and intensity of discharges, as well as the anodic oxidation growth
rate. Furthermore, it was shown that the concentration also alters the periods of galvanostatic and
potentiostatic conditions. Hence, besides the influence of the electrolyte concentration, we believe
that the structure of the plasma-electrochemically produced oxide layer can be adjusted by tuning the
periods of galvanostatic and potentiostatic control.
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Abstract: Oxide layers on titanium foils were produced by galvanostatically controlled plasma
electrolytic oxidation in 12.9 M sulfuric acid with small amounts of phosphoric acid added up
to a 3% mole fraction. In pure sulfuric acid, the oxide layer is distinctly modified by plasma
discharges. As the time of the process increases, rough surfaces with typical circular pores evolve.
The predominant crystal phase of the titanium dioxide material is rutile. With the addition of
phosphoric acid, discharge effects become less pronounced, and the predominant crystal phase
changes to anatase. Furthermore, the oxide layer thickness and mass gain both increase. Already small
amounts of phosphoric acid induce these effects. Our findings suggest that anions of phosphoric
acid preferentially adsorb to the anodic area and suppress plasma discharges, and conventional
anodization is promoted. The process was systematically investigated at different stages, and voltage
and oxide formation efficiency were determined. Oxide surfaces and their cross-sections were studied
by scanning electron microscopy and energy-dispersive X-ray spectroscopy. The phase composition
was determined by X-ray diffraction and confocal Raman microscopy.

Keywords: titanium dioxide; plasma electrolytic oxidation; anatase and rutile

1. Introduction

The oxide layer of metals such as titanium can be tailored for specific applications. The most
common technique used to artificially grow a passive layer is anodic oxidation, in which moderate
voltages promote a denser and thicker oxide layer compared with the naturally formed oxide. With the
increasing scope of applications, new demands on materials have evolved. To meet these needs,
researchers have developed new techniques from classical anodic oxidation. One derived technique
is plasma electrolytic oxidation (PEO), in which the applied voltage exceeds a critical point and
causes the initial oxide layer to reform by characteristic breakdowns, which often induce plasma
conditions. The complex interplay between chemical, electrochemical, and thermodynamic reactions
creates unique oxide layers and enables versatile changes in these layers by slightly changing the
process parameters. Therefore, PEO-treated titanium can be used for a variety of applications, such as
biomedical prostheses, automotive components, and photocatalytic devices [1].

Furthermore, PEO-treated titanium has recently been used as a gas sensor material at room
temperature for various gases [2]. In this case, H,SO4 at an exceptionally high concentration of 12.9 M
is used as an electrolyte and leads to a characteristic porous oxide structure with a layer thickness of
approximately 5.5 pm. The morphology and thickness suggest a high surface-to-bulk ratio, which
is beneficial for gas sensor technology. In general, breakdowns during PEO promote the formation
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of crystalline titanium dioxide phases, namely, anatase and the high-temperature phase rutile [3-5].
Both phases differ in significant properties (e.g., band-gap energy and electron-hole recombination rate)
for potential application as a gas sensor material [6]. When investigating the effect of the crystal phase
composition on the gas—oxide interaction, the ability to systematically control the rutile to anatase
fraction is desirable. In 12.9 M H,50,, the dominant crystal phase in the oxide is rutile, while the
anatase fraction dominates in lower concentrations [7]. However, lower concentrations adversely affect
the oxide layer by decreasing its thickness and porosity.

In recent studies on PEO for medical applications, electrolytes with phosphoric acid (H3PO4) have been
frequently used, and oxide layers of comparable porosity and thickness can be formed [8-10]. Anatase is the
dominant phase in these layers, and rutile is almost non-existent. When used as an electrolyte, phosphoric
acid not only affects the phase composition but also drastically changes the outcome of the PEO process.
The combination of both electrolytes provides an interesting approach to tailoring the properties of the
oxide scale. Since the ratio of the two compounds in the mixture is critical for obtaining specific properties,
we explored the effect of small amounts of H3PO, in concentrated HySOj.

Our PEO experiment is based on a galvanostatic DC operation mode. The resulting constant
current offers a simple method of treating and evaluating samples for a systematic PEO study.
For instance, it can be split into several contributions and classified into ionic and electronic
currents [8,11]. The ionic current reflects the migration of ions in the oxide layer and is the driving
force in conventional anodic oxidation. The electronic current is mainly induced by breakdowns. In the
course of the PEO process, a transition from ionic to electronic current can be observed.

Starting with concentrated sulfuric acid (12.9 M) as an electrolyte, we investigated the impact of
adding H3PO, at molar fractions of 1% and 3%. Before and after PEO, the samples were analyzed for
weight gain with a microbalance. Scanning electron microscopy and X-ray diffraction were used to
systematically study oxide surfaces and cross sections at different stages of the process. We derived
information about the phase distribution in the oxide layer from confocal Raman microscopy of cross
sections, and elemental composition was investigated by energy-dispersive X-ray spectroscopy.

2. Materials and Methods

Samples (surface area of approx. 3.634 cm?) were cut from titanium foil (thermally annealed,
99.6% purity; 125 pm thickness) by means of a laser (PowerLine F30, ROFIN-SINAR Laser GmbH,
Hamburg, Germany). The samples were cleaned ultrasonically for approximately 10 min in acetone
and 10 min in deionized water. The electrolytic cell consisted of a glass vessel with an integrated
glass shell, which enabled the temperature regulation of the electrolyte by pumping cold thermal fluid
through the shell. The thermal fluid temperature was kept constant at 15 °C with a recirculating cooler
(FL1201, JULABO GmbH, Seelbach, Germany). The reaction chamber was filled with 114 4+ 5 mL of the
electrolyte. The electrolyte was based on 12.9 M HySOy4 (75 wt%). It was enriched with 25 wt% H3POy,
which resulted in molar fractions of n(H3POy)/n(H2S04) = 0%, 1%, and 3%. Specifically, the last two
fractions corresponded to c1o,(H3PO4) = 0.1 M plus ¢19,(H2504) = 12.3 M and c39,(H3PO4) = 0.3 M plus
39 (H2S04) = 11.4 M. A magnetic stirrer prevented spatial temperature differences in the electrolyte
and reduced the disturbance of gas accumulations on the electrode surfaces. The electrolytic system
was completed by the titanium sample as the anode and a graphite rod as the cathode (area of
immersion of 7.38 4 0.6 cm?) at a distance of 23 & 4 mm.

A constant current density of 55 mA/cm? was applied by using a highly stable current power
supply (FUG MCP 350-350). Voltage and current were adjusted and recorded in 250 ms intervals
using an in-house developed LabVIEW program. After treatment, the sample was rinsed in deionized
water and dried in air. The weight of the sample was measured before and after the process with an
analytical balance (ABT 120-5DM, Kern und Sohn GmbH, Germany) with a repeatability of 0.02 mg.

The microstructure of the oxide layer was investigated by field emission scanning electron
microscopy (SEM; JSM-7500F, JEOL Ltd., Tokyo, Japan). Surface images of secondary electrons were
captured with 5 kV excitation. Cross sections were prepared by argon ion milling (Cross Section
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Polisher IB-09010CP, JEOL Ltd., Tokyo, Japan). For energy-dispersive X-ray spectroscopy (EDX),
images were created with 15 kV excitation energy and detected with an XFlash Detector 5030 (Bruker
AXS GmbH, Karlsruhe, Germany). Quantitative results of elemental composition were obtained by
averaging over at least three comparable sections to minimize local fluctuations.

The phase composition was determined by X-ray diffraction (XRD). Diffraction data were collected
on a Bruker D2 Phaser diffractometer with Cu-Ka radiation (A = 1.54184 A, 30 kV, 10 mA) in
Bragg-Brentano geometry and a LYNXEYE 1D detector. XRD patterns were measured with a flat
silicon, low-background rotating sample holder (5.0 min~—!) with 24.5° < 20 < 29.5°, a scan speed of
2 s/step, and a step size of approximately 0.024°.

Raman measurements were performed with a confocal Raman microscope alpha300 R
(WITec GmbH, Ulm, Germany). A fiber-coupled single-mode DPSS laser with an excitation wavelength
of 532 nm was used. The laser power applied to the sample was set to 20 mW. A Zeiss EC
Epiplan-Neofluar DIC 100x/0.9 NA was selected as the microscope objective, and the samples were
scanned with a step size of 200 nm. In this way, a spatial resolution of about 300 nm could be achieved.
The system also featured real-time laser profilometry, so the sample surface remained in the focal plane
during the entire measurement period. The spectrometer used was a WITec UHTS 300 combined with
an Andor iDus Deep Depletion CCD detector, which was cooled to —60 °C. The Raman scattered light
was spectrally dispersed by a reflection grating with 1200 mm~!. The average spectral resolution was
about2 cm~—2/ pixel. The software WITec FIVE version 5.2.4.81 was used to evaluate the measurement
data and create Raman images, including cosmic ray removal and background subtraction by the
implemented shape function.

3. Results

3.1. Voltage Response and Mass Change

The voltage response of the PEO process in 12.9 M H,SOy, as shown in Figure 1a, reveals
information about the current character. The ratio between electronic and ionic currents varies during
the PEO process. In the beginning, the electric field was insufficient to cause electric breakdowns,
and conventional anodic oxidation occurs. The ionic current predominated and promoted the
formation of a dielectric oxide layer. Consequently, the cell resistance increased. The constant current
was sustained by the rapid increase in applied voltage. Above a critical voltage, electrical breakdowns
become visible by electroluminescence. The charge transfer by breakdowns represents an electronic
current and is energetically favored compared with ion migration. The electronic current increasingly
contributes to the total current. Eventually, a linear voltage region is reached, which indicates a mainly
electronic current character. This linear stage is also known as the microarc stage [9,12].

The impact of breakdowns on oxide formation was further investigated by terminating the
process at different charge densities and determining the mass change, presumably due to oxide
formation, with an analytical balance. Figure 1b presents the mass change with varying charge
densities. The slope of the polynomial fit represents the mass change per transferred charge, i.e., the
oxide formation efficiency [13]. The efficiency for 0% H3PO, was positive until 8.4 C/ cm?, after which
it was negative. This turning point corresponded to the beginning of the linear microarc stage.
This indicates that breakdowns during the microarc stage in concentrated sulfuric acid cause mass
loss of the oxide. The initial passivation by breakdowns transforms into a destructive reforming with
combined mass loss.

