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Titanium dioxide (TiOs) coatings are currently produced for hemocompatible
and photocatalytic applications by using two techniques: sol-gel and anodic
oxidation. In this review, the research advances on TiOg nanofilms produced
with these techniques are presented, with a focus on different aspects such as
process parameters, morphology, roughness, crystal structure, adhesion, wear
and erosion resistance, corrosion resistance, hemocompatibility, toxicity, pla-
que and bacterial adhesion, and heterogeneous photocatalysis of immobilized
porous material. This review was presented at the 3rd Pan American Mate-
rials Congress at the 2017 TMS Annual Meeting and Exhibition in San Diego,
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INTRODUCTION

In recent years, there has been an increasing
interest in studying the properties of titanium
dioxide (TiO,), a semiconductor that has shown
potential uses in many applications. Besides its
traditional use, which is based on its high reflec-
tivity, TiO, is currently being used in many fields,
ranging from energy to environmental and
biomedical. Because each type of application has
specific requirements, the production process and
properties of the coating should be in accordance
with its specific use. In the energy field, the
potential use of a gel containing nanostructured
TiOy as anode material for lithium ion batteries
has been recently reviewed.!? In environmental
applications, TiO5 is a well-known photocatalyst
used for water disinfection and decontamination
when irradiated under UV light.® Although this
technology uses TiO, suspensions, which require
expensive and time-consuming separation pro-
cesses, the overall process may be optimized by
immobilization of TiOs on suitable substrates.* In
biomedical applications, TiO; is used as a coating
of titanium alloys in dental implants because of its
osseointegration properties,”” and it can be poten-
tially used in devices like stents and heart valves
as a result of its high hemocompatibility.®~'?
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Regarding its structure, TiO, may either be in an
amorphous form or crystalize as three different struc-
tures: (1) as rutile, which is the stable form normally
found in nature; (2) as anatase, which has a tetragonal
crystal structure but different structural parameters;
and (3) as brookite, which is an unstable form, with an
orthorhombic structure. Producing the right crystal
structure or mixture of structures becomes important
to obtain the optimal desired properties of the coating.
Among others, TiO4 presents properties as a semicon-
ductor, which is important to define its hemocompat-
ible and photocatalytic properties. In addition, the
desired surface of the coating differs drastically
depending on the application (Fig. 1). For hemocom-
patible applications, the surface must be as smooth as
possible, whereas for photocatalytic applications, the
surface should be rough and porous, with the largest
possible ratio of contact surface area versus mass or
volume of material. Therefore, a perfectly smooth
rutile coating is ideal for hemocompatible applica-
tions, whereas a rough anatase coating is ideal for
photocatalytic applications. In addition, hemocompat-
ible coatings should comply with specific require-
ments associated with their contact with blood, and if
the coating is a moving part, mechanical requirements
must be achieved as well. Besides their hemocompat-
ibility, hemocompatible coatings must not promote
plaque or bacteria adhesion, must be nontoxic, and
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must have good corrosion properties. In photocatalytic
devices, the coating must have catalytic performance
and good adhesion and must be resistant to abrasion
and erosion.

Considering that, as mentioned, TiO5 coatings
should satisfy specific requirements, the produc-
tion processes will strongly depend on their use.
For instance, in the case of hemocompatible and
photocatalytic coatings on titanium substrates, the
production processes that can be used are chem-
ical vapor deposition, physical vapor deposition,
electrodeposition, electrophoresis, plasma deposi-
tion, sputtering, particle deposition, thermal oxi-
dation, sol-gel dip/spin coating, and anodic
oxidation.

Only the last two processes mentioned are
reviewed in this article, and the properties of TiO,
coatings on titanium alloys used for both medical
applications (as hemocompatible material with
potential use in heart valve construction) and
photocatalytic applications are presented.

PRODUCTION PROCESSES
Sol-Gel Dip Coating

The sol-gel process is a chemical synthesis of a
colloidal suspension of Ti compounds surrounded by
ligands that polymerize during the sol aging pro-
cess, forming a gel.'* Then, the sample is dip-coated
by immersion and withdrawal from the sol. The
main advantages of this technique are that it
requires simple equipment, can be done at room
temperature, there are no limitations on the nature
of the substrate, and it is possible to make in situ
doping of the coating.'* The most important param-
eter during the process is the extraction velocity,
which defines the thickness of the coating. The
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coatings obtained by means of this technique are
amorphous and a heat treatment is necessary to
produce partial crystalline coatings.'*'®

