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The interest in titanium and its oxides keeps growing on account of their peculiar
engineered properties, which find applications in several fields, from architecture
to bioengineering, from automotive to photovoltaic cells and photocatalytic
devices, as well as to produce self-cleaning surfaces. This review intends to
provide an overview of anodic oxidation treatments currently applied to form
nanostructured oxide layers on titanium, with special reference to their whole
range of applications. The different procedures and parameters of anodic
oxidation will be described, giving information on the main oxide characteristics
achievable: thickness, morphology, structure and composition. An analysis of the
fields of application associated with specific oxide characteristics will be provided,
in order to highlight the variety of properties that can be obtained, and the
importance of tuning such properties as a function of the specific application.

Keywords: titanium oxide; anodic films; functional oxides; surface
nanostructuring

1. Why titanium

As thoroughly described by Leyens and Peters in a comprehensive survey of titanium and
its alloys,[1] the use of titanium is pushed by a synergy of chemical and mechanical
properties that make it suitable for use not only in the production of aerospace [2] and
biomedical components,[3,4] but also in chemical and oil industries,[5] automotive,[6,7]
military,[8,9] architecture and jewellery.[10] The properties that account for this extremely
wide range of applications are high specific mechanical strength (ensured by a high
mechanical resistance combined with a low density), low thermal conductivity, low
expansion coefficient, outstanding corrosion resistance and biocompatibility. Furthermore,
all surface-related properties of this metal and its alloys — namely, aesthetic appearance,
corrosion resistance and interactions with the working environment, including human body
— can be fine-tuned as a function of the final application desired by oxidising the metal
surface, which is generally performed by anodic oxidation.

This process consists of the production of an oxide layer on the surface of a metal; this
treatment is generally applied to the so-called valve metals: Al, Hf, Nb, Ta, Ti, W, Zr, i.e.
metals that form oxides with ionic conduction and almost perfect electrical insulation,
allowing their use in electronics as capacitors, semiconductor insulators and tunnel
junctions.[11] Their oxidation is allowed by ion migration through the oxide and follows a
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Figure 1. Number of articles published yearly on titanium anodising. Source: ISI Web of
Knowledge.

high field law, as proposed by Guntherschulze and Betz (Equation 1):
i = igef” (1)

where 7 is the formation current density, i its initial value, 8 a high field constant (in cm/V)
and E the field strength, equal to the ratio between potential drop across the film, AU, and
film thickness, d.[12]

Concerning specifically titanium, scientific interest towards its oxidation has grown
exponentially in the last decade, as proved by the rapid increase in the number of articles
dealing with titanium anodising (Figure 1). This is due to constant improvements in the
knowledge and control of anodising processes that led — and are still leading — to new
oxide morphologies, compositions and functionalities, thereby expanding the area of
possible application of anodic titanium oxides. For instance, morphological modifications
may lead to the production of porous oxides, with porosity from tens of nanometres to the
micrometre range, while oxide composition can be altered from stoichiometric TiO, by
adding several types of ions — from transition metals to phosphates, to rare earths — in
order to functionalise the oxide layer with increased corrosion and wear resistance, or
better biocompatibility and photoactivity.

The following paragraphs will first offer a panoramic view of anodising treatments,
followed by a list of oxide features that can be fine-tuned by anodic oxidation, and of
deriving applications.

2. Anodic oxidation

Titanium is naturally covered by a passive film, few nanometres thick, whose thickness can
be increased by oxidation methods (mainly, by thermal or electrochemical processes) up to
hundreds of nanometres, or in some particular cases to hundreds of micrometres. When
compact films are produced, their thickness is linearly correlated to the applied voltage,
which gives the possibility to extrapolate the oxide growth rate by measuring the oxide
thickness by optical methods, as reported in most literature works,[13,14] or by
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coulometric or impedance measurements.[15] Yet, only over the last few decades a good
control of the anodising process has been achieved, which is of fundamental importance in
the development of engineered TiO, surfaces.

Anodising consists of polarising titanium by imposing a current flow between the
titanium specimen and counterelectrode inside a suitable electrolytic solution; this causes
metal atoms to oxidise to Ti*" ions, which then combine with oxygen (or oxygen-
containing) anions from the electrolyte to progressively form an oxide layer on the metal
surface. Both an inward oxide growth and an outward oxide growth are usually
considered, due to field-assisted ion migration under high field conditions, with a slight
predominance of O®~ charge carriers across the oxide to reach the metal surface where
Ti*" cations are produced.[12]

The process is often performed under galvanostatic conditions — application of a
constant current impulse, in the range of few mA/cm? up to hundreds of mA/cm?, until the
desired cell voltage or a determined charge is reached — or by a potential sweep, with
anodising rates generally in the range 1 V/s to 1 V/min. In both cases, a period of
maintenance and stabilisation can be applied at a constant cell voltage: this step is
particularly important when the production of nanotubular oxides is desired, as described
in more details in Section 2.2. Figure 2 reports an overview of possible results obtained as
a function of applied cell voltage. Several possible morphologies can be produced, which
depend both on cell voltage and electrolyte composition, as described in the following
sections.

Based on oxide characteristics, three main types of anodic oxidation processes can be
identified: traditional anodising — thin compact films showing interference colours;
anodising in a fluoride containing electrolytes, causing the growth of nanotubular oxides;
and high-voltage anodising, also called anodic spark deposition (ASD) or plasma
electrolytic oxidation (PEO) or micro-arc oxidation (MAO).