The progress drastically changed by adding small amounts of H3POy to concentrated sulfuric
acid. The voltage response for n(H3PO,)/n(HySO4) = 1% in Figure 1a already differed from the
voltage response in pure HySOj. The transition from ionic to electronic current was also observable
by the subsequent decreasing voltage rate. However, it was less pronounced. The interruption of the
steep increase between 1.5 and 7 C/cm? is due to the previously reported transition from a grooved
morphology to a porous morphology [13,14]. The mass loss in Figure 1b was suppressed compared
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with samples prepared in pure HySOj. The efficiency was positive until 19.4 C/cm?. Shortly after
the efficiency changes to negative values, the microarc region started, and no noticeable voltage gain
occurred. Hence, the applied voltage was sufficient to sustain the defined current density, even though
the oxide formation efficiency in this region (Figure 1b) was negative. Therefore, a steady state between
repassivation of the dielectric layer and its destruction by breakdowns can be assumed.

With 3% phosphoric acid, the trend continued more drastically. Higher voltages, even above
200 V, were necessary to sustain the given current density. The transition from ionic to electronic
currents was completed even later, while the mass change was always positive. At approximately
55.8 C/cm?, the efficiency changed from positive to negative values, and the microarc region started.
However, above approximately 70 C/cm?, inhomogeneities were visible on the oxide surface and
restricted the process in 3% H3POj, at higher charge densities.
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Figure 1. Process information at different charge densities for 0%, 1%, and 3% additional H3PO4
in 12.9 M H,SOy: (a) voltage response and (b) mass change with interpolation and marked highest
oxidation efficiency.

3.2. XRD Investigation

The crystallographic structure of the oxide was investigated by X-ray diffraction (XRD). The weight
fraction of rutile can be estimated for each sample by using the (101) reflection of anatase and the (110)
reflection of rutile [7,15]. Figure 2 presents the calculated rutile fraction for different charge densities.
The rutile fraction in the sample prepared with 0% H3POy increased continuously with the charge density
until the sample was almost exclusively rutile. The titanium reflections of the titanium substrate decreased
continuously as a result of the growing oxide layer [7]. The transition was similar in 1% H3zPOy, but it was
less pronounced. At a low charge density, mainly anatase was present, and the rutile fraction increased
with increasing charge density. However, the maximum value and the slope of the fitted curve are smaller.
For 3% H3POy, our findings were remarkably different, and the typical increase in the rutile to anatase
fraction was no longer identified. The fraction was below 11% for any charge density.
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Figure 2. (a) Rutile to anatase fractions (with interpolation) versus the charge density for samples
prepared with 0%, 1%, and 3% additional H3PO, in 12.9 M H,SO,. The fractions are derived from XRD
intensities. (b) Representative diffractograms of chosen samples with high and low current densities.

3.3. SEM Surface Images

The scanning electron microscope (SEM) images of surfaces in Figure 3 demonstrate the modification
of surfaces resulting from variations in the transferred charge and the amount of H3POy. In the left
column, the surfaces of samples prepared with 0% H3POy are shown. Since the breakdown voltage
was already exceeded for 9 C/ cm?, circular sinkholes of former discharge channels, i.e., micropores,
were clearly visible. However, the even distribution caused the surface to appear regular and flat.
With increasing charge transfer, the surface became rougher. At 41 C/cm?, some minor plateaus and
some cracks were noticeable. For 69 C/cm?, plateaus and cracks were clearly visible and impaired the

circular shape of pores.

BN 42 C/lcm?

69 C/cm?

5pum

Figure 3. SEM images of sample surfaces produced in H,SO, with the addition of 0%, 1%, or 3%
H3PO;. Samples produced with similar charge densities (+1.0 C/cm?) are presented in the same row.
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In the second column, the surfaces of the samples prepared in 1% H3zPO, are shown. The porous
structure remained apparent. However, the pore size increased, and the pore density decreased.
As observed previously, the pore network dissolved at a higher charge density, and different levels
of depth evolved. In the right column, the surfaces of samples prepared in 3% H3PO, are presented.
The pore size further increased, and the density further decreased. The destructive character of the
breakdowns can be observed, although it was less pronounced compared with the samples prepared
in 0% or 1% H3POy.

3.4. SEM Cross Sections

The result of our SEM cross section investigation in Figure 4 shows the depth profile of the oxides.
The total thickness distinctly increased with the fraction of phosphoric acid in the electrolyte. Values were
approximately 5.0 um for 0%, 7.3 um for 1%, and 10.9 pm for 3% (£0.5 um). Different layers could be
distinguished in the oxide layer because they abruptly changed in morphology or elemental composition.
Two layers were as described for PEO in sulfuric acid: a compact layer beside the titanium substrate
with a relatively small thickness and a porous layer with a major contribution to the total thickness [7,16].
Furthermore, in Figure 4c, a smooth area in the near the surface was clearly distinguishable from the
porous layer below.

a 0%

S5um

Figure 4. SEM images of oxide cross sections produced in HySO, with the addition of 0% (a), 1% (b), and 3%
(c) H3POy. The charge density in all plasma electrolyte oxidation (PEO) processes is 41.3 + 1.0 C/ cm 2,

3.5. EDX Images

While the compact layer is rather difficult to resolve in the SEM cross section image, it is clearly
identifiable by its elemental composition. This is shown in Figure 5 by the energy-dispersive X-ray
spectroscopy (EDX) images. Remarkably, the compact layer in all samples exhibited an increased sulfur
concentration of approximately 1.1 &+ 0.3 at % (while it was below 0.3 = 0.3 at % in the remaining oxide).
In samples prepared with H3PO,, an increased phosphor concentration throughout the oxide could
be detected. For 3% H3PO,, the value is approximately 1.9 & 0.3 at %. In comparison, the phosphor
concentration in a sample produced in 1% H3PO,; amounted to 0.6 £ 0.3 at %. Another feature was
detectable in the sample produced in 3% H3PO, and less pronounced in the sample produced in 0%
H3POy: a smooth area near the surface was observed in several samples and independent of the electrolyte
composition. The EDX analysis in Figures 5a,c reveals that the region exhibited an increased titanium
concentration, while the oxygen and phosphor concentration decreased.

3.6. Confocal Raman Microscopy

Since a common drawback of XRD phase analysis is the low spatial resolution, we additionally
performed confocal Raman microscopy. Figure 6 shows false-color images, which are derived from
Raman microscopy of cross sections prepared with 41.3 £ 1.0 C/cm~2 in mixtures with 0%, 1%,
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and 3% additional H3PO,4. The surrounding background image is the result of light microscopy.
The different colors in the false-color images indicate the types of Raman spectra, which are presented
below. The anatase phase is recognized by an intense E; mode around 147 cm ™! [17]. Additionally,
Raman-active modes derived from anatase around 395 cm™! (B1g), 515 cm ! (B1g and Agg), and
637 cm ™1 (Eg) are used for classification [7]. The rutile phase can be identified by two Raman modes
around 442 cm™~! (Eg) and 605 cm™~! (Arg) [7].

a

2

Figure 5. Energy-dispersive X-ray spectroscopy (EDX) images of oxide cross sections produced in
12.9 M H,504 with 0% (a), 1% (b), and 3% (c) H3PO,. The transferred charge density is around
413 £ 1.0 C/cm ™2 for each sample. The color intensity in the analyzed segment is only comparable to

other elemental maps for the same cross section.
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Figure 6. False-color images derived from confocal Raman microscopy with underlying light microscopy
images of three cross sections. The transferred charge density is around 41.3 & 1.0 C/cm 2 for all cross
sections, while the fraction of H3POy in the electrolyte changes, i.e., 0% (a), 1% (b), and 3% (c). Red
represents anatase, blue represents rutile, and cyan corresponds to a signal with large background.
The integration time of each single spectrum varies, with 0.2 s in 0%, 0.1 s in 1%, and 0.05 s in 3%.
Averaged spectra from the corresponding color-marked area are shown below each cross section.
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Without H3POy, the porous layer mainly exhibited rutile, while a distinct anatase fraction could
be identified from the spectra of the compact layer. For 1% H3POy, the colored areas, which indicate
anatase and rutile, were similar in size and homogeneously distributed. For 3%, the intensities of
the rutile modes in the spectra vanished. The entire oxide mainly exhibited anatase. For 0% and 3%,
small areas near the surface were marked with cyan and fitted the previously mentioned smooth
area in our SEM and EDX images. The corresponding cyan spectra resembled the spectra from rutile.
However, it clearly differed by a frequency shift and an increased background signal, which may have
originated from near-surface groups.

4. Discussion

Our results demonstrate that adding phosphoric acid to concentrated sulfuric acid as an electrolyte
has a drastic influence on oxide formation in PEO. With 1% or 3% additional phosphoric acid, higher
potentials are necessary to sustain the constant current density. This indicates an enhanced dielectric
layer in terms of electrical resistance, with either increased thickness or higher electrical resistivity.
The SEM cross sections confirm an increasing thickness. The promoted oxidation is associated with
the mass gain in Figure 1b, which is mainly negative in 12.9 M H,SOy, partly positive with 1% H3 POy,
and positive for all investigated charge densities with 3% H3POj,.

While oxide formation is promoted, breakdown effects are inhibited by adding H3POy,
which results in diminished breakdowns [10,14]. One indicator is the suppressed surface destruction,
as shown in Figure 3. Breakdowns may cause plasma oxidation; however, almost all electric energy is
used for ionization, water vaporization, joule heating, and gas evolution, especially in the microarc
region [18]. As a consequence, plateaus and cracks evolve on the surface. After adding H3POjy to the
electrolyte, these effects decrease. Closely related is the mentioned mass loss in Figure 1b. It is assumed
that the mass loss is promoted by breakdowns. Since the mass change becomes positive with additional
H;3PO4, lower breakdown intensity is expected.

Furthermore, reduced breakdown intensity can be identified from the phase composition.
Rutile is a high-temperature modification and formed from anatase in an irreversible, time-dependent
transformation [6]. In PEO, the energy for transformation is brought into the system by electrical
breakdowns. When breakdowns diminish in the process, transformation is reduced or even disabled [7].
Results derived from the XRD analysis in Figure 2 show that the rutile fraction decreases with an
increasing amount of H3PO,. Confocal Raman microscopy data, as presented in Figure 6, confirm this
observation. Our results suggest that the energy liberated by breakdowns decreases with an increasing
amount of H3PO,4. With even higher concentrations of H3POy, it is assumed that the crystallization is
further inhibited and that even the anatase fraction is reduced [19].

