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H I G H L I G H T S

• Nanostructured titanium dioxide films are commonly employed as surface modifiers.

• Monophasic anatase and rutile TiO2 films were grown onto Ti substrates.

• The surfaces of these oxides are mainly terminated by -OH groups.

• The -OH groups can be readily functionalized by bifunctional molecules.

• The functionalization with MPA was seen to occur only for the rutile phase.
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A B S T R A C T

Nanostructured titanium dioxide (TiO2) films are commonly employed as surface modifiers on medical and
dental metallic implants, presenting promising results related to interactions with living tissues, promoting
improvements in the in vivo biocorrosion resistance and increased bioactivity when compared to non-coated
metallic materials. In addition to these properties, titanium dioxide is also well recognized for its biocompat-
ibility. However, considering the necessary integration with surrounding tissues when this oxide is applied as
implant coatings, there are many aspects of the adhesion mechanisms located at the interface between the
biological environment and the oxide surface that still need to be addressed. Specifically regarding the surface
chemistry, these oxides are mainly terminated by hydroxyl groups (-OH) that are readily functionalized by
different molecules, such as the 3-mercaptopropionic acid (MPA). In this contribution, X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM) were used to examine the adsorption of MPA on anatase-
and rutile-phase forms of TiO2 thin film surfaces grown by RF magnetron sputtering. According to the obtained
results, both anatase and rutile TiO2 films present similarities in roughness and thickness. However, different
responses to interaction with the MPA molecules were observed, wherein the functionalization was seen to occur
only for the rutile phase.

1. Introduction

Titanium and its alloys are extensively used in the fields of medicine
and dentistry. As biomaterials, in particular, they have a wide range of
applications ranging from bone anchorage devices to dental implants
and prostheses to replacement joints, including cardiac devices, such as
heart valves [1]. Although these materials exhibit good mechanical
properties, their surficial, thin, native oxide layers (5–6 nm) are in-
capable of protecting them from long-term corrosion [2–4]. Further-
more, Werner et al. [5] found that this native, oxide layer is generally
less hemocompatible compared to the thicker and more homogeneous
layer of titanium dioxide (TiO2). Other studies have shown that the

crystallinity, thickness, and porosity of titanium films relate to the
phenomenon of bone tissue integration, and the deposition of nano-
metric-phase titanium films on stainless steel results in better adhesion
and proliferation of osteoblasts [6–8]. In view of this, nanostructured
TiO2 has been studied for its use in several biomedical applications, as
semiconductor nanomaterials, anticancer drug transporters, and bio-
medical implants [3,9–11].

Nanostructured TiO2 has been used in several studies as a surface
modifier because it presents high hardness, increased dielectric con-
stant, and very good chemical stability [12–14]. Surface modification
with TiO2 can promote an improvement in the biocorrosion resistance
of materials and increase oxide bioactivity, which presents promising
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results for interaction with tissue since biocompatibility is determined
by chemical processes that occur at the interface between an implant
and proteins in biological fluids [9]. Although the biocompatibility of
these oxides has been recognized, more study is required to understand
the adhesion mechanisms of these proteins. Various in vitro and in vivo
assays have been performed to evaluate the biological responses of
metal oxide coatings and demonstrate that the biocompatibility and
biocorrosion properties depend on the composition, thickness, homo-
geneity, and porosity of the material [15].

Chemically, the oxide surface is mainly terminated by -OH groups,
which can be readily functionalized by various bifunctional molecules,
such as carboxylic acids and other derivatives, like esters, acid chlor-
ides, carboxylate salts, and others, by forming self-assembled

monolayers (SAMs) on the oxide surface. These derivatives form
covalent bonds with the oxide through reactions with the hydroxyl
groups on the TiO2 surface [16]. This hydroxylated surface can be
dissociated into solution and generate positive, negative, or neutral
charges depending on the pH [5,17–20]. The chemical functionaliza-
tion or physical modification of this material surface can improve the
oxide's interaction with the biological environment because, depending
on the functionalization, this material can dissolve in both acidic and
basic environments [5]. Consequently, interactions among metal
oxides, proteins, and cells are governed by the chemical and physical
properties of the corresponding metal oxides under study [11]. SAMs
have well-defined surface properties, such as uniformity, stability, and
reproducibility, which alter the adsorption of proteins on functionalized
surfaces.

TiO2 films can be prepared on commercial, pure titanium Grade IV
(Ti CP4) surfaces by various methods [21]. These methods include sol-
gel processes [22], ion beams [23], reactive sputtering [24,25], elec-
tron beam evaporation [26], chemical vapor deposition [27–29],
among others. All these methods lead to the formation of different
crystalline structures and morphologies. Consequently, the crystallinity
and morphology of the films’ surfaces strongly depend on the method
and the preparation conditions employed. Among these, the RF mag-
netron sputtering deposition method provides precise control over the
composition and morphology of the surface by adjusting the conditions
of deposition. TiO2 properties depend strongly on the microstructure
and crystallographic phase (rutile or anatase) obtained. In general,
films are formed with high uniformity, density, adhesion, and hardness,
which make them attractive for use in biomedical implants. For ex-
ample, anatase-phase films exhibit high photocatalytic activity while
rutile-phase films exhibit high refractive indices [5]. Nevertheless, the
physical and chemical properties of the TiO2 anatase phase formed on
metallic surfaces are poorly understood.