Process parameters deeply affect not only the oxide morphology, but also its structure:
amorphous films — or more precisely, prevalently amorphous oxides — are generally
obtained, but crystallites may nucleate in the amorphous matrix. Partial nanoscale
crystallisation, focused at the metal—oxide interface, takes place in most oxides, but the
extent is so limited that it cannot be observed by typical X-ray diffraction or Raman
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Figure 2. Map of anodising techniques as a function of applied voltage, and related range of oxide
thickness. Adapted with permission from [3], © 2011, WICHTIG Editore SRL.
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Figure 3. Anodising ratio (V/s) decreases if a low current density is applied (a) and owing to the
onset of parasitic O, evolution reactions (b). Data in part (a) refer to titanium anodising in H,SO,
0.5 M: experimental details are described elsewhere.[18]

analyses. In contrast, by increasing the applied voltage over a given threshold —
specifically, by causing the oxide dielectric breakdown — a consistent oxide crystallisation
can be achieved, as documented in several research works; the electrolyte activity and
electric field developed into the oxide both influence the voltage threshold.[16,17]

The phenomenon is usually associated with oxygen evolution at the metal surface
during anodising, made possible by the electronic conductivity of crystal domains
(Figure 3; unpublished data on titanium anodising in diluted sulphuric acid; a detailed
experimental procedure is reported in our previous work [18]); gas formation is not
considered to be detrimental to oxide growth, but it acts as a parasitic process slowing
down the anodising rate and increasing the power consumption. At first, anatase starts to
crystallise, followed by an increase in size and number of crystallites and eventually their
transformation into rutile.[18,19] Crystallites nucleation is the result of an early ASD
initiation; as the process intensifies, the oxide thickness is strongly increased and
interference colours are lost, as will be described in the next section.

2.1. High-voltage anodising: anodic spark deposition

ASD diverges from traditional anodising for a high cell voltage and current density are
generally employed, in order to produce a microplasma state: this makes ASD by far the
most onerous anodising technique.

The mechanism can be briefly described as follows. The initial oxide layer formed at a
low voltage during the first stages of ASD creates a compact dielectric barrier: this
prevents the ionic current from further flowing through the oxide itself. If the dielectric
breakdown voltage is exceeded, the barrier is overcome, allowing for further oxidation;
this condition is verified, thanks to the growing oxide defectiveness.

In fact, since the current flow is obstructed by the oxide, the whole available current
concentrates in few weak points — e.g. defects or localised stress states — which produce a
less effective barrier to current: the electric field reaches locally extremely high values,
causing atom ionisation and a localised microplasma state, with kinetic temperatures up
to 7700 °C.[20,21] The dielectric breakdown is accompanied by a cracking noise and
sparking, i.e. small electric discharges that last few milliseconds and move along the whole
surface, creating electric arcs, as the microplasma state moves from one weak point to



Downloaded by [Politecnico di Milano Bibl], [Maria Vittoria Diamanti] at 03:13 29 September 2015

Journal of Experimental Nanoscience 1289

another. The high energies involved in sparking cause damage to adjacent oxide areas
which were still intact, and therefore cause the process to extend over the whole anodic
surface.

A crucial characteristic is attributed to this process: an increased cationic mobility,
which causes ions from the electrolyte to be incorporated into the oxide during
plasma quenching. In fact, most applications of ASD coatings are based on the
chemical modification of the growing oxide by an accurate choice of the electrolytic
solution.[20] A non-exhaustive list of metal ions that can be introduced in the oxide
composition include alkaline metals (Ca, Mg, Sr), transition metals (Co, Fe, Mn, Nb,
Ta) and rare earths (Ce, Er). More appropriate examples are given in Section 3.3,
with specific reference to the properties altered by some specific changes in oxide
composition.

As far as morphology is concerned, this can result in microcracks departing from the
sparking points, which are clearly visible as craters on the surrounding glassy surface.
Craters’ dimension varies from 200 nm to 2—3 wm — the longer the sparking process, the
bigger the mean crater size — and can be round-shaped, ellipsoidal or irregular, with
elongated shapes, as shown in the examples of Figure 4 (data unpublished).[22,23] A non-
negligible coarse porosity, up to tens of micrometres, is also observed along the whole
oxide thickness, usually associated with gas evolution on TiO, crystal domains formed in
the oxide due to the rapid ionisation and quenching. Porosity can be either functional to
the coating (e.g. better lubrication of the surface in applications involving severe friction,
and improved cell adhesion on the roughened surface) or detrimental (loss of mechanical
resistance).[24]

As previously mentioned, crystallite nucleation may occur even at low voltages, as
attested by oxygen evolution during the anodising process; nevertheless, such nanocrystals
are usually embedded in the inner layer of the oxide, close to the metal, and do not
contribute to the oxide functionalities commonly attributed to crystalline TiO».
Conversely, ASD-induced crystallisation leads initially to the formation of metastable
anatase nuclei, which undergo allotropic transformation into rutile at higher voltages,
probably owing to the increase in crystallite dimensions and to annealing effects. This
extensive crystallisation is generally ascribed to compressive stresses arising from
electrostriction, exerted by the electric field within the film and typically higher than
10° V/em?.[19,23]