In our discussion of the impact of additional H3PO,, we must consider that the concentrations
of both acids decrease if one mixes appropriate amounts of HySO4 (75 wt%) and H3PO4 (25 wt%).
For example, when adjusting a fraction of n(H3POy)/n(H2SO4) = 3%, the resulting concentration of
H,S0, is 11.4 M, while the concentration of H3POy is 0.3 M. To understand the dilution influence of
H,SO4, we conceived a PEO experiment with 11.4 M H,SO4. As a result, no significant change in the
breakdown character was observed. In conclusion, the additional H3POy causes the drastic change
observed in the PEO process.

To rationalize our findings, we correlated the impact of additional H3PO, in 12.9 M H,SOj4 to the
corrosion of titanium in the electrolyte. In pure H,SO, and the absence of an applied potential, the maximum
corrosion rate is between 12.5 [20] and 13.7 M [21]. With an applied concentration of 12.9 M, a strong
chemical etching can therefore be expected. In contrast, a simple corrosion experiment without applied
potential in 12.9 M H,SO4 with 3% H3POy clearly demonstrates that the corrosion rate drastically decreases.
A possible explanation is that solvated H3PO, anions preferentially adsorb onto the anodic area. A similar
effect is known to occur for corrosion inhibitors in Hy,SOy4 [20]. As a consequence of the preferential
adsorption, the active area is blocked for the more reactive HySO, anions.
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The concept of the described corrosion behavior can be applied to our PEO experiment. In 12.9 M,
the breakdowns are exceptionally strong, whereas the breakdowns are suppressed in a mixture with
3% H3PO,;. We assume that, during PEO, the preferential adsorption of H3PO,4 anions blocks the
anodic surface for H,SO, anions, which tend to favor breakdowns instead of ion migration. Hence,
destructive breakdowns and the related corrosion are suppressed, which directly reduces the mass
loss in the process, as confirmed by our mass investigation in Figure 1b. Leach and Sidgwick proposed
that the different behaviors of SOZ_ and POZ_ are the result of their different molecular charges [22],
which is plausible since the electrical field in PEO is exceptionally high.

Furthermore, the high H3PO, anion adsorption to the anodic surface leads to the preferred
incorporation of H3PO, anions. This is in accordance with our EDX investigation, which reveals
an increased concentration of phosphor species compared with the low sulfur concentration in the
oxide. Similarly, earlier studies have confirmed that phosphorous or phosphate ions penetrate more
easily through the titanium oxide layer during anodization compared with sulfur or sulfate ions [19].
Certainly, these phosphorous species contribute to the high mass gain in Figure 1b for electrolytes
with additional H3POy.

With the favored incorporation of H3PO, anions, enhanced ion migration can be assumed, which
increases the fraction of the ionic current. Because of the constant current mode in our process, the total
current density always remains constant. When ionic migration is promoted, the total current in the
process comprises less electronic current, i.e., breakdowns. Therefore, the additional H3POy reinforces
the inhibition of breakdowns.

The reduced electronic current has a major impact on the oxide layer. According to the literature,
two effects limit the lifetime of a discharge. On the one hand, the expansion of gases in the channel
lead to cooling, and the plasma collapses [23]. On the other hand, the gas forms a bubble on top of
the channel; thus, it increases the electrical resistivity of the channel and terminates the plasma [4,18].
The formation of a new plasma is prevented while the gas is inside and above the channel. When the
gas escapes, the electrolyte fills the void [3]. As a consequence, the next discharge is created in the
same channel. This hypothesis predicts that the current per channel per discharge is limited by the
lifetime of the plasma channel.

According to our results, more charge compensation in the form of breakdowns occurs in pure
H,SO4 compared with mixtures containing 1% or 3% H3POj,. As a consequence of the limited charge
transfer per discharge in a single channel, more channels are necessary for higher charge compensation.
Hence, the pore density increases compared with surfaces prepared in mixtures with 1% or 3% H3zPOy,
as shown in the SEM images in Figure 3. On the other hand, fewer channels for charge compensation
by breakdowns are necessary in mixtures with H3POy. Hence, the pore density decreases. However,
the pore size increases in mixtures with H3PO,4 because of recurring breakdowns in identical channels.

It should be noted that anatase is the predominant phase in the compact layer for all investigated
samples. Previous studies confirm our conclusion that the thin compact layer is composed of
nanocrystalline anatase [8,24]. The dense compact layer likely evolves from a temperature gradient [9].
The thermal mass of the titanium substrate enables the rapid cooling of the plasma. Hence, the time is
too short and the temperature is too low for the phase transformation to rutile for an anatase-to-rutile
transformation, and therefore, only a nanocrystalline anatase structure evolves. Also remarkable is
the increased sulfur concentration in the compact layer, as seen in Figure 5. This may result from the
electrolyte becoming trapped in interfacial nanopores during the fast cooling [14].

Another notable feature is apparent in the cross sections of several samples, which can be identified
in our study in three ways. First, SEM cross section images, especially in Figure 4c, reveal a rather
smooth morphology between the porous layer and the surface. Second, the EDX cross sections in
Figures 5a,c show a different elemental composition compared with the porous layer in the previously
mentioned region. Third, the Raman investigations in Figures 6a,c reveal a distinct change in the
phase composition near the surface. We assume that this region originates from molten titanium,
which is ejected from the channels and rapidly cools down in the vicinity of the electrolyte [25].
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Because of quenching, oxide formation is suppressed, and consequently, oxide stoichiometry is not
achieved. For this reason, we expect a predominant amorphous structure with small contributions of
titanium dioxide phases.

5. Conclusions

Oxide coatings on titanium were produced in a galvanostatically controlled PEO process with
a constant current density. With a concentrated 12.9 M H,SOy electrolyte as the starting material,
small amounts of H3PO4 were added to investigate the impact on oxide formation. Pure 12.9 M
H,S0y is highly suitable for promoting breakdowns. With a higher charge density, breakdowns cause
a destructive reforming and induce the phase transition from predominantly anatase to almost entirely
rutile. Upon reaching 35 C/cm?, the rutile to anatase fraction is over 90%.

By adding small amounts of H3POy, i.e., 1% or 3%, breakdown effects are drastically reduced.
The rutile fraction in the process does not exceed 11%, even for charge transfers as high as 89 C/cm?.
The drastic change is explained by the preferential adsorption of H3PO, anions to the anodic
area. Therefore, the H3PO, anions block the surface for more reactive HySO, anions and suppress
breakdowns. The enhanced concentration of H3PO, anions at the surface reinforces their incorporation
and, consequently, migration in the oxide layer. Therefore, the ionic current in the process increases,
and the electronic current fraction, including breakdowns, decreases. With fewer breakdowns,
the destructive reforming diminishes. Moreover, the increase in ion migration promotes oxide
formation with increased thickness and mass gain of the oxide layers, which are produced in mixtures
with H3POy.
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3 Oxygen Sensing

In the following section, the general oxygen adsorption on TiO, is addressed, followed
by a discussion of the oxygen adsorption on Pt/TiO; structures. Finally, the relevance
of electroforming for the subsequent study is considered.

3.1 Oxygen Adsorption

In ambient atmosphere, the adsorption of gases strongly affect the electronic prop-
erties of semiconducting n-type TiOy. Most prominent is the impact of molecular
oxygen and will be briefly described in the following.

In the first step of adsorption, molecular oxygen adsorbs physically on the surface.
The physisorption is considered to be too weak to have a significant effect on the
electronic structure of the adsorbent, therefore, the molecule is usually highly mobile
in the plane parallel to the surface. On the defect-free rutile TiOs (110)-surface, the
adsorption occurs preferentially at undercoordinated Tis. atoms and the mobility is
enhanced along the [001] direction in between the protruding O rows [127]. At these
sites, a strong adsorbate bonding occur, which is known as chemisorption. The term
indicates the close relation to a chemical reaction. Indeed, the bonding resembles the
formation of covalent or ionic bonds in molecular physics [128].

Herein, a decisive electron transfer from the conduction band (CB) of TiOy to the
oxygen molecule can take place. As a result, a molecular ion O; forms. In a further
step, the molecular ion may accept another electron from the oxide, forming the
peroxide ion O3~. It commonly acts as intermediate and dissociate to form two atomic
ions, i.e. O~. In general, the ions can be regarded as free oxygen ions without local
chemical bond, which are electrostatically stabilized in the vicinity of the surface. Due
to the strong ionic character, the adsorption of the oxygen is commonly referred to as
ionosorption. However, the exclusive ionic nature of the adsorbates is controversial
[129], which will be discussed in the end of this section.

In addition to the oxygen species outlined above, a doubly charged atomic oxygen
ion, 0?7, can be formed. It is identical to the lattice oxygen ions and, therefore,
preferentially incorporate and diffuse into the TiO, lattice. Table 3.1 summarizes the
possible equilibrium states of adsorbed oxygen on TiOs.
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3 OXYGEN SENSING

O, (gas) «— O (ads) Physisorption
O; (ads) + e (CB) «— Oz (ads) Tonosorption
0, (ads) + e~ (CB) «— O,* (ads) «+— 20" (ads) Tonosorption
O~ (ads) + e (CB) +— O* (ads) Tonosorption
0? (ads) +— O? (bulk) Incorporation & Diffusion

Table 3.1: Possible equilibrium states of adsorbed oxygen with nomenclature. Adapted
with permission from [130]. (C) Springer.