In the current study, anatase and rutile TiO2 films were deposited on
a Ti CP4 surface by RF magnetron sputtering. The adsorption of 3-
mercaptopropionic acid [HS(CH2)3COOH] (MPA) onto the TiO2 film

Table 1
Deposition parameters used to obtain anatase and rutile phases [35].

Substrate holder temperature (ºC) Oxygen flow (sccm) Argon flow (sccm) RF power (W) Pressure (Pa) Deposition time (min)

TiO2 Anatase 200 1.0 40.0 240 4.0 1440
TiO2 Rutile 600 4.0 40.0 290 0.3 720

Fig. 1. a) X-ray diffraction pattern of the anatase TiO2 sample. b) X-ray dif-
fraction pattern of the rutile TiO2 sample.

Fig. 2. AFM image showing the surface of an anatase sample of the control group, G1A. a) scan size of 5 μm×5 μm, b) scan size of 1 μm×1 μm.
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was performed by means of a SAM of molecules from solution. MPA
SAMs have been studied as surface modifiers for biomedical applica-
tions and utilized for attaching peptides [30], proteins [31], and DNA
[32]. The crystalline phase, morphology, and roughness of the pristine
TiO2 films and those functionalized with MPA were analyzed using x-
ray diffraction (XRD) and atomic force microscopy (AFM). The surfaces’
chemical characteristics were evaluated using x-ray photoelectron
spectroscopy (XPS).

2. Experimental

Due to its extensive use in different kinds of implants [1], pure ti-
tanium was chosen as the preferential substrate for this analysis. Ti CP4
substrates were sequentially wet-sanded with 320, 400, 600, and 800-
grit mesh sandpapers. To remove any impurities, the substrates were
then washed in an ultrasonic bath with deionized (DI) water and iso-
propanol; they were then washed with DI water for 10min. The Ti CP4
substrates were then etched and hydroxylated for two hours in order to
remove any remaining traces of sandpaper and native oxide layers. This

process was carried out using a 3:7 (volume) piranha solution of H2O2

and H2SO4, respectively. Finally, the substrates were immersed in an
ultrasonic bath for a total of 40min (30min in deionized water and
10min in isopropanol).

The TiO2 films, present as anatase and rutile phases, were deposited
onto the prepared metallic titanium substrates, described above, using
an RF reactive magnetron sputtering system (Kurt J. Lesker). Table 1
shows the deposition parameters that were used to obtain both phases.
Oxygen and argon gases (6 N purity) were used for this deposition. A
titanium target of 99.999% purity with a 3mm diameter was used (AJA
International). After the deposition process, the samples were divided
into four groups: two control groups with only TiO2 films on the Ti CP4
substrates (sample G1A for anatase and sample G1R for rutile) and two
groups immersed in a 3mM≥ 99% MPA (Sigma-Aldrich) solution (pH
3) for one hour (sample G2A for anatase and sample G2R for rutile) and
then washed in deionized water [33,34].

X-ray diffraction measurements using a diffractometer (MiniFlex
600; Rigaku Corp.) were made using Bragg–Brentano geometry in the
range of 20°–80° with a scan speed of 10°/min and a step of 0.04°. CuKα

Fig. 3. AFM image showing the surface of an anatase sample immersed in a 3mM (pH 3) MPA solution, G2A. a) scan size of 5 μm×5 μm, b) scan size of
1 μm×1 μm.

Fig. 4. AFM image showing the surface of a rutile sample of the control group, G1R. a) scan size of 5 μm×5 μm, b) scan size of 1 μm×1 μm.
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radiation (λ=1.54056 Å) with 8.06 keV energy was used, and the
equipment was operated at 40 kV and 15mA. AFM for the qualitative
surface investigation was made in non-contact mode (Park XE7; Park
Systems).

Reflectance measurements were measured in the 250–2500 nm
range using a spectrophotometer (Lambda 1050; PerkinElmer Inc.). The
thickness of the films was determined using optical interference fringes
based on Cisneros’ method [36].

XPS analysis used a monochromatic Al Kα x-ray source (Kratos
AXIS-165). Each sample was analyzed at a takeoff angle of 54.7°, de-
fined as the angle of emission relative to the surface; the energy re-
solution was 0.45 eV. Survey scan spectra and individual high-resolu-
tion spectra were recorded with pass energies of 80 eV and 20 eV,
respectively. To correct for any charging effect, the binding energy of
the C 1s peak was normalized to 284.8 eV. Curve fitting was performed
using CasaXPS software.