— 5pum — S5um — Sum
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Figure 4. SEM images of oxides produced at high cell voltage in different electrolytes: for each one,
the main electrolyte elements are indicated. Details on the titanium anodising process: (a) 350 V,
20 mA/em?, 0.015 M calcium glycerophosphate/0.1 calcium acetate; ( b) 35 g/l sodium phosphate/
12 g/l magnesium acetate; c: 200 V, 80 mA/cm?, 0.25 M phosphoric acid/0.5 M sulphuric acid.
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2.2. Nanostructured porous oxides

The need for surface nanostructuring comes from the possibility to increase the surface-to-
volume ratio, a pushing requirement in the production of titanium oxides — and of
functional materials in general — as it facilitates reactions and interactions between TiO,
and the surrounding media, which mainly occur on the surface or at the interface. The first
obtaining of disordered nanoporous titanium oxides dates back to 1997,[25] and a few
years later highly ordered arrays of TiO, nanotubes were eventually obtained by using
diluted HF as the electrolyte.[26,27] Since then, several modifications to nanotube
morphology — diameter, length, wall thickness and smoothness — distribution and
composition have been achieved, as summarised in several reviews,[28,29] achieving
increases in specific surface area of at least one or two orders of magnitude compared to
the nominal one (Figure 5).

Such discrete and hollow tube-like features can be created on titanium through a
simultaneous growth of a compact anodic oxide and its localised dissolution due to the
presence of fluoride ions, by which Ti*" ions are complexed to form water-soluble TiF¢>~
species; moreover, the formed TiO, layer is also chemically attacked and dissolved by F~.

To avoid the complete oxide dissolution, the F~ concentration must be controlled in a
narrow range, higher than 0.05% and lower than 1% by weight. The equilibrium between
oxide growth and localised dissolution defines the peculiar nanotubular morphology and
regulates the maximum oxide thickness achievable.[28—31]

Anodising conditions to achieve this peculiar morphology are strict: the electrolytic
bath should contain fluoride ions (in few cases, chloride ions were found to be effective as
well), usually in the form of HF, NaF, KF or NH4F additions, and the cell voltage should
normally lie between 10 and 60 V, with values close to 20 V in aqueous electrolytes and
higher in organic electrolytes. The maintenance time, i.e. the length of the anodising
process after the desired cell voltage is reached, spans from tens of minutes to several
hours. These parameters define the final morphological features, among which tube
diameter and length play the key role in tuning the oxide efficiency for the chosen
application. In fact, tube length depends on a growth—dissolution equilibrium; therefore,
the more the solution aggressiveness, the shorter the nanotubes: in acidic media only a few
hundred nanometres of film thickness can be produced, while second-generation
nanotubes reach some micrometres of length: this is achieved in aqueous electrolytes by
controlling the pH up to neutrality to reduce the oxide dissolution rate.

Finally, in non-aqueous, polar organic electrolytes — e.g. in ethylene glycol or dimethyl
sulphoxide — third-generation nanotubes are produced, whose length can be increased to
more than 100 pm.[29—31]

Figure 5. SEM images of close-packed hexagonal TiO, nanotubes shown in Figure 1(d) and taken
from the upper part of the layer (a), from the middle (b) and from the bottom of the layer (c).
Reprinted with permission from [31] © 2007, John Wiley and Sons.
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TiO, nanotubes generally present an amorphous structure, although some germs of
crystallisation may be found in tube walls, as described by Beranek et al.[32] If a
crystalline oxide is desired — owing to a superior range of functionalities ensured by TiO,
crystal phases — nanotubes can be annealed at temperatures ranging from 300 °C to
900 °C as a function of the crystal structure desired, being anatase formation favoured
below 500 °C, while conversion to rutile is achieved above 550 °C.[29]

3. Application-wise tuning of oxide properties

3.1. Crystal structure
3.1.1. Crystal structures and their effect on optical properties

Anodic oxides may present amorphous, crystalline or partially crystalline structures,
depending on process parameters. A first distinction has to be made between crystalline
(anatase, rutile and brookite phases) and amorphous TiO,, which is related to optical
properties: amorphous films are transparent, while crystal phases generally show a whitish
colour (less and less white with increasing content of impurities). Most importantly, the
presence of a transparent film on a metallic — i.e. highly reflective — substrate produces
interference phenomena; therefore, the surface appears differently coloured with hues that
depend on the oxide thickness, and its hue can therefore be tuned by choosing suitable
parameters of the oxidation process, which can be performed either by anodising or by
thermal or laser oxidation.[33,34] Not only this effect adds aesthetical value to anodised
titanium, vital for applications in architecture and jewellery, but also it provides an
instrument to evaluate oxidation kinetics: in fact, the oxide thickness can be estimated
from the surface colour, as described for the first time by Leopoldo Nobili in the first half
of the nineteenth century.[35] Further information on thickness—colour relationship is
provided in Section 3.4.

Furthermore, these films lie in the field of optical coatings, whose engineering opens
applications in technological areas such as communication, sensing, imaging and
display. To match the fast growth of their use in this field, high-quality and strict
tolerances on optical response are required, which makes the control of production
process vital. Moreover, the availability of a wide range of optical properties can
increase the variety of functions that can be covered by such films, which justifies the
need for oxides with different thicknesses, crystal structures, stoichiometry and
chemical compositions.[36] Currently, most production processes applied for optical
coatings consist of chemical vapour deposition (CVD) and physical vapour deposition
(PVD) processes, which generally generate films with optimal purity and conformity, at
the expense of ease of processing, as well as of equipment and operational costs. In this
respect, the optimisation of anodic treatments to reach coatings with suitable optical
quality and homogeneity would provide a competitive technique, allowing a reduction
in production costs.