The prevailing oxygen species on the TiO, surface depends on the temperature and
the structure of the surface, including point defects. Henderson et. al reported that
O3, formed on the rutile TiO9(110)-surface below 150K, is stable until 410 K [82].
Above, it desorbs as molecular oxygen. Furthermore, the formation of O; has been
shown to be strongly promoted by oxygen vacancy sites at the surface. In fact, the
authors report that each surface oxygen vacancy is responsible for binding up to
three oxygen molecules at 150K [82]. These findings experimentally support that
donated electrons from oxygen vacancies are not localized at the defect site. At
temperatures above 150 K, the dissociation of oxygen molecules start to prevail [82].
The dissociation is further promoted by surface defects. On bridging oxygen vacancy
sites, Vi, molecular oxygen readily dissociates, filling a vacancy site and forming an
oxygen adatom. Without considering the charge, the equilibrium is

O3 (gas) + Vpr = Op; + O (ads) . (3.1)

At room temperature, the oxygen dissociation is not limited to oxygen vacancy sites:
A STM study from Wendt et al. indicate that oxygen dissociation also occurs at
non-vacancy sites |71]

O (gas) = 20 (ads) . (3.2)

Furthermore, these authors propose that subsurface titanium interstitials promote the
oxygen dissociaton at non-vacancy sites. It is argued that these subsurface donor-sites
largely affect the surface chemistry, for instance by providing the electronic charge
required for oxygen adsorption and dissociation. However, other authors attribute the
oxygen dissociation on non-vacancy sites to the delocalized charge of ionized surface
vacancies [73].

In general, charged oxygen adsorbates represent a negative charge on the surface,
which is compensated by a positive charge in the semiconductor. The positive charge
origins from the donating core atoms in the electron depleted layer. Thus, the local
electrical conductivity, which is controlled by the density of electrons, is decreased
near the surface with respect to its bulk value. Furthermore, the charge distribution
leads to a band bending eV in the electronic band structure with a maximum value
of eVs at the surface. In case of a strong band bending, i.e., |eVs| > kT, the charge
distribution can be approximated by a step function with the charge density enp
(Schottky approximation). By solving Poisson’s equation, the potential

d(z) = by, — en—D(z +2)?  0<2< 2 (3.3)
2¢e€q
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3 OXYGEN SENSING

is concluded, where z = 0 indicates the surface and z = z is the width of the depleted
layer. ¢y, represents a potential in the bulk. The maximum band bending relative to
the bulk level is determined from

Vs = §(0) — y =~ (3.4)

2¢e€g

With the assumption that np is controlled by the density of ionosorbed oxygen, the

band bending depends on the oxygen adsorption.
Eb EA Tio,

EA  To, @ EA To

0 Z 0 2'0

Figure 3.1: The effect of oxygen ionosorption on the electronic band structure of n-type
TiO3. On the left, the band structure corresponds to a situation without (oxygen)
acceptor adsorbates. When oxygen is provided the band bending on the surface
eVg, progressively increases with the surface density of acceptor adsorbates. Further
explanation of the reaction and quantities can be found in the text.

In Fig. 3.1 the impact of oxygen adsorption on the band structure is illustrated.
Herein, Fy, and F,. indicate donator and acceptor surface states, respectively, while
FE4 marks the defect band. FEvy,. denotes the vacuum energy, E¢ the minimum of the
conduction band and Ey the maximum of the valence band. ®y and ®,4, are the work
functions before and after oxygen adsorption. To be precise, the work function of a
semiconductor is the sum of the internal work function (bulk Ec — EF), a component
for the band bending (eVs) and the electron affinity (x) as external work function:

Doas = Po+eVs =x +eVs + (Ec — Er)p - (3.5)

The Fermi energy Ep for the bulk does not change relative to E¢, unless bulk in-
corporation and diffusion occur. Changes in the electron affinity x are based on
the formation or degradation of dipoles and are not expected for the ideal oxygen
ionosorption [130]. Thus, for ideal oxygen ionosorption, the work function follows
only the change in the band bending (A® = Aelk).

In practice, changes in the electron affinity on oxygen exposure occur. Sahm et al.
carried out simultaneous resistance and work function measurements on undoped

64



3 OXYGEN SENSING

SnO, at 200°C and 400°C [131]. According to the results, x does not change sig-
nificantly at 400 °C, but a distinctive decrease was observed at 200 °C. The authors
concluded that at higher temperatures mainly ionic oxygen species occur, however,
neutral oxygen molecules undergo a dipolar interaction with the SnO, surface at
200°C [131]. Transferred to TiO,, it has to be assumed that oxygen adsorption be-
low 200°C is not limited to pure ionosorption and that neutral oxygen molecules
affect surface properties to an unknown extent.

3.2 Pt/TiO; Junction

First, the ideal Pt/TiOq junction will be briefly described, followed by the surface-
state controlled Pt/TiOy junction.

When the semiconducting n-type TiOs is in contact with metallic Pt, conduction
band electrons from titanium will be transferred to the platinum conduction band
until an equilibrium is reached. The electron transfer can be traced experimentally
with XPS by the decrease of Ti*T-derived intensities during deposition of platinum
|33]. Energetically, it is an alignment of the Fermi energies, which is due to the
different work functions. Nowotny et al. averaged TiO, and Pt work functions of
several reports and crystallographic planes to provide the energy range

29eV < (I)TiOg < 3.2eV ,
5.12eV < Ppy < 5.93eV

6)
7)

respectively [132]. Due to the electron transfer, a depletion of charge carriers in TiO,
occur near the metal. The stationary ionized donors form a positive space charge,
while the electron accumulation in Pt represents a negative space charge. The width
of the space charge layer in Pt is negligible, due to the high charge carrier density. In
the n-type semiconductor, the width of the depletion layer d,, depends on the defect
donor concentration np according to

(3.
(3.

2¢e€g

dy, = p— (Ppy — Prio,) (3.8)
where € is the relative permittivity in TiO, and €y is the permittivity in vacuum,
respectively. Similar to the before mentioned oxygen adsorption, the charge distri-
bution leads to a band bending eV'. The band structure at equilibrium conditions is
sketched in Fig. 3.2. The energetic difference between Ey and the maximum band

bending value is
(I)SBZGVvs—FEc—EF:@pt—X y (39)

where ®gp is known as Schottky barrier.
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Figure 3.2: Simplified electronic band structure of the Pt/TiO9 junction with oxygen
acceptor adsorbates. Further explanation of the quantities can be found in the text.
Reprinted with permission from [62]. (©) (2011) John Wiley and Sons.

In general, the electron transport from Pt to TiO, requires that the electron have
to overcome Pgg. Due to the high energetic barrier, the electron transport from Pt
to TiO, is largely suppressed. In the forward direction, electrons can penetrate the
metal from the semiconductor side by overcoming eVgs. Due to the different ratios,
the Pt/TiO, exhibit rectifying properties. By applying an external voltage U, eV
can be changed. Due to the low charge carrier density in the depleted TiO,, it can
be assumed in a good approximation that an applied voltage drops completely across
the depletion layer. Thus, the band structure in Fig. 3.2 changes only within the
space charge layer. With an uplift in the potential on the TiO, site (relative to Pt),
the potential energy of the electrons decreases and consequently the band bending
increases (eVs + U). In contrast, lowering the potential on the TiO, site leads to
a decrease in band bending (eVs — U). For the latter case (forward direction), the
current I as a function of the applied voltage V is

(V) = {AA* T2 exp (—‘i;f;‘g)} {exp (w) - 1} . (3.10)
W) = afen(WoIR) L) "

Hereby, A is the Schottky contact area, A* is the Richardson constant, T' is the
temperature, e is the elementary charge, k is the Boltzmann constant, R is the
internal resistance, n is the ideality factor, and Ig is the saturation current.

It should be pointed out, that the fundamental charge transfer, due to oxygen
ionosorption or platinum coverage, applies only for semiconducting n-type TiO,. In
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the defect-free TiO,, mobile charge carriers are missing. UPS measurements for small
coverages of Pt on defect-free TiO2(110) indicated no change in band bending, so the
formation of a space charge layer was excluded [33]. Instead, a decrease in electron
affinity x was found, which can be attributed to dipoles with their positive pole
pointing away from the surface [33].

Surface-state Controlled Pt/TiO, Junction

In practice, the metal/semiconductor junction often deviates from the theoretical con-
siderations in the last section. In contrast to equation (3.9), it is often found that ®gp
is almost independent of the work function of the metal [133|. In general, this is due
to the dominant influence of atmospheric oxygen. As mentioned before, the essential
charge transfer for band bending can be induced by oxygen or platinum adsorption.
For an atom area density at the interface of 1012-10'* cm~2, the charge transfer from
gas adsorption can reach a similar order of magnitude compared to metal adsorp-
tion [133, 134|. For comparison, one adsorbed oxygen species per titanium surface
atom on the rutile TiO4(110) surface corresponds to a density of 1.48 x 10'° cm™—2
[135]. Therefore, it is assumed that a low coverage is sufficient to induce a similar or
even greater acceptor effect by oxygen adsorbates compared to metallic adsorbates.
When the density of oxygen induced interface states is high, e.g. 10 eV~tem™2, it
will practically pin Er at the high density of states (Fermi level pinning) [134]. As
a consequence, additional surface charge, e.g., due to the contact with platinum, is
compensated by surface states charge and has barely an impact on the space charge
layer. In the band structure in Fig. 3.2, the pinning is indicated by the alignment of
the occupied level of adsorbate induced surface states with Ep. Such a contact, which
is mainly determined by the energy and the spatial distribution of extrinsic interface
states at the semiconductor surface, is described as surface-state controlled Schottky
Junction [62]. Prerequisite is that the oxygen-induced surface states remain stable
during metal deposition. An easily accessible concept assumes that Pt/Oy/TiO;
three-phase boundaries (TPB) exist at which charge transfer occur.

In the ideal metal /semiconductor junction, an applied voltage directly affect the band
bending (eVs+U). The oxygen-induced interface states attenuate this effect and only
1/n of the applied voltage affect the band bending [33]. n is called the ideality factor,
which can be considered as parameter for the density of acceptor states. At high
oxygen partial pressure, i.e. 10* Pa, n becomes very large and eVs barely change with
the applied voltage. The current function in equation (3.11) slightly changes for an
surface-state controlled Schottky junction to

(V) = I {exp (%) . 1} . (3.12)

Schierbaum et al. investigated Pt/TiO5 contacts for different oxygen partial pressures
at 500 K and determined the ideality factor n and Schottky barrier ®gg. Characteris-
tic I-V data is shown in Fig. 3.3. Additional functions were fitted to the data, which
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either take n into account or not. It is evident that the consideration of n is already
necessary at low oxygen partial pressures for an adequate description of the data.