3. Results and discussion

XRD analyses of the as-grown TiO2 films are shown in Fig. 1; the
films showing anatase and rutile phases are shown in Fig. 1a and b,

Fig. 5. AFM image showing the surface of an anatase sample immersed in a 3mM (pH 3) MPA solution, G2R. a) scan size of 5 μm×5 μm, b) scan size of
1 μm×1 μm.

Table 2
Contact angles of all samples and their respective pictures.

Sample Contact Angle (º) Image

G1A 44.8 ± 1.7

G2A 34.2 ± 0.7

G1R 68.6 ± 3.3

G2R 43.6 ± 2.9

Fig. 6. XPS survey spectra of a) G1A and b) G2A.

Fig. 7. XPS survey spectra of a) G1R and b) G2R.
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respectively. Both patterns presented different intensities and orienta-
tions, which indicated that the anatase- and rutile-phase films were
polycrystalline. It was also possible to observe alpha-titanium peaks
(labeled T) for both samples. The optically measured thicknesses were
1049 (± 5%) nm and 738 (± 5%) nm for anatase and rutile, respec-
tively. Since the penetration depth of 8.06 keV CuKα radiation into ti-
tanium is around 19.90 μm and the substrate is titanium, the presence
of metallic titanium in both diffraction patterns was, accordingly,
consistent [37].

A qualitative surface investigation was made using non-contact
mode AFM to study variations in topography. Figs. 2–5 show the G1A,
G2A, G1R, and G2R samples' topographies, respectively, with scan sizes
of a) 5 μm and b) 1 μm. From the AFM images, it was possible to ob-
serve differences in the rutile's and anatase's morphologies (G1 group).
TiO2 films in anatase phase presented better uniformity of grain size
and morphology while rutile-phase films presented non-uniform pat-
terns. Both the anatase and rutile particle samples exhibited better
definition after immersion in MPA solution; this difference might have
been related to the presence of MPA on the material surface. This im-
provement could have been the result of better interaction between the
probe and the sample surface [38].

Hypothetically, the MPA molecules might have taken the place of
the contaminant molecules (such as CO2) in an energetically favorable
reaction, or these contaminants were washed away during the synthesis
process, leaving the surface cleaner than before. As a bifunctional
group, the MPA could have increased the superficial energy and, con-
sequently, enhanced the interaction between the probe and the surface.
Complementary to this hypothesis, contact angle measurements using
water were carried out on all samples to investigate variations in
wettability (Table 2). For the G1 group, it was possible to observe that
the anatase phase presented higher wettability than the rutile phase.
However, after the immersion process, the contact angle of the rutile
phase decreased from 68.6°± 3.3° to 43.6°± 2.9° while the anatase
phase presented a smaller decrease, from 44.8°± 1.7° to 34.2°± 0.7°.
The surface roughness was analyzed by confocal microscopy, and the
results showed a root mean square equal to 155 (± 3) nm for the
substrate after sanding; this was 167 (± 12) nm for the G1A sample
and 188 (± 7) nm for the G1R sample. It was clear that the anatase

Fig. 8. XPS spectra of O 1s peak of anatase a) G1A, b) G2A, and rutile c) G1R, d) G2R groups.

Fig. 9. XPS spectra of S 2p peak of anatase a) G2A and rutile b) G2R groups.

Fig. 10. XPS spectra of Ti 2p peaks of anatase a) G1A, b) G2A, and rutile c) G1R, d) G2R groups.

O.P. Gomes et al. Materials Chemistry and Physics 223 (2019) 32–38

36



phase had higher wettability, even with a small surface roughness. In
addition, the rutile phase was more affected by the MPA functionali-
zation process.

Representative XPS survey spectra of the anatase- and rutile-phase
groups are shown in Figs. 6 and 7, respectively, and the elemental
compositions of the samples’ surfaces are indicated. It was possible to
observe the presence of carbon even in the control groups, which can be
related to organic contamination. It is relevant to emphasize that the
variations were relatively small and below the accuracy of 10% typi-
cally quoted for routinely performed XPS atomic concentrations [39].

The O 1s spectra of the control and functionalized samples are
shown in Fig. 8. The O 1s spectrum for the G1A sample revealed two
contributions; the major one at 529.5 eV referred to the Ti-O bonding of
the TiO2 and the second contribution at higher energy (530.8 eV) was
related to O-H bonding. This indicated the presence of hydroxyl groups
on the TiO2 surface, which could have acted as binding sites for MPA
adhesion. For the G2A sample, there was a contribution at 530.9 eV,
which could have also been related to the O-H bonding.

The S 2p spectra of the functionalized G2A and G2R samples are
shown in Fig. 9. No signal was detected for the G2A sample and a
contribution at 168.77 eV was detected for G2R; this contribution was
related to S-O-Ti bonding. The weak signal of sulfur for G2R suggested a
monolayer-like pattern of MPA molecules. The carbon adsorbed from
the contamination was likely desorbed and substituted by MPA mole-
cules during the immersion process. This substitution was seen to be
energetically favorable for the rutile phase compared to the anatase
phase. It is important to note that both the anatase and rutile exhibited
acidic behavior when immersed in an