This technique has been used to produce coatings
by using titanium tetrabutoxide (TiBu), isopropanol
(ISP), water (H50), hydrochloric acid (HCI) and
ethyl acetoacetate (EAA), and two suspensions with
the following molar proportions HoO/EAA/ISP/HCl/
TiBu: 1/0.5/20/51.3/1 and 3.5/1/20/51.3/1.'® The
former had a gel formation time of 7 months,
whereas the latter had a gel formation time of
12 days. The coatings obtained were evaluated for
surface finishing of the Ti-6Al1-4V (TiG5) substrate,
heat treatment temperatures (200°C, 500°C, 600°C,
and 650°C), withdrawing velocities (1 cm/min, 2 ¢cm/
min, and 3 cm/min), aging times of the sol, and
multilayers (1, 2, and 3 layers). A total number of
100 samples were produced, and their mechanical
and hemocompatible properties were tested.'® The
coatings obtained had different interference color, a
feature strongly correlated with the thickness
determined by x-ray reflectometry.!” The results
also showed that the thickness of the coatings was
directly related to the aging time of the sol and the
extraction velocity. Nevertheless, the increase in
thickness had a limit caused by the formation of
detrimental cracks.!”

As mentioned, a heat treatment can be applied to
transform the amorphous coating into a mixed
crystalline structure of anatase and rutile or, in
some cases, of anatase alone. Above 650°C, the
substrate oxidation is fast and marks the highest
temperature limit.'!7

Anodic Oxidation

Coating by anodic oxidation has many advantages
with respect to other methods. The process is
simple, uses available chemicals, is done at ambient

Fig. 1. TiO, coatings obtained by anodic oxidation for (a) hemocompatible applications (smooth) and (b) photocatalytic applications (porous).
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temperature, allows in situ doping by adding chem-
icals to the electrolyte,’® and the coatings are
stable and produced in 1 min to 5 min.'®

The main parameters of the process are voltage,
current density,?° electrolyte concentration,”’ pH
and temperature of the electrolyte,?? and oxidation
time.?® By adjusting the values of these parameters,
the structural and chemical characteristics of the
coating can be modified in a wide range of values. It
is possible to produce coatings with different thick-
ness, color, morphology, and crystal structure of the
oxides.'>1519 At low voltages or currents, the coat-
ings obtained are amorphous, thin, homogeneous,
and smooth, whereas above a certain value of
voltage, the coatings are crystalline, thicker, and
porous.24_2

Porous coatings are the result of a mechanical
fracture of the film that does not stand the applied
voltage and results in a dielectric breakdown,?®
which produces sparking, craters, and local fusion of
the oxide.?” The critical voltage triggering this effect
depends on the type of electrolyte.

This technique has been used to produce different
coatings by applying voltages from 10 V to 100 V in
different acid electrolytes (sulfuric acid, phosphoric
acid, and acetic acid) and different alkaline elec-
trolytes (sodium hydroxide, potassium hydroxide,
and calcium hydroxide) at concentrations from
0.025 M to 4 M.}"3%32 The results showed that,
depending on the electrolyte, at given voltages,
there were two successive phenomena, breakdown
and spark, which determined coating morphology,
thickness, and crystalline structure. In the case of
1 M sulfuric acid solution, sparks were produced at
voltages above 70 V. In the case of acetic and
phosphoric acids, with lower electrical conductivity,
no sparks were produced at 70 V but some break-
downs were observed. In the case of alkaline
electrolytes, sparks were produced at a lower volt-
age of 40 V in the three cases, reducing the range to
produce homogeneous coatings.'”3%-

Considering that hemocompatible coatings must
be smooth (Ra < 0.05 um), the applied voltage must
be presparking and this voltage decreases with
electrolyte conductivity; sulfuric acid has been the
best electrolgyte and was therefore selected for this
application.®*3!

In our laboratory, we have produced coatings
with thicknesses of 27 nm to 144 nm by using a
1M solution of sulfuric acid and by applying
voltages from 10V to 60 V. X-ray reflectometry
data showed a correlation of coating color versus
thickness versus applied voltage, with the follow-
ing relation between thickness and voltage:
¢ [nm] = 2.41 nm/V.1"3° In addition, we obtained
partial crystallization of amorphous thin films by
heat treatment for 1 h at 500°C and 600°C, which
resulted in a mixture of anatase and rutile
phases.?*?3 The best films for hemocompatible
applications were obtained with heat treatment
at 500°C.%%%?