. I I I I .
20 UHV 10° 10° 10 PUTIO,
| pl0,} [Pal , T=500K
- 150 163 $ggleV)
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Figure 3.3: I-V curves of polycristalline Pt/TiO2 in UHV and for different oxygen
partial pressures at 500 K. The data were fitted and the Schottky barrier ®gp and
the ideality factor n were determined. When n=1 is used, the calculated curves differ
significantly from the data recorded in oxygen atmospheres. Figure reprinted with
permission from [32]. (©) (1993) Springer Nature.

3.3 Electroforming in PEO-TiO,

On the one hand, a change in the ambient atmosphere composition may lead to a
change in the defect concentration in TiOs. On the other hand, the defect concen-
tration can also be influenced by a sufficiently high electric field. The field-induced
structural change is often referred to as electroforming (EF). While EF is commonly
exploited for switching in memory-resistors, it can also create an undesired baseline
drift in gas sensing.

In oxides, the effect mainly applies to positively charged oxygen vacancies, Vg. The
location, distribution, and the concentration of Vo determines the electrical proper-
ties of the bulk and at the interface. It is widely believed that the current in the bulk
TiOs is carried along conducting channels, also referred to as filaments. These chan-
nels form in the presence of an electric field by the alignment of vacancies to extended
defects (e.g. grain boundaries) [45]. A continuous electric field can redistribute va-
cancies and may modify, create, or annihilate conducting channels in the bulk. When
these channel are situated at interfaces, they may control the current transport across
the interfaces. In a Pt/TiO,/Ti sandwich structure, both interfaces may be affected.
When a positive potential is applied to Pt (forward direction), positively charged
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Vo are pushed away from the Pt/TiO, interface. Therefore, the rectifying Schottky
barrier remains stable [136]. When a corresponding negative potential is applied to
the titanium substrate, vacancies accumulate at the Ti/TiO, interface, causing an
ohmic contact [136].

12}
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Figure 3.4: Time dependent current in a Ti/PEO-TiO2/Pt structure at 1V and 10V
forward voltages. Prior to the voltage application at t=0min, oxygen vacancies were
accumulated at the Pt/PEO-TiOg interface. The inset shows a single channel model
with o3 < 01 < 03. In the early stage, the phase 2 expanse at the expense of phase
1. Later on, phase 3 starts to grow from the Pt/TiOq interface, leading to a decrease
in net conductivity from t=80min onward. Figure reprinted with permission from

[137]. © (2015) AIP Publishing.

The dynamics in PEO-TiO, structures has been investigated by Strungaru et al.,
who showed that under certain conditions PEO-TiO, structures are highly affine to
EF [137]. Figure 3.4 shows results from DC-measurements on Pt/TiOy/Ti sandwich
structures. Before each measurement, the Pt/TiO, interface was enriched with oxy-
gen vacancies. When applying a voltage below 2V, the current does not significantly
changes with time and, consequently, no EF was assumed. When repeating the mea-
surement with 10V (blue curve), a distinct increase, followed by a slight decrease
could be detected. A high current is not unexpected, since the current growth expo-
nentially with the applied forward voltage, according to equation 3.12. Remarkable
is the duration in which the current reaches a maximum value. The authors attribute
it to the field-supported migration of vacancies from the Pt/TiO, interface into the
bulk TiOs. In the concept of a single conducting channel in the inset of Fig. 3.4,
the initial conductivity in the channel is o; and with the enrichment of vacancies the
conductivity changes to the higher value 5. The subsequent decrease in the current
after 80 min is attributed to the continuous migration of vacancies and progressive
depletion near the Pt/TiO, interface. This progress is represented by the growth of
the o3 phase with o3 < 0.
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As an additional result, Strungaru et al. found that the progression of EF occurs
faster when the interface is exposed to Hy compared to an exposure to pure Nj.

In general, EF may also affect the following investigation on oxygen sensing with
Pt/PEO-TiO,. The applied voltage in the following investigation was about 3V with
a comparable oxide thickness to the samples in the aforementioned study. The voltage
is slightly above the proposed threshold value of 2V for electroforming. Therefore,
a slight long-term drift in the signal due to EF could occur. However, in contrast
to the presented study, no pre-arranged vacancy distribution was created before the
measurement. In addition, the time before oxygen exposure was chosen sufficiently
large so that a nearly constant signal was obtained, which indicates quasi-equilibrium
conditions within the given time scale. Therefore, significant effects of EF on the
oxygen sensing performance in the following investigation is not expected.
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Abstract: Here, we show that the presence of adsorbed water improves the oxygen-sensing properties
of Pt/TiO, at moderate temperatures. The studied interface is based on porous plasma electrolytic
oxidized titanium (PEO-TiO,) covered with platinum clusters. The electrical resistance across Pt/PEO-
TiO; is explained by an electronic depletion layer. Oxygen adsorbates further increase the depletion
by inducing extrinsic interface states, which are occupied by TiO, conduction band electrons. The
high oxygen partial pressure in ambient air substantially limits the electron transport across the
interface. Our DC measurements at defined levels of humidity at 30 °C show that adsorbed water
counteracts this shortcoming, allowing oxygen sensing at room conditions. In addition, response and
recovery times from temporal oxygen exposure decrease with humidity. We attribute the effects to
competing adsorption processes and reactions of water with adsorbed oxygen species and/or lattice
oxygen, which involve electron re-injection to the TiO;, conduction band. Elevated temperatures
up to 170 °C attenuate the effects, presumably due to the lower binding strength to the surface of
molecular water compared with oxygen adsorbates.

Keywords: plasma electrolytic oxidation; titanium dioxide; Pt/ TiO,; ionosorption; oxygen gas sensor

1. Introduction

Titanium dioxide is commonly investigated as gas sensing material [1]. For this
purpose, TiO; is mainly used in chemoresistive gas sensors, where electrical properties
are determined as functions of the ambient gas [2]. The performance highly depends
on the morphology of the gas sensing material. In general, porous TiO, with a large
surface-to-volume ratio provides many active sites for adsorption, which is essential for
high sensitivity [3,4]. In this respect, plasma electrolytic oxidized titanium (PEO-TiO;) with
high porosity was already proved to be suitable for the detection of Hy, H,O and CO [5].

The conceptual setup follows a sandwich structure with a permeable top electrode,
PEO-TiO; and titanium substrate as the bottom electrode. The top electrode often contains
platinum as a catalytically active metal. Due to work function differences between Pt and
the n-type TiO,, an electronic depletion within the TiO; is formed. The charge distribution
induces band bending, which represents a rectifying resistance for electronic charge trans-
port across the interface. Analogously, chemisorbed gases at three phase boundaries (TPBs),
i.e., gas/Pt/TiO,, affect the depleted layer [6]. In case of oxidzing adsorbates, conduction
band electrons from TiO; are localized in extrinsic surface states. Therefore, the depletion
in TiO, increases and ultimately controls the interface resistance. The fundamental mecha-
nism is often referred to as acceptor-type chemisorption or ionosorption [6,7]. Herein, the
most prominent acceptor gas in ambient air is oxygen. The net reaction

Oz +Vugs +67 = b ads 1)
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indicates the ionosorption of molecular oxygen with 02 ads @8 the ionosorbed molecule;
V.ds represents a free adsorption site at an undercoordinated surface titanium atom. By dis-
sociation and further electron acceptance, an atomic species forms according to the reaction

O; ads + Vs +te — 207ads~ (2)

The nature of the ionosorbed species is assumed to depend on the adsorption temper-
ature and the substrate [7]. A dissociative adsorption of molecular oxygen at catalytically
active platinum and the subsequent spill-over effect to TiO, promote the accumulation of
atomic ionosorbed oxygen [6]. In sum, the surface density of ionosorbed oxygen controls
the major contribution to the band bending. One approach to exploit this effect for oxygen
sensing is to apply a forward voltage, which decreases the band bending and promotes
an electronic current across the Pt/TiO, interface. Due to the exponential I-V relation, a
highly sensitive current signal in dependence of the oxygen adsorbates is expected.

In general, the effect is conceivable for the operation of a sensor at room temperature.
This is in contrast with many conventional chemoresistive sensors based on semiconducting
metal oxides, where the change in resistance is mainly caused by the alteration in lattice
point-defect concentrations. Therefore, high operating temperatures are essential to attain
defect equilibriums at appropriate time scales [8]. At low temperatures (e.g., below 200 °C),
the dynamics of lattice point defects can be neglected and the change in resistance is mainly
attributed to the effect of reactive adsorbates. For instance, an early study at low pressures
showed that the Pt/ TiO,(110) interface is sensitive to low partial pressures of oxygen
(e.g., Ap = 1073 Pa) at 130°C [9].

However, there are two major problems to overcome to use the effect for oxygen
gas sensors. First, high oxygen partial pressures are problematic. At room atmosphere,
the surface is almost saturated with adsorbed oxygen. Thus, the high surface density of
ionosorbed oxygen prevents almost any current across the Pt/ TiO, interface. In addition,
small deviations in the relatively high oxygen partial pressure have a rather small impact
on the band bending. Second, the cross-selectivity to other reactive gases must be respected.
Water vapor has presumably the most prominent role in ambient air. Even in vacuum
experiments, water adsorption from residual water on defective TiO, is inevitable. Contrary
to the effect of oxygen adsorbates, adsorbed water showed an electron donor effect on
semiconducting metal oxides [10]. Although it is frequently used for humidity sensors, a
non-constant concentration of adsorbed water interferes with oxygen detection [11,12]. In
addition, the direct interaction of adsorbed oxygen species and water molecules or water
derived species represents an additional step in complexity [13].

However, we show that oxygen detection with Pt/PEO-TiO, can also benefit from the
presence of water. Therefore, we investigated the current across the Pt/PEO-TiO, interface
as a function of the oxygen concentration and relative humidity. From the results, the
reactions of oxygen and water on the surface are considered.

2. Materials and Methods

PEO preparation is extensively described and analyzed in previous studies [14,15]
and is only briefly explained here. Titanium samples with 125 pm thickness were plasma
electrolytic oxidized in 75 wt % sulphuric acid. The galvanostatic operation mode is limited
to 55mA/cm? and is stopped at a charge density of approximately 42 C/cm?, which
roughly corresponds to 145 V. After treatment, the sample was rinsed in deionized water
and dried in air.