3.1.2. Electronic properties #1: photoactivity

Crystalline oxides present a semiconducting behaviour: TiO, is a wide band gap
semiconductor (3.2 eV for anatase structure, 3.02 eV for rutile structure), which means
that ultraviolet (UV) light is sufficiently energetic to cause an electron to leave the
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semiconductor valence band and reach the conduction band. This charge separation and
the consequent formation of electron—hole pairs is the basis for all photoactivated
properties of titanium dioxide, as first discovered by Fujishima and Honda in 1972 while
studying rutile-activated water splitting under UV irradiation.[37] Even after more than
40 years, photoelectrochemical water splitting induced by nanostructured anodic TiO, is a
subject of numerous research works.[38] Photogenerated electrons have a high reducing
potential, and generally cause the photoreduction of oxygen and water molecules
adsorbed on TiO, surfaces; similarly, the strong oxidising power of holes induces the
formation of hydroxyl radicals that either bind to the oxide surface or are desorbed and
released in the surrounding environment.[39]

In this respect, amorphous oxides attract almost nil interest, while anatase has been
proved to be the best performing crystal structure. Photoactivation of thin TiO, films has
attracted attention in particular for self-cleaning and antifogging surfaces [40,41]; the film
thickness is required to be in the range of tens of nanometres in order to ensure film
transparency and avoid the modifications of substrate aspect, especially in the case of glass
(e.g. self-cleaning windows, anti-fogging rear view mirrors). Anodic TiO, films with a
crystalline structure mostly find applications in advanced oxidation processes of
wastewater treatment and air purifiers, owing to the ability of accelerating the degradation
of organic and inorganic substances adsorbed on the film surface by interacting with
electron—hole couples and related reactive species (photocatalytic behaviour).[42—45]

Furthermore, crystalline, well-aligned TiO, nanotube arrays are employed in
photovoltaic cells to boost the efficiency of dye-sensitised solar cells (DSSCs).[46] Most
DSSC anodes consist of TiO, nanopowders, which clearly present the advantage of a high
specific surface area (Figure 6); on the other hand, such wide surfaces also show some
drawbacks, namely facilitated electron—hole couples recombination at grain boundaries
and a zig-zag path that increases scattering.

Nanotubular structures enhance the surface area available for dye adsorption and,
most importantly, they provide a straight path for faster and more efficient electron
collection.[47,48] Some aspects related to the device still need to be optimised, especially
concerning light harvesting [49]: either back-illumination is used, compatibly with the
poor transmittance of a catalyst-coated counter electrode, or a transparent layer of TiO,

ITO

Nanoparticles Nanotubes

Figure 6. Comparison between DSSC geometries obtained with (a) TiO, nanoparticles and (b) TiO,
nanotubes: in the latter case, a straight conduction path is available for photogenerated electrons to
cross the photoanode and be collected.
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nanotubes must be obtained directly on conductive glass (by titanium sputtering and
subsequent anodising, which is quite expensive) or transferred on it after production.[50]

3.1.3. Electronic properties #2. dielectric properties vs. ionic conductivity

TiO, oxides also find applications in the field of electroceramics, where the electrical
behaviour is once again determined by the oxide structure. As previously cited, crystalline
TiO, belongs to semiconductors; furthermore, it presents changes in resistivity due to the
chemisorption of gases (e.g. hydrogen, ethanol, ammonia, nitrogen dioxide), which paves
the way for use as an active element in gas sensors.

This concerns not only gas sensors working under high-temperature conditions
(>400 °C), typical of ionic conductors such as ZrO, and sub-stoichiometric TiO, itself, but
also room-temperature-active gas sensors (Figure 7).[51] Proposed low-temperature gas
sensing mechanisms depend on the nature of gas — for instance, H, diffuses into a TiO,
lattice acting as an electron donor [52] or forms OH groups at its surface, creating an
electron-rich interface region while reducing gases tend to react with photogenerated
ionised oxygen species produced on TiO, by UV irradiation (O,~, O~, O*"), resulting in
increased room temperature sensitivity.[53,54]

On the other hand, rutile can also present a high diclectric constant, €, that increases
with temperature, with average values in the range of 40—100 [55,56] and up to 1000 on
single crystals.[57] Rutile TiO, with a combination of high &, temperature stability and low
dielectric loss attracts attention for applications as a gate dielectric for MOSFETSs (metal
oxide-semiconductor field-effect transistors).[58]

3.1.4. Biocompatibility

Finally, the presence of a specific TiO, structure — i.e. once more the anatase crystal
phase — is associated with improved osseointegration of titanium, which is generally
exploited in dental implants by spark anodising the titanium abutment.[59—61] This effect
is due to increased bone growth and decreased bacteria proliferation compared to the bare
metal: as reported by Sollazzo et al.[62] anatase specifically regulates some gene
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Figure 7. (a) Experimental setup for hydrogen sensing evaluation on TiO, nanotubes and (b)
hydrogen sensitivity of a 76 nm TiO, nanotube sensor at 290 °C for low hydrogen concentrations.
Reprinted with permission from [52] © 2003, MDPIL.
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expressions related to immunity which suppress foreign body recognition, which is critical
in the grafting process. Anatase was also observed to act in vesicular transport, apoptosis
and cell cycle regulation, producing modifications in the turnover of extracellular matrix
components and in osteoblast proliferation. Moreover, anatase and rutile phases induce
surface bioactivity by facilitating the formation of hydroxyapatite: this was first achieved
on annealed titanium,[59] then on anodic films produced in H,SO4.[63]