PROPERTIES OF THE COATINGS
Hardness and Erosion Resistance

The hardness of a material is a measure of how
resistant is to indentation and defines its resistance
to wear by erosion and sliding. One way of increas-
ing the hardness of titanium alloys is by coating
them with TiO, by either the sol-gel technique or
anodic oxidation. This allows moderate-to-high
increases in hardness in the range of 20% to 100%
with respect to the substrate hardness, with larger
increases for thicker and heat-treated coatings.'®3°

Erosion resistance is important because in living
organisms, the blood flow may reach values as high
as 5 m/s and, therefore, high values of velocity
gradients in the circulatory system.?*° The result-
ing shear stress may produce potential damage to a
material placed in that flow, as it has been observed
in mechanical heart valves.*®3® Also, in photocat-
alytic reactors with recirculated flow over immobi-
lized TiO, erosion may damage and inactivate the
coating.

In our lab, we studied the degree of erosion of
TiOg coatings by passing a flow from 1 m/s to 9 m/s
for 11 h of a suspension 1% in weight of SiC
particles, 65 ym in diameter, in a high concentra-
tion of a sucrose water solution. The flows were
parallel (0°), 60°, or normal to the surface (90°).3
The results showed that the 60° incidence produced
the largest damage by erosion in a ductile type and
consisted mainly of short scratches in a coma
shape.?” The quantification of the degree of wear
is currently being analyzed.

Coating Adhesion

Device coatings in service must withstand
applied stress by shear or compression, residual
stress, and stress caused by defects or microde-
fects. This requirement is particularly strong in
valves, stents, and other devices because, other-
wise, debris or denuded surfaces may produce
damage or contamination of the blood system. A
widely used and accepted technique to evaluate
the adhesion of coatings is the scratch test.3®*°
This technique has allowed observing at least
three types of failures: cracks around the inden-
ter, spalling off of the film, and production of a
channel with total removal of the film. The
analysis of these failures by different authors
has shown the ductility of the film and substrate,
the critical load for adhesion or cohesive failure,*!
and the intrinsic and extrinsic parameters caus-
ing the failure.*?

In our lab, the scratch test has been used to
produce several scratch lines with a spherical pivot
200 ym in radius, by applying a varying load with
increasing load rates of 2 N/mm and 4 N/mm and
final loads of 10 N and 20 N, respectively.'®3%43 In
the case of coatings produced by sol-gel, the results
showed that thin monolayer films are more
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Fig. 2. Scratches produced on two coatings oxidized in 1 M solution of sulfuric acid at 40 V and 500°C: (a) without heat treatment, load of 2
N/mm, no failure; and (b) with heat treatment at 500°C, load of 4 N/mm, failure. Load increases from left to right.

resistant than thicker films and that, in the case of
thicker three-layer films, the more resistant ones
are the thicker ones subjected to heat treatment at
650°C. Heat treatment with larger values of tem-
perature and time produced stronger films. This
adherence improvement resulting from a heat
treatment is attributed to the formation of a
stronger diffusive interface and probably to the
compaction of the structure, sintering, and larger
formation of a harder rutile phase, particularly in
thicker films.'® In the case of coatings produced by
anodic oxidation, the films are sensitive to the ratio
of the load increase. At a lower ratio of increase
(2 N/mm), the coatings showed ductile behavior and
did not fail up to the maximum applied load of 10 N
(Fig. 2a). At the higher rate, the coatings had a
more brittle behavior (Fig. 2b). Also, the critical
load decreased as the temperature of the heat
treatment increased. In the coatings without heat
treatment, the critical load of adhesion increased
with coating thickness.?%*3

Wear Resistance

During their life in service, devices must be wear-
resistant, and when placed in a living organism, the
wear debris must not cause any damage by chemical
or mechanical 1nteractlons with the body beyond
reasonable limits.** The wear in coated materials,
which is measured as the We1ght loss rate or the size
of the scar produced by wear, is studied by building
wear maps.*® In thin coatmgs the wear is normally
studied by us1n0g reciprocanting ball-on-flat wear
experiments. 6 In our lab, this method has been
used to evaluate wear resistance using a spherical
diamond ball 10 ym in radius oscillating at 30 Hz on
the flat samples (bare or coated substrates) with an
amghtude of 4 mm and loads ranging from 1 grto 20

4748 The wear maps obtained for the different
samples tested showed that the coatings generally
present a transition from mild-to-severe wear
regime at a load of 5 g for anod1c coatings and of
7 gr for sol-gel coatings.>®*"*® Also, crystalline
coatings were more resistant than amorphous coat-
ings, a fact explained by the higher hardness of the
crystalline coatings. In all cases, in the moderate
regime, the lifetime of the coating increases hnearly
with its thickness.*” Typical scars are shown in
Fig. 3.