X-ray photoelectron spectra were recorded with Al Ka radiation with a beam diameter
around 100 um and energy resolution of 0.5 eV (PHI 5000 VersaProbe II, Physical Electronics
Inc., Chanhassen, MN, USA). The residual pressure was about 10~8 mbar. Binding energies
refer to the C 1s peak at 284.8 eV. For the deconvolution of the O 1s core level peak a
multi peak fit with “Voigt” profiles and a “Tougaard” background was used. Water
adsorption/desorption isotherms of PEO-TiO, were recorded with a humidity-controlled
thermobalance (Q5000 SA, TA instruments Inc., New Castle, DE, USA) with time intervals
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of 40 min and 5% steps in relative humidity (r.h.) Before the measuring, the PEO-TiO, was
mechanically separated from the titanium substrate.

A single sample for the present study had an area of 3 x 3mm?. Two platinum areas
of 1.4mm? and approximately 100 nm thickness were sputtered onto PEO-TiO; at room
temperature. The spacing between the two areas was 0.6 mm. Underneath one of them, the
TiO, surface was scratched before sputtering to obtain an ohmic contact to the titanium.
Electrical contacts were realized by gold-wire bonding to the platinum areas. The operating
temperature was regulated by means of a platinum microheater directly below the sensor
material and an RTD Pt1000. The electrical current was measured with a PXI-4071 DMM
(National Instruments Corp., Austin, TX, USA). The resolution in DC current operation
was below 10nA in the measurement range of 10 mA.

The gas sensing experiments were performed in a gas-flow apparatus. Nitrogen 5.0
and oxygen 6.0 functioned as the inert carrier gas and test gas, respectively. Nitrogen
was additionally purified by oxygen and humidity gas filters (CP17970 and CP17971,
Varian Inc., Palo Alto, CA, USA). Two mass flow controllers (MFCs, F-201CV, Bronkhorst
Deutschland Nord GmbH, Kamen, Germany) regulated the ratio between O, and Ny. An
equivalent MFC was used to adjust the flow of water vapor saturated Ny, corresponding to
100% r.h. The total flow was kept constant at 100 ml/min. The investigation of different
levels of r.h. started in a dry nitrogen flow. Initially, the sample was heated for one hour to
approximately 120 °C to decrease the amount of adsorbed water. Before each measurement,
a minimum time interval of 10 h at a constant level of humidity was applied to ensure a
quasi-equilibrium with the water vapor. The microstructure of the platinum covered oxide
layer was investigated by field emission scanning electron microscopy (SEM; JSM-7500F,
JEOL Ltd., Tokio, Japan).

3. Results and Discussion

Figure 1a shows an electron microscope image of the porous PEO-titanium covered
by platinum. The porosity with distinct fissures and unevenly distributed, inhomogeneous
pores is apparent. The rough surface texture of the structure originates from the platinum
coverage and indicates the formation of platinum clusters. Previous XRD investigations
revealed a dominant rutile fraction of 93.7%, with the (110) surface showing the highest
intensity contribution [15]. This dominance is presumably explained by the thermodynam-
ically lowest surface energy compared to other rutile surfaces [16]. For this reason, we
refer in the following discussion to some concepts from the well-researched TiO, rutile
(110) surface.

3.1. Water Adsorption on PEO-TiO,

Due to the relevance of humidity effects on metal oxide-based gas sensors, we first
focus on the water adsorption on PEO-TiO; at constant levels of relative humidity (r.h.)
Although a weak external electrical field is generated by the applied voltage in our experi-
mental setup, we did not expect any noticeable effect on the water adsorption behavior,
since at the given magnitude, the intrinsic field largely controls the adsorption [17]. It is
generally accepted that the water adsorption on TiO, can be described within the concept
of multilayer adsorption [11,18,19]. Basic requisite for multilayer adsorption is the forma-
tion of an innermost layer. This layer strongly depends on the molecular structure of the
TiO, surface and defines whether a hydrophobic or hydrophilic surface is formed [20].
Typically, the innermost layer consists of hydroxyl groups formed by water dissociation,
although molecular water with rigid mobility may occur [11,19]. Previous studies showed
that dissociative adsorption is highly promoted by surface defects and steps [21]. Given
the PEO-TiO; surface, with its large density of defects and steps, we assumed an initial
dissociative water adsorption to occur even at room temperature. Figure 1b shows a spectra
including the O 1s binding energies determined with X-ray photoelectron spectroscopy on
PEO-TiO; at room temperature. The deconvolution of the data reveals two peaks. The first
peak is assigned to 0% ,ie, mainly lattice oxygen, while the second peak origins from OH
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groups [22]. A third peak due to H>O adsorbates would be expected around 532.5-532.7 eV
and can not be determined in our spectra [22]. This qualitatively confirms that OH groups
predominate over HyO adsorbates at around 108 mbar.

(b)

o XPS Data
—— Background
———————— 1. Peak "O 1s TiOp"

71 | —— 2. Peak "O 1s OH"
1 | —— Cumulative Fit

530.1 eV

intensity / a.u.
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Figure 1. (a) SEM image of the Pt/PEO-TiO, surface. (b) XPS spectra of the O 1s binding energy range for the PEO-TiO,
sample at room temperature. The first peak is centered around 530.1eV and is assigned to O>~, while the second peak is

centered around 531.7 eV and is assumed to originate from OH groups.

After formation of the hydroxyle monolayer on PEO-TiO,, water molecules adsorb
physically via hydrogen bonds at surface hydroxyl groups and form the first physisorbed
water layer [11,18,19,23]. The bond between surface hydroxyl groups and physisorbed
water molecules is stronger compared with the water-water interaction in the following
layers of water, especially when single water molecules bind to two surface hydroxyl
groups [23,24]. When the first water layer is completed, further water molecules bind via
hydrogen bonds (physisorbed water). The bond strength between water molecules de-
creases with increasing distance from the surface and the structure progressively resembles
liquid water [11].

To confirm the formation of multilayers on PEO-TiO,, water adsorption/desorption
isotherms at 30 °C were recorded with a humidity-controlled thermobalance. Prior to
the experiment, the oxide was heated to 120 °C for 1 h to reduce the surface concentra-
tion of water adsorption species. The adsorption isotherm in Figure 2 shows first an
increase in slope around 0-20% r.h. In the concept of BET-multilayer adsorption (BET:
Brunauer-Emmett-Teller), the subsequent inflection point often indicates the transition
from monolayer adsorption to multilayer adsorption [25]. By fitting the BET equation to
the experimental data, we determined the inflection point at approximately 24% r.h. Thus
we assumed that multilayer adsorption roughly evolves above 24% r.h. When the amount
of water further increases, capillary condensation in the pores is likely to occur [24]. Such
capillary condensation may be determined from the steep rise in the adsorption isothermal
in the range of 85-100% r.h. The subsequent desorption isotherm deviates at 0% r.h. from
the adsorption isotherm, presumably because the measurement time of 40 min per step is
not long enough to achieve equilibrium at 30 °C.



Sensors 2021, 21, 2558 50f13

12 : 4
] » Adsorption

10 ——BET Fit
] < Desorption ]

m of water / m of sample x 10°

0 20 40 60 80 100
relative humidity in %

Figure 2. Water adsorption/desorption isotherm recorded at 30 °C reveals insights into the water
adsorption process on PEO-TiO,. The adsorption isotherm is additionally fitted by the BET equation.

3.2. Characteristics at Different Levels of Humidity

The sample setup is shown in Figure 3a. The Pt/Ti junction provides low ohmic
resistance, while the dominant nonlinear resistance is associated with the Pt/PEO-TiO,
interface. [-V curves were recorded at defined levels of humidity in regular time intervals.
Initially, when the dry nitrogen flow started, the I-V curves began to flatten. After more
than 10 h, the current vanished within the resolution of the digital multimeter for applied
voltages up to 4 V. As shown in Figure 3b, the intensity of the curve increased again with
increasing humidity in the nitrogen flow.

(a) (b)y ¢r——— 7
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f— f /
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Figure 3. (a) The sample setup under the forward bias condition. Schematically shown are the relevant junctions, the
electronic transport, and the possible contribution of ionic transport. (b) I-V curves were recorded at 30 °C and constant
levels of humidity. The inner graph shows the ideality factor 1, which was obtained by fitting the I-V curves according to
the concept of an interface-controlled Schottky contact. The error bars are deduced from the fitting standard error.

The shape of the I-V curves follows the equation for an interface-controlled Schot-

tky junction,
(V)= {AA* T2 exp <—e;(:%)}{exp (E(Vnk;TH{)) —1} (3a)

)= o (V2 10) 1, o



Sensors 2021, 21, 2558

60f13

where A is the Schottky contact area, A* is the “Richardson constant”, T is the temperature,
e is the elementary charge, k is the Boltzmann constant, ®gp is the Schottky barrier height,
R is the internal resistance, n is the ideality factor, and Ig is the saturation current.

By fitting the I-V curves according to reference [26], we obtain the ideality factor 1,
which can be used to estimate the density of occupied interface states. According to the
values of n in Figure 3b, the density of interface states drastically decreases with humidity.
This tendency is inverse to the effect of oxygen exposure [6]. To explain our observation,
we focus on the electronic charge transport across the Pt/PEO-TiO, interface.

3.2.1. Interaction of Adsorbed Oxygen and Water

Intrinsic point defects in TiO;, as oxygen vacancies Vg and titanium interstitials Tijnt,
induce excess electrons, which can be thermally excited into the conduction band [27].
Therefore, TiO, with oxygen deficit behaves as a n-type semiconductor. The corresponding
electronic states are often summarized in a defect band Eg4, situated approximately 0.1 eV
below Ec with a maximum density of states appearing 0.9 eV below Er [28]. When a
Pt/TiO; junction is formed, an electron depleted layer within TiO, evolves due to work
function differences between Pt and TiO;. The depletion layer induces a band bending
eVs, which represents a significant resistance for the electronic transport across the Pt/TiO;
interface. Oxygen ionosorption at three-phase-boundaries (TPBs), i.e., O™ (3) ,q5/Pt/TiO,
described in Reactions (1) and (2), additionally enhances the depletion layer and increases
the band bending by localizing electrons from the occupied conduction band of TiO, [6].
The left scheme in Figure 4 shows the band bending in an oxygen-containing atmosphere
with low humidity, including the defect band E4 and oxygen induced acceptor states.