3.2. Morphology

Anodic oxides present different morphologies, as thoroughly discussed in Section 2;
basically, nanostructured anodic oxide films may (1) follow the underlying titanium
substrate topography (smooth compact films) or (2) present some 100 nm to few pm wide
craters, randomly disseminated on the surface or (3) grow in the form of self-assembled
nanotubes with different tube shapes, orientations, thicknesses and diameters.[3] In
particular, the first class of coatings are strictly required only when optical transparency
plays a fundamental role, that is, in self-cleaning or corrosion-resistant films for
architectural applications, where the material surface confers value to the structure not
only in terms of functional properties, but also from an aesthetical perspective.

On the other hand, in the majority of applications where functional TiO, films are
desired, a key feature to achieve high efficiency is to produce controlled nanoscale
morphological features, owing either to the specific surface texture or to the higher specific
surface area or both.

3.2.1. Enhancing efficiency through high specific surface area

Photocatalytic reactions, gas sensing and photocurrent production, all these functionalities
are enhanced by an increase in surface area, due to the larger number of active surface sites
available for reactions. In this respect, TiO, nanotubes undoubtedly present the optimal
configuration: not only is the specific surface area of these nanoporous structures orders of
magnitude higher compared to the nominal one, but it is also possible to detach them
from the original titanium substrate and utilise them, for instance, as self-standing anodes
for photovoltaic cells [50] or membranes for wastewater photocatalytic treatment.[64]

In fact, increasing the tube length of closed nanotubes improves their efficiency only at
relatively low values (in the order of few micrometres): Figure 8 shows an example of
photocatalytic degradation of a model organic dye, rhodamine B (RhB), under different
nanotube thicknesses — from 800 nm to 1.4 pm, grown in the same electrolyte — as a
function of the initial RhB concentration (C (). Data presented in Figure 8 were extracted
and processed from a previous work.[44]

At low Cy, degradation increases linearly with dye concentration and similar results are
obtained with differently anodised specimens, indicating that tube length is not fully
exploited yet (same degradation for short and long nanotubes); conversely, above
10 pmol/l longer tubes are still able to increase dye adsorption and maintain a consistent
degradation, while shorter ones reach saturation conditions — i.e. full coverage of TiO,
active sites.

On the other hand, an exceeding thickness is not proficient, as it would offer a
resistance to pollutant absorption inside tubes — and subsequent adsorption on tube
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Figure 8. Degradation of a model organic dye in the presence of TiO, nanotubes of different lengths,
as a function of initial dye concentration (5 h of UV irradiation of 1 mW/cm? intensity), and related
oxide morphology on the right observed by an SEM. Unpublished processing of data presented in a
previous work.[44]

walls — due to difficulties in removing air from the inner part of the pore. Therefore, only
the upper tube section is used, whose extension depends on the tube diameter and can be
approximated to few micrometres, or less: this limit can be overcome in free-standing,
flow-through membranes, where the entire tube length is exploited for photocatalytic
reactions.[44]

3.2.2. Cell response to nanotopography

Besides photoactivated reactions, surface nanostructuring also covers a fundamental role
in cell interaction with oxidised substrates.[65—67] For instance, Mendonca et al. reported
an in vivo study demonstrating how nanoscale TiO, coatings, especially in the form of
anatase, promoted a mesenchymal stem cell commitment to osteoblast phenotype, thereby
increasing bone-to-implant contact and association.[68] Several studies also support the
influence of surface nanostructuring on cell response, involving both in vitro and in vivo
testing on osteoblast specific gene expression, differentiation and mineralisation,[69—71]
as well as cell adherence to the implant.[72,73] Specifically considering TiO, nanotubes,
the effect of surface nanostructuring — i.e. nanotube diameter — has been the subject of
several recent research works, and results are still controversial. Lan et al. observed an
increasing trend in fibroblast cell proliferation, together with an elongated flatten
morphology, on nanotubular oxides with pore diameter ranging from 15 to 50 nm
compared to flat titanium; yet, a sharp drop in proliferation was exhibited by 100-nm-
diameter pores (Figure 9(A)).[74]

In a parallel work, the behaviour of osteoblasts and mesenchymal stem cells was
studied by Frandsen et al. on a series of nanotube sizes, with diameters ranging from 30 to
100 nm. Cell elongation increased as a function of nanotube diameter even above 50 nm,
indicating improved differentiation; on the other hand, cell proliferation and adhesion
were maximised on 30-nm-diameter nanotubes (Figure 9(B)). This bivalent trend was
attributed to protein adsorption patterns on the oxide surface, as they tend to change the
number and placement as a function of surface topography.[75]
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Figure 9. Effect of nanotube diameter on cell behavior. Top (A): (1) oxide morphology as a function
of tube diameter and (2) related human fibroblast cell distribution after 24 h of culture; (3) optical
densities measured after the culture of fibroblast cells. Modified from [74] © 2013, Lan et al. Bottom
(B): (4) oxide morphology as a function of tube diameter and (5) related osteoblast cell distribution
after 24 h of culture; and (6) schematic illustration of the overall trends of nanocue effects on cell
fate and morphology. The change in cell adhesion and growth without differentiation has the same
trend as protein particle density, whereas that of differentiation has the same trend as cell
elongation. Modified from [75] © 2013 Christine J. Frandsen et al.