Fig. 3. Wear scars on a sol-gel coating. The upper scar (5 g; in load)
does not break the coating; the lower scar (8 g; in load) broke the
coating and exposes the substrate.

Corrosion Resistance

The by-products of a corrosion process of an oxide
or metallic alloy in biological fluids continuously
produce metallic ions, which may combine with
biomolecules such as proteins and enzymes and may
trigger allergies or toxicity effects. Therefore, eval-
uating the corrosion resistance of TiO, coatings
becomes very 1mportant before using the material in
devices for implants.*® It is well known and
accepted that Ti has high stability and corrosion
resistance in vitro and that it accumulates in
adjacent tissue, indicating some degree of corrosion
in vivo.

Several solutions have been used to simulate
corrosion in biological fluids.”*®* Nevertheless,
blood plasma contains chloride in a concentratwn
strong enough to corrode metallic materials,*® indi-
cating that it is appropriate to study corrosion of
TiO2 solutions containing chloride by simulating
blood plasma. It has also been suggested that
studying corrosion in vitro by polarization curves
results in an adequate method to be extrapolated to
corrosion in blood plasma.?® This techmque has
been used to evaluate corrosion resistance usm§ a
NaCl 0.9% solution simulating blood plasma,’
and the possibility of pitting corrosmn has been
determined by inverted polarization.’” The results
at different voltages showed that the anodic coat-
ings are more efficient barriers against corrosion
than the natural oxide present on TiG5
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substrates.?>°® Moreover, no p1tt1n% corrosion was
detected on the coated samples 8 Nonetheless,
the thermal treatments of the coated samples that
crystallize the TiOy slightly deteriorated the corro-
sion resistance of the coatings but far from the
uncoated samples.?*°® These results and the high
corrosion rate of uncoated TiG5 of 7 nm/year
strongly indicate the need of coat1n§ any exposed
TiG5 surface placed in a body fluid.?

Surface Free Energy and Extended Colloid
Theory

The surface free energy (SFE) of solid surfaces
determines the degree of interaction with the
surrounding environment and defines their wetta-
bility, adsorption, and adhesion of solids, as well as
the interaction of the solid surface with proteins,
cells, and microorganisms present in the surround-
ing llquld Therefore, it magf help to explain and
predict these interactions.®

The most practical method to determine the SFE
of a solid surface is based on the measurement of the
contact angle of a liquid on that surface.®® Most
methods are based on the Young equation,®%:6%63
and two of them are the geometric mean approach
(GM) and the Lifshitz-van der Waals/Acid—Base
(LW/AB) approach The former considers that the
total SFE (y;) is composed of two components: a
dispersive component ( /1) and a polar component
(yP), such that 7; = y¥ + 7P, whereas the latter con-
siders that the total SFE, or y;, is the result of a
dispersive Lifshitz-van der Waals component (y+V)
and contributions resulting from electron donors
(yl ) and electron acceptors Oh, such that the total y;
is calculated as y; = 91V + 205 .92

Inourlab, the water contact angle measured for 16
samples produced with different morphologies and
under different conditions, varied in a wide range of
values from 60° to 90°. The calculated SFE resulted in
values of the Lifshitz- -van der Waals component from
30 mJ/m? to 42 mJ/m? whereas the values of the
electron donor component 75 ranged from 4 mJ/m? to
16 mJ/m?. In all cases, the electron acceptor compo-
nent y5 was negligible. When using the GM method,
the values of the d1spers1ve and polar components
varied between 30 mJ/m? and 40 mdJ/m?and 3 mJ/m?
and 11 mJ/m?, respectively.®* The extended colloid
theory (X-DLVO) can be used to explain and predict
the adhesion of different bacteria, proteins, or cells in
the blood to a solid surface.®® The X-DLVO theory is
based on the SFE calculated according to the LW/AB
method, which includes the three components men-
tioned earlier (*'V, yi” and 7;) as well as a component
caused by electric forces (the zeta potential), which,
considerin, %the high ionic forces in the blood, can be
neglected.

Adhesion can be expected when the total interac-
tion \potenmal (AGtot), which 1ncludes the LW
(AGXYT) and the AB components (AGST) of the solid
surface and the given biological particle (bacteria,

proteins, cells, etc.) in a g1ven med1um is less than
Zero, that is: AGTOT = AGTOT + AGTOT < 0. In the
opposite case, that is, when AGror > 0, there will be
repulsion.