At dry nitrogen or low humidity, e.g., 10% r.h., the current of the [-V curve in Figure 3
barely shows any response to the applied voltage, which we attribute to the high interface
resistance. The origin of the high resistance is assumed to be oxygen ionosorption from
the residual oxygen in the nitrogen, which corresponds to less than 5 x 102 Pa. Previous
studies on single crystalline TiO, (rutile phase) showed that oxygen partial pressures in
this range already enhance the resistance noticeably [6,9]. The high impact of oxygen,
already at low partial pressures, prevents the Pt/PEO-TiO, material for oxygen sensing in
dry atmospheres.

However, in humid atmospheres, the [-V curves drastically increase. We attribute
the effect to a reaction of HoO with ionosorbed atomic oxygen, O~ ,4s. When water
vapor is provided, water molecules may adsorb associative at a free adsorption site V,4s,
summarized in the equilibrium reaction

Hy0 + Vags == Hz0O44s - (4)

At TiO,(110), V,q4s is typically a free site at an undercoordinated titanium atom, where
water molecules bond with their O end [21]. Atomic ionosorbed oxygen is also situated
at these sites. When water is in the immediate vicinity of O~ .45, water may dissociate by
transferring a hydrogen atom to the adjacent ionosorbed oxygen. The formed hydroxyl
groups are bound to lattice titanium and are referred to as terminal groups, OH,4s. The
electron in the reaction

HyO + Vags + O ags = 20Hygs + €~ ®)

originates from O~ 445 and is released to the conduction band of TiO,. An analogue reaction
for SnO; is generally accepted, supported by several experiments [29-31]. As a consequence
of electron injection, the depletion and band bending are reduced. Thus, the resistance
decreases and higher current values occur. The change in the band structure is illustrated
in Figure 4 by the transition from left to right.
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Figure 4. Illustration of the band structure of Pt/TiO; at three phase boundaries (TPBs). In the
left scheme, the depletion and band bending is strongly promoted by the high surface density of

ionosorbed oxygen, e.g., O™ ,4s. When the humidity increases, the density decreases. The impact
on the band structure is shown in the right scheme. In comparison, the band bending is reduced
by eA Vs.

3.3. Current Transients at Different Levels of Humidity

In the following, the results of the time-resolved current measurements with an
applied voltage of 3V are presented. Before, the sample was exposed to a defined r.h. for
several hours until the current reaches a constant value. The value can be taken from the
first minutes of the transient in Figure 5a. We assume that the constant current corresponds
to a quasi-equilibrium concentration of ionosorbed oxygen for the given timescale. With
increasing level of humidity, the current value increases, which is therefore attributed to a
decrease in the density of ionosorbed oxygen. In accordance to our considerations from
Section 3.2.1, this is caused by the replacement of O~ 4, in Reaction (5). The density of free
adsorption sites decreases with increasing humidity because more and more adsorption
sites V45 are occupied by HoO and OH groups. Thus, less sites are accessible for oxygen
ionosorption and the equilibrium concentration decreases. As a beneficial side effect for
sensing applications, the signal-to-noise ratio increases directly with the current.
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Figure 5. (a) Time dependent current at 3V in constant levels of r.h. at 30 °C with exposure to different concentrations of
oxygen. (b) The response time was determined by the time until the signal has fallen to 10% of the initial value relative to
the minimum after five minutes of oxygen exposure. In analogous way, the subsequent recovery time was determined by
the time until the signal has reached 90% of the following maximum (in nitrogen).
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3.3.1. Response to Oxygen Exposure

To obtain insights into the kinetics, oxygen at different concentrations is temporally
provided. First, the common features of the transients are discussed.

Upon oxygen exposure, each current transient in Figure 5 shows a rapid decrease. The
decrease is attributed to the accumulation of ionosorbed oxygen via Reactions (1) and (2).

The absolute current difference of the initial current and the final current after five
minutes of oxygen exposure depends on the oxygen concentration (i.e., 1%, 2%, 5%, or
10% O,). The difference increases with higher oxygen levels, which reflects the increased
surface density of ionosorbed oxygen species, which rises with the oxygen concentration
in the gas flow.

The ambient humidity largely affects the current decay in the transients. The absolute
difference between initial value and final value tends to increase with r.h. As before, the
difference is mainly reflected by the variable density of ionosorbed oxygen. In nitrogen
with low humidity, the density is already relatively high due to free adsorption sites in
combination with residual oxygen. When a defined oxygen concentration is added to the
nitrogen, the electronic depletion further increases, but the absolute change is small. This is
due to the inhibited release of electrons at a high depletion. In contrast to low humidity, the
depletion at higher humidity is less pronounced. Therefore, more electrons are accessible
and can be transferred to oxygen interface states, which is ultimately reflected in the higher
current difference on oxygen exposure.

3.3.2. Oxygen-Induced Changes in Kinetics

An important result from the time-resolved current measurement is that the response
and recovery times, shown in Figure 5b, decrease more rapidly with increasing humidity.
In case of 5% oxygen exposure, the difference between 10% and 90% r.h. amounts to
153 £ 38 s for the response time and 513 =+ 93 s for the recovery time. Together with the
improved signal-to-noise ratio in the current, this is a clear indication of the improvement
in oxygen sensing with Pt/PEO-TiO; in the presence of water vapor.

To understand the accelerated kinetics at elevated humidity, we consider which
reaction step is rate-determining for accumulation or depletion of ionosorbed oxygen. At
high humidity, water layers resemble bulk water, and diffusion of oxygen species through
water to the interface occurs, where they adsorb and form acceptor states. If the diffusion
process is rate-determining, the response and recovery times at high humidity should
be higher compared with low humidity, which was not found. Therefore, we exclude
the diffusion process as rate-determining. Instead, we presume that the electron transfer
reactions (ETRs) between TiO; and oxygen adsorbates dominate the overall reaction rate.
The rate of ETR is controlled by the band bending at the interface. Figure 4 shows a
schematic band model of the TPB at high and low humidity. The band bending eVg at high
humidity is significantly less in comparison with the band bending at low humidity. With
the reasonable assumption that the ETR rate depends on the band bending, we conclude
that the overall kinetic increases with humidity.

In general, the recovery times in the lower half of Figure 5b are significantly larger
compared with the response times, which is common for oxygen detection with TiO; [8,32].
We conclude that the accumulation of ionosorbed oxygen is kinetically faster than the
subsequent depletion.

3.4. Current Transients at Elevated Temperature

We repeated the time-dependent measurements at 90% r.h. and adjusted the tem-
perature of the sample gradually from 30 to 170 °C. When considering the impact of the
temperature, the current expression (3a) for the [-V curve predicts an increasing current
with increasing temperature. However, the results in Figure 6a reveal a decreasing cur-
rent with increasing temperature. The temperature dependence can only be adequately
addressed if a more detailed picture about the interaction is considered.
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Figure 6. (a) Current transients at 3V in 90% r.h. at temperatures between 30 and 170 °C. The time with oxygen addition was
10 min and the time between oxygen exposure was 30 min. (b) The corresponding I-V curves were recorded immediately
after the transients. The inner graph shows the dependence of the corresponding ideality factor # on temperature. The error
bars are estimated based on fitting the standard error.

In general, an elevated temperature promotes desorption. Hereby, it is generally ac-
cepted that water molecules start to desorb at distinctly lower temperatures than adsorbed
oxygen species, e.g., temperature-programmed desorption studies on TiO; rutile suggested
that oxygen species, such as O™ .4 and O, _,, desorb above 600 °C, whereas physically
and chemically adsorbed water molecules desorb below 300 °C [33]. Thus, it is plausible to
assume that at room atmosphere, mainly water molecules desorb from Pt/PEO-TiO; at
temperatures up to 170 °C. Hence, water molecules as reaction partners for ionosorbed oxy-
gen in Reaction (5) are missing and the increased density of new adsorption sites facilitates
the accumulation of ionosorbed oxygen (from residual oxygen). In conclusion, the absolute
current value decreases with increasing temperature. This assumption is supported by the
corresponding I-V curves in Figure 6b. The embedded graph exhibits a noticeable increase
in the corresponding ideality factor n with the temperature. This reflects the increasing
surface density of ionosorbed oxygen.

After the measurement at 170 °C, the experiment was repeated at 30 °C. Figure 6a
shows that the corresponding current at 30 °C approaches a constant value of around
9.5mA, and the response to oxygen exposure is repeatable. We conclude from the similari-
ties of the current transients the validity of the proposed model with reversible adsorption
and desorption of water. The observed deviation of the absolute value of the current and
the drift of the baseline may indicate a change in the oxygen vacancy concentration at
elevated temperatures. We suppose that oxygen diffusion into the lattice is promoted with
increasing temperature and diminishes the density of oxygen vacancies, which function as
electron donators in PEO-TiO,. Lower oxygen vacancy concentration results in decreased
conductivity and oxygen lattice diffusion, which explains the baseline drift over time [8].

3.5. Donor Effect of Adsorbed Water

Our considerations so far are based on the assumption that the variable density
of ionosorbed oxygen species predominantly determines the electronic behavior at the
interface. Thereby, we focused on the main mechanism, but we are aware that the oxygen
and water interaction on the Pt/PEO-TiO; surface can be significantly more complex. One
of the major contributions stems from a possible donor effect of adsorbed water on Pt/ TiO;:

The basic prerequisite is the reaction of water with lattice oxygen. In certain surface
configurations on TiO,, water molecules orientate themselves so that one H atom per H,O
molecule interacts with a surface oxygen atom [21]. Subsequently, the hydrogen atom
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is transferred to the adjacent oxygen site, which formally corresponds to the homolytic
dissociation of water [34]. As a result, two different hydroxyl groups evolve [33]:

HyO + Tig; + OO = (TiTi — OH) + (OH)O . (6)

One group is the before-mentioned terminal group, which is bonded at titanium. The
other group includes lattice oxygen and is referred to as the rooted group, OHg. At this
stage, no ETRs are yet involved. Heiland and Kohl suggested two reactions for SnO,,
which extend Reaction (6) by involving an electron donation [35]. In the following, we
adapt the reactions for the TiO, surface. The first reaction respects that the rooted hydroxyl
group has a lower electron affinity and can be ionized, expressed in the complete reaction

(OH)p = (OH); +e™ . (7a)

In the second reaction, a rooted hydroxyl group bonds to a second titanium atom,
leaving a vacancy, Vg, in place. In the reaction

Tir; + (OH)g = (Tiyy — OH) + Vo2t +2e~ (7b)

the vacancy is already doubly ionized. The corresponding donor states contribute to the
intensity of the defect band E4. At this point, it should be noted that several studies
indicate that rooted OHp groups also contribute to the defect band E4 in the band gap of
TiO,(110) [27,36]. Overall, both reactions induce defect states from which electrons can
be thermally excited to the conduction band. As a consequence, the depletion and band
bending is reduced.