3.2.3. Drug delivery

The nanotubular geometry is particularly suitable to build up a drug-delivery capsule, or a
drug-eluding coating on the titanium implant.[76—78] Up to now, nanotube-based drug
delivery has been restricted to few substances, e.g. bovine serum albumin, penicillin,
gentamycin, streptomycin or vancomycin. Although it was possible to increase up to 450%
the quantity of drug adsorbed by standard procedures compared to non-treated titanium,
the release was also more pronounced, decreasing the potential long-term beneficial effect; to
obtain a retarded release, vacuum impregnation of nanopores was successfully applied.[79]
Finally, nanotubes can be engineered to further push this potentiality: for instance, Song
et al. proposed the deposition of a hydrophobic cap on the tube opening, thus preventing
undesired drug release before the cap is dissolved, which should be obtained by UV
irradiation or X-ray radiation.[80]

3.3. Composition

Among anodised titanium components currently used at industrial level, several examples
can be found of oxides with composition diverging from pure TiO,. This aspect is of great
importance in three main application fields, that is, bioengineering, corrosion resistance
and photoactivation — the latter including all aspects, from photocatalysis to water
splitting to photovoltaic.
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3.3.1. Biocompatible and antibacterial coatings

Anodising titanium prosthesis and osteosynthesis devices implies the formation of an
anatase layer: performing ASD in suitable environments, such as phosphate-, silicate- or
calcium-rich electrolytes, generates P-, Si- or Ca-doped crystalline oxides, providing a
strong passivation to the surface as well as modifying surface properties to further
improve biocompatibility, and eventually attaining a bioactive surface.

In general, phosphate electrolytes are the most frequently studied, owing to
improvements in corrosion resistance combined with a biocidal effect induced by
polyphosphates, elemental phosphorus or phosphides in the coating.[81,82] The introduction
of silver in the oxide is also a critical research topic, as Ag-doped TiO, significantly
contributes to advances in the regulation of microbial colonisation and to reduce implant-
related infections, owing to its broad-spectrum bactericidal activity.[83] Ag-functionalised
TiO, films are mostly produced by chemical techniques (sol—gel, chemical deposition,
precipitation—reduction), but ASD treatments have been developed as well, which consist of
high-voltage anodising in silver acetate or silver nitrate-containing electrolytes.[84—86] In
this respect, it is interesting to note that silver may pose a hazard not only to bacteria, as
desired, but also to higher organisms (e.g. eukaryotic organisms). Still, several studies found
that the form of addition of silver is of outmost importance, being silver ions responsible for
significant toxicity, while the use of silver nanoparticles (AgNP) was found to produce higher
cytotoxicity thresholds. As a consequence, the use of AgNP would allow to decrease the
potential hazard connected with Ag-based antibacterial treatments.[87—89]

However, what mainly determined the success of ASD was the achievement of large
improvements in the osseointegration and biocompatibility of titanium prosthetic implants
by modifying the critical factors for implant—tissue interactions, that is, its surface chemical
composition, topography and corrosion rate. The most important surface modification
developed and investigated in this field is the formation of a Ca- and P-rich oxide by ASD
in S-glycerol phosphate (8-GP) calcium acetate electrolytes.[90,91] The resulting oxide
consists of a thin TiO, layer, a few micrometres thick, and an outer layer almost entirely
composed of amorphous Ca—P oxides: if a suitable Ca-to-P ratio is obtained, this layer can
then be converted into bioactive hydroxyapatite (HA) by hydrothermal treatment.[92—94]

Further evolutions of the ASD techniques report the direct obtaining of HA-coated
TiO, on Ti6Al4V by pulse anodising in acetate monohydrate (CA) and B-GP disodium
salt pentahydrate at voltages higher than 450V.[95] In addition, an enhanced antibacterial
activity and cell compatibility were attributed to titanium plates anodised by discharging
in CI salt solutions (NaCl, KCIl, MgCl,). Such functionalisation was ascribed to the
surface formation of granular TiCl; deposits and their slow hydrolysing to HCIO, whose
peroxidation effects produce the antibacterial effect; the concomitant formation of
anatase enhances cell adhesion and proliferation.[96,97]

3.3.2. Corrosion and wear resistance for automotive and aerospace

Titanium alloys are employed as lightweight, high-temperature and anticorrosive structural
materials in aerospace, marine and automobile components — for example, in compressors
and blades of gas turbine aircraft engines, wing structures, landing gear components,
submarine propellers, springs, bolts and screws. In these fields, titanium—aluminium alloys
are generally used, among which the most diffuse is Ti6AI4V, accounting for more than 50%
of the Ti alloys production. In spite of an excellent mechanical resistance, high working
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temperature and good corrosion resistance, these alloys are usually characterised by low
hardness, poor resistance to wear and limited load bearing capacity, owing to a low
resistance to plastic shearing and limited work hardening behaviour. Moreover, a high
friction coefficient is generally observed during dry sliding wear, either against a metal or
against a ceramic counterpart, which increases surface shear and tensile stress components,
inducing a strong tendency to galling.[98,99] Finally, oxidation resistance at high
temperature is limited compared to commercial purity titanium grades due to the formation
of a non-protective mixed scale of Al,O3 and TiO,.[100] Still, the mechanical resistance of
pure titanium could be insufficient to withstand the heavy working conditions of mechanical
components, especially in the presence of a creep: in fact, Ti6Al4V is still used in many high-
temperature applications.