In our lab, we have applied this approach to
predict the adhesion of 11 strains of the bacterium
Staphylococcus epidermidis on 16 TiOy nanofilms
produced by anodic oxidation.®® The strains were
isolated from infections produced in implants, and
their sample free energy was determined else-
where.®” For comparison purposes, pyrolytic carbon
data were used to predict the adhesion of these
strains. The model predicted that 91% of the strains
will adhere on pyrolytic carbon and that, in TiO,
nanofilms, in six cases, none of the strains will
adhere, whereas in others, up to 91% of the strains
will adhere.®® These model results will be further
compared and validated with experimental results.

Hemocompatibility

Materials that will be in contact with blood must
satisfy the standard hemocompatibility criterion of
no alteration of the blood equilibrium, should not
generate thrombus or damage blood cells, and must
not alter the plasma proteins.®11%® In vitro tests to
evaluate the degree of hemocompatlblhty of a
material include platelet adhesion and activation,
erythrocyte hemolysis, measurement of the clotting
time, thrombin time and prothrombln time, and
proteln adsorption tests.®!! Each of these methods
gives a measure of the effect of the material on the
different steps of the coagulation process.

In our lab, we tested 15 TiOg nanofilms produced
by anodic oxidation, some of which were subjected to
thermal treatment, for platelet adhesion. The films
had different roughness, crystalline structure,
thickness, and texture. For comparison purposes,
we also tested a mirror polished surface of uncoated
TiG5 alloy.®® The results showed that, in nine
nanofilms, platelet adhesion was significantly lower
than in the uncoated alloy. In the other six
nanofilms, adhesion was similar to that found in
the TiG5 alloy. These results show the excellent
ability of specific TiO, coating to reduce adhesion.®’

The prothrombin time (PT) test allows for the
determination of the consumption of factors of the
extrinsic pathway of the coagulation chain, whereas
the activated partial thromboplastin time (APTT)
test determines the consumption of factors of the
intrinsic way of the coagulation chain.'® This tech-
nique has been used to indicate whether the pres-
ence of different TiOsy anodic nanofilms alters the
normal coagulation process.!!*® As expected for this
material, none of them produced a significant
alteration of the coagulation process.

CURRENT RESEARCH

The sol-gel and anodic oxidation methods allow
obtaining, by parameter adjustments, thin coatings
of TiOy, with smooth or porous surfaces. Porous



surfaces are needed for applications as different as
dental and photocatalysis. In the case of dental
applications, porous coatings are needed to favor
osseointegration,’®~"? whereas in the case of photo-
catalytic applications, a larger surface area/volume
ratio increases the photocatalytic activity in smaller
areas of immobilized material, as with porous or
nanotubular structures.”®’* Current research is
aimed at introducing chemical substances into
TiO5 coatings and obtain a surface topology with
bioactive properties.”>’® In the case of photocatal-
ysis, doping can narrow the wide band gap of TiO;
(8.2 €V) to include visible wavelength as active
radiations.””"®

In the case of permanent implants in humans,
like heart valves or other devices in the circulatory
system, research is needed to improve wear and
corrosion resistance, which have been the main
causes of failure of implants.”® Thus, the current
research is also aimed at improving the adherence,
mechanical resistance, corrosion resistance, and
bio- and hemocompatibility properties of coatings.
In the case of orthopedic applications, different
techniques, such as functionally grading the coat-
ing,%° laser-induced surface oxidation, roughen-
ing,* and obtaining surface nano-architectures
that may also improve the mechanical and corrosion
properties of the coating,®? are being investigated.
Other methods to improve the mechanical proper-
ties of the coatings, in particular the wear resis-
tance in the case of the sol-gel coating process, are
the sol aging time and the incorporation of rein-
forcements as SiO, particles®® and postcoating
treatments as calcination at different tempera-
tures.®* The corrosion properties of Ag-doped TiO,
coatings have been recently investigated in a sim-
ulated body fluid solution and other biological
environments,®>®6 in an effort to incorporate doping
elements that may improve the microbiological
properties of the coatings. In the case of bio- and
hemocompatibility properties, efforts are being
made to investigate other processes to produce
superhemophobic titania surfaces®” as well as
micro-arc oxidation coatings. Finally, other uses as
biocompatible material have been recently investi-
gated. These include titanium dioxide-coated, gas-
exchange membranes for application in bioartificial
lungs®® and the degree of roughness of titanium
dioxide to control adhesion, so as to either promote
or prevent the adhesion of different cell types,®® as
in the case of the growth of new bone cells to
improve osseointegation.”’
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