In our current measurement, the reactions with the lattice oxygen, i.e., Reactions (7a)
and (7b), could not be distinguished from the replacement Reaction (5). We suppose that
Equation (5) prevails when the surface density of ionosorbed oxygen is high. However,
when the concentration of ionosorbed oxygen diminishes, Reactions (7a) and (7b) con-
tribute progressively. Findings on SnO, suggest that the reaction with lattice oxygen is
further promoted by platinum additives [31]. We assume that the kinetics of the reactions
with lattice oxygen is relatively low at 30 °C. This would explain the waiting time of several
hours until a constant current is reached before each measurement.

3.6. Ionic Transport along the Surface

So far, we only covered electronic transport through the Pt/PEO-TiO, /Ti structure.
For the sake of completeness, we also discuss an ionic contribution. The schematically
illustrated sample setup in Figure 5a indicates ionic charge transport along the TiO, surface
between both Pt pads. This is especially conceivable if the specimen is exposed to higher
humidity. Hereby, physisorbed water layers on TiO, occur, which gradually resemble bulk
liquid water. Autoprotolysis and charge transport by a Grotthus chain reaction increase
the surface conductivity [11]. With additional charge transfer at both platinum electrodes,
this would correspond to an electrolytic cell for water splitting. Assuming that the applied
voltage exceeds the required decomposition voltage of H,O (including the overvoltages at
the Pt electrodes), a nonlinear I-V curve is expected (Butler-Volmer equation).

However, two findings contradict such an ionic charge transfer as a predominant
origin for the observed I-V curves: First, the [-V curves should be symmetrical with
respect to 0V. Thus, a non-vanishing current is expected in the positive and negative
voltage regions, which could not be confirmed by the I-V curves in Figure 3. Second,
during electrolysis, hydrogen generation at platinum can be expected. At a current of
approximately 7mA, we would be able to detect traces of molecular hydrogen. This was
tested with a thermal conductivity sensor (TCS208F, Gerhard R. Wagner Sensors, Systems &
Services, Friedberg, HE, Germany). We found no signal above the TCS baseline for voltages
up to 5V or at any humidity level. We therefore assume that an ionic current contribution
was neglectable in our investigation.
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4. Conclusions

In our study, we demonstrated that adsorbed water improves the oxygen sensing
properties of Pt/PEO-TiO, /Ti at moderate temperatures.

Fundamental to our sample design was porous plasma electrolytically oxidized ti-
tanium (PEO-TiO;), which was shown to tend toward water multilayer adsorption at
elevated humidity. Platinum clusters on PEO-TiO, function as a catalytically active mate-
rial and an electrode. The Pt/PEO-TiO; junction evidently forms a depletion layer, which
is additionally controlled by oxygen adsorbates that localize/capture electrons from the
TiO, conduction band. The strong oxygen dependency qualifies for a sensor mechanism,
but in room atmosphere, the oxygen partial pressure and thus the interface resistance are
so high that hardly any current can be detected for applied voltages up to 4 V. With increas-
ing relative humidity (r.h.) at 30 °C, the current and, ultimately, the signal-to-noise ratio
slowly increase. We attribute the effect mainly to the replacement of oxygen adsorbates:
A direct reaction with water is proposed, which decreases the surface density of ionized
oxygen adsorbates and injects electrons into the depletion zone. In addition, the increasing
humidity promotes the occupancy of adsorption sites by HyO or OH groups, resulting in
fewer adsorption sites for oxygen adsorbates. In sum, the depletion and ultimately the
interface resistance at Pt/PEO-TiO; decrease. Notably, a further reinforcement by a donor
effect of water adsorbates is considered.

Furthermore, our results showed that the response and recovery of the current value
on temporary oxygen exposure strongly depends on the ambient humidity. With increasing
humidity, the change in the current is accelerated. In the frame of the previous argumen-
tation, we assume that the reduced band bending at higher humidity facilitates electron
transfer reactions, which presumably determine the overall reaction rate. Our consider-
ations are further supported by current measurements at elevated temperatures up to
170 °C. The results suggest a predominant effect of oxygen adsorbates with increasing
temperature, due to the progressive desorption of water molecules. Thus, the beneficial
effects for oxygen sensing in humid atmospheres is limited to low temperatures.

In summary, the study highlights the importance of ambient humidity on the effects
of oxygen adsorption on Pt/ TiO,. It was shown that elevated humidity can be exploited
to counteract the shortcomings of oxygen sensing at low temperatures and high oxygen
partial pressures. Our findings expand the current understanding of the complex interplay
of water and oxygen on semiconducting metal oxides and suggest ways to benefit from it.
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4 Summary

This thesis has addressed several topics, which arise on the way to exploit electro-
chemical produced TiO, for oxygen sensing. Starting from the general electrochemical
preparation of titanium oxide, modifications in the preparation technique were dis-
cussed and, ultimately, the material was tested for oxygen sensing. Fundamental for
all topics is the tailored oxide layer on titanium, which is formed in the process of
Plasma Electrolytic Oxidation (PEO).

The first chapter briefly reviews the main materials used in this research. Due to its
central role, titanium dioxide is of particular interest here. The presented aspects
form the foundation for chapters two and three, which include the findings of the
experimental work.

In the second chapter the formation of titanium oxide is described in detail. Start-
ing from the natural passivation of titanium in air or neutral liquids, the technical
passivation in electrochemical cells is discussed. Hereby, the conventional anodic
oxidation serves as the starting point for the extensive description of PEO. In the
course of PEQO, characteristic dielectric discharges continuously restructure an ini-
tially formed oxide layer, resulting in an usually porous coating with good adhesion
to the substrate. The strength, density and frequency of discharges depend largely
on the progressed time and parameters in the process. A particularly strong impact
is related to the electrical parameters and the electrolyte composition.

The first peer-reviewed study in this thesis [108] addresses the effect of the electrolyte
concentration on the oxide formation on a titanium foil. Herein, concentrated sul-
phuric acid (H2SO,) was used and a combination of galvanostatic and potentiostatic
control was selected as the electrical operation mode. The maximum applied volt-
age and current density were 145V and 10 mA /cm?, respectively. It was shown that
especially the change in concentration between 0.5 mol/l and 7 mol/1 leads to a notice-
able change of the oxide layer. In contrast, the highest investigated concentration was
12.9mol/1 and the corresponding oxide layer showed only minor deviations to the one
prepared in 7mol/l. With increasing concentration, the porosity and the thickness
of the oxide layer increase. Furthermore, the ratio of the two prevailing TiO, poly-
morphs changes with increasing concentration from anatase to the high-temperature
rutile modification. The observations were qualitatively traced back to an increase
in the intensity and number of discharges in the process. The results provide an
empirical overview of the concentration dependent PEO of titanium in sulfuric acid,
which shows a convenient way to tailor the oxide layer to the specifications required
for a given application.
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4 SUMMARY

While rutile is often chosen for its stability, anatase is generally favored for photo-
catalytic applications, since its performance is usually superior to the more stable
rutile. However, mixtures of both polymorphic phases may outperform the individ-
ual phases, as recent studies in the field of photocatalyis demonstrate [138|. Not only
from this perspective, the customization of the ratio is desirable. However, one short-
coming by using concentrated HoSO4 in PEO of titanium, is the correlated change
in thickness and porosity when trying to adjust the ratio. It was also found that the
layer thickness of a stable oxide is naturally limited in the process. In this context,
a second peer-reviewed study [99] on galvanostatic PEO of titanium is presented.
It outlines a feasible way to increase the anatase ratio without neglecting the film
thickness. For this purpose, small additions of phosphoric acid (HsPO,4) were added
to 12.9mol/1 Hy,SO4 for an PEO process with 55 mA /cm?. The results demonstrate,
that even small molar fractions of H3POy, despite its molecular similarity, signifi-
cantly alter the oxide formation. The appropriate addition of H3PQOy, suppress the
transformation of anatase to rutile. The suppressed rutile formation can be linked
to the low number and intensity of discharges. Instead of discharges, the charge
compensation in the presence of H3PO, is assumed to proceed preferentially via ion
migration. The effect could be attributed to a favored H3PO,4 anion adsorption at
the anodic surface, which is rationalized by the difference in the anion charge in the
exceptionally high electric field in PEO. Another promising finding in both studies
was the identification of a compact oxide layer between the substrate and the porous
oxide in the thickness of 100-300 nm. It exhibits nanocrystalline anatase structures
and low levels of electrolyte species, which were presumably trapped in the process.
Both observations could be attributed to the large thermal mass of the substrate.

The objective in the third chapter was to study the PEO-produced titanium diox-
ide layer in respect to its oxygen sensing performance. For the basic sensor setup,
the titanium oxide layer was formed by PEO in 12.9mol/l H,SO, and subsequently
sputter-deposited with platinum. A brief introduction explains the basic reaction
with adsorbed oxygen and platinum, followed by the third study [43], in which the
experimental results are presented and discussed.

PEO-TiO; shows n-type semiconductor properties in contact with Pt by forming an
electron depletion layer at the interface. Consequently, a band bending with a Schot-
tky barrier in the electronic band structure occur. A similar effect is generated by
oxygen adsorption. In fact, the influence of oxygen adsorbtion can be so large that
the energetic barrier is referred to as surface-state controlled Schottky barrier [62].
It was experimentally shown that a high oxygen partial pressure, e.g., the concen-
tration in ambient air, dominates the junction and substantially limits the electron
transport across the interface. However, the investigation revealed that at moderate
temperatures adsorbed water on Pt/PEO-TiO, attenuate this effect. It is supposed
that adsorbed oxygen species react with water molecules, forming hydroxyl groups
and, therefore, releasing an electron to the oxide conduction band and decreasing the
band bending. In addition, a general donor effect by water adsorption on TiO, was
considered as contribution. Notably, the kinetic in oxygen sensing increased with
water adsorption as well, which could be rationalized by the reduced band bending.
Overall, the findings expand the current understanding of the complex interplay of
water and oxygen on TiOs and suggest ways to benefit from it.
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