For these reasons, over the past few decades several surface modifications on titanium
alloys have been developed and characterised,[101] among which ASD allows outstanding
improvements of wear, high-temperature corrosion and thermal shock resistance while
ensuring excellent substrate adhesion. Silicate and silicate—aluminate solutions are among
the most used electrolytes employed to generate ceramic coatings that improve the
tribocorrosion behaviour of TiAl alloys.[102,103] Coating effectiveness can be related to
the incorporation of silicates in the ceramic coating, either increasing surface hardness or
reducing its friction coefficient,[24,104,105] and consequently the adhesion between the
component surface and counterpart, thus limiting wear and debris generation. One
example of ASD coating produced on mechanical components (planar specimens as well
as complex 3D geometries) is shown in Figure 10, where the oxide thickness and
morphological features due to spark anodising (microcracks, craters) are highlighted.

On the other hand, ASD coatings may also exploit the presence of different species to
improve surface properties, such as in the studies conducted by Rudnev et al.[106] In
particular, the production of coatings in polyphosphate solutions of different metals was
evaluated, leading, for instance, to mixed Al,TiOs and AIPO4 phases with potentially
improved heat resistance and insulating properties. Similarly, tantalum- and niobium-
based coatings on titanium could also produce an increase in metal corrosion resistance as
well as biocompatibility.[107,108]

3.3.3. Oxide doping to reduce band gap: visible light photoactivity

Considerable effort has been dedicated to TiO, band gap engineering, in order to improve
solar spectrum exploitation in its photoactivation (photocatalytic reactions, self-cleaning,

Figure 10. Example of ceramic coating obtained on Ti6Al4V by ASD and subjected to barrel
finishing to improve corrosion and wear resistance. FIB-SEM analyses adapted with permission
from [24] © 2003, Elsevier Ltd.
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photovoltaic) that otherwise would benefit only from UV radiation. To meet this aim,
doping is generally performed by introducing secondary electronically active species into
the lattice, which forms accessible energy levels within the band gap and also allows
photoactivation with higher wavelength radiation — specifically, that of visible light.

This modification would not only improve the photonic efficiency of TiO, exposed to
sunlight, where UV only covers 8% of the spectrum, but also extend the use of materials
such as photocatalytic paints and self-cleaning coatings to indoor environments, where the
use of UV light is considered harmful to health.[109]

In this process, it appears easier to substitute the Ti*" cation in TiO, with other
transition metals, and it is more difficult to replace the O*~ anion due to differences in
charge states and ionic radii. For instance, titanium can be replaced by other metal ions,
such as W, V, Ce, Zr, Fe, Cr, Ni and Cu,[110,111] which is most commonly performed by
ion implantation. This procedure has some drawbacks, specifically thermal instability of
the oxides, increase in recombination centres and related decrease in charge carriers, and
need for expensive equipment for ion implantation. Alternatively, metal ion doping can be
performed directly by ASD by introducing Co, Fe, Mn, Ni and other metal ions. Such
modifications were observed to improve the oxide catalytic activity towards the oxidation
of CO to CO,, as well as to modify the oxide band gap with consequent alteration of its
photocatalytic activity.[112—114]

On the other side, non-metal doping can be more easily accomplished by using B, C, N,
F, S, Cl and Br, being nitrogen, carbon and halogen doping the most investigated
systems.[115—117] In fact, Asahi et al. first achieved an effective band gap alteration by
nitrogen doping, and showed the optical absorption of such doped oxide in the visible
light region.[118] Currently, the most utilised method for nitrogen doping of anodic oxides
is annealing in a suitable atmosphere (nitrogen, urea or ammonia).[44,118,119]

3.3.4. Memristive behaviour of non-stoichiometric oxides

TiO, films generally present an insulating behaviour, but the presence of oxygen vacancies
at the metal—oxide interface introduces a peculiar electrical response as circuital elements
known as memristance [120]: in some anodic oxides with nanoscale thickness resistivity is
a function of current previously travelled through the oxide in the past (from where the
memristor term arises), thus showing a bias-dependent bipolar switching response to
current.[121,122] This is made possible in TiO, by two factors: its defective nature, with
oxide stoichiometry varying from TiO, to TiO,_,, and the possibility of limiting its
thickness to few tens of nanometres, as memristance is inversely proportional to the
square of the oxide thickness.[123] Memristive devices are opening the way to a new
generation of transistor-like devices with easy scaling-down possibilities, as well as non-
volatile memories with fast access and improved data density, and finally to the
introduction of synapses in artificial neural networks.[124]

3.4. Thickness

As previously cited, anodic oxidation can be used to confer to the surface a coloured
appearance, thanks to the formation of an oxide layer, up to few hundred nm thick. First
investigations on the formation of interference colours on metals date back to Evans,[125]
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whose attention was caught by the colours arising from the corrosion of metals and
consequent generation of thin oxide layers on the metal surface. The phenomenon was
immediately ascribed to interference, and the colour observed was found to be a visual
representation of the thickness of the transparent oxide film that provoked it. In more
detail, colours are generated by a multiple beam interference of transparent films on
metals as follows: the film surface reflects with an angle 6; only a part of the incident white
light, while the remaining part is refracted with an angle 6, inside the film as given by
Snell’s law (Equation (2), where n,;, and nrjo, represent the refractive indexes of air and
titanium dioxide, respectively), and reflected by the metal underneath:

nairsin 91 = NTj0, sin 92 (2)

Colour hue is then determined by light components strengthened by exiting the oxide in
phase (constructive interference) and by those weakened or cancelled by exiting in
opposition of phase, and this in turn depends on their optic path, that is, on the oxide
thickness d and refractive index, following Bragg’s interference law:

nTio,A = 2dsin 6 3)

where 4 = radiation wavelength giving a constructive interference and 6 = angle of
incidence of light. These relations can be applied either to obtain a desired colour by
anodising a surface — or, in a specular way, to have an indirect measurement of anodic
film thickness — by determining the position of interference maxima and minima that
characterise the surface reflectance spectrum (Figure 11).

The anodising parameter mostly affecting the oxide thickness is the applied voltage: a
linear relationship between cell voltage and oxide thickness is usually obtained, with
growth rates ranging from 1.5 to 3 nm/V depending on other anodising parameters
(Figure 12) — current density, electrolyte composition and temperature, stabilisation,
surface treatment, base metal composition.[10,126,127]

In the 1960s, the operating conditions for achieving determined colour hues had
already been specified for anodising in diluted phosphoric and sulphuric acid, and an
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Figure 11. Reflectance spectra of the Ti6Al4V alloy anodised with a cell voltage in the range
10—130 V in H3PO,, showing different interference peaks, and related oxide thicknesses. Adapted
with permission from [10] © 2012, John Wiley and Sons.
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and combined from literature works.[10,14,126,127]

‘instant colour writing’ was developed by using a platinum or lead wire — sheathed in a
glass tube and functioning as a counterelectrode — as a pencil on a titanium sheet.[128]
Chromatic effects could also be localised by screening a part of the surface and subjecting
the remaining part to oxidation; furthermore, the invisible aspects of certain physical or
chemical phenomena were brought to light on titanium — the so-called ‘appearances’ —
concerning phenomena that had either already taken place (field appearances) or that were
taking place (movement appearances) during image formation on the surface, as described
and realised by Pedeferri [129]:

Although such pictures describe an infinitely small, complex world created by
nanotechnologies, they transmit astral visions and feelings of lightness, of being suspended
weightless.

These effects are of particular interest for two reasons: the aesthetic qualities they
confer to oxidised titanium, essential for design applications, and the already cited indirect
measurement of nanometric oxide thickness, which can be pursued by analysing them: the
cross-linking between electrochemistry, nanosciences and art brought Pedeferri the
Science pour I’Art prize (Paris, 1989) for his work on titanium colouring. Fine examples of
decorative arts can also be found in jewel production since the second half of 1900, for
instance, the bangle bracelet by JAR (Joel Arthur Rosenthal, 1987), James Riviere’s jewels
produced in collaboration with Pedeferri, and the latest jewel collection produced on the
occasion of the exhibition ‘Precious Titanium’, held in Milan, Triennale, in July—August
2010 (Titani Preziosi).[130]

Surface colouring is exploited not only in architectural and design products, but also in
biomedical ones. In fact, coding schemes are used to identify osteosynthesis plates, screws,
and instrumentation to simplify matching among mating components, owing to the
plurality of sizes required to have optimal attachment to the underlying support tissue for
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each patient: it is thus possible for operating room personnel to quickly select the parts and
verify their compatibility.[131] On the other hand, colour control in architecture requires
extremely strict tolerances on hue and saturation, as well as high homogeneity over wide
surface areas — even of the order of 1 m?.

A suitable rationalising and knowledge of the anodising process are therefore vital so
as to obtain well-defined thicknesses as a function of process parameters as well as their
surface texture and substrate composition (i.e. commercial purity grade titanium or its
alloys): an extremely robust process is therefore needed to transfer such processes to the
logics of series production.

4. Conclusions

As discussed in this brief overview dedicated to titanium anodising, titanium dioxide
surface science still needs to be more deeply explored, since any improvement in the
control of TiO, surface properties can boost the material efficiency in related applications,
and further broaden its field of use. An almost infinite number of chemical,
electrochemical and physical techniques have been adapted and applied to the production
of titanium dioxide layers on different substrates. Nevertheless, the variety of oxide
features that can be obtained by anodising in a relatively easy, industrially scalable way,
without the need for expensive equipment, still accounts for the high potential of such
techniques, and for the effort dedicated to understand its most intricate details. Future
challenges in this field surely include the most engineered aspects of titanium oxides, with
particular attention to the simultaneous control of oxide crystal structure and
stoichiometry. This would pave the way to applications in optical and electrical devices —
such as communication, sensing, imaging and display devices, memristive elements,
dielectrics, electrochromic devices, batteries — where the precision and homogeneity of
oxide characteristics are the key for the successful development of high-efficiency devices
with tunable properties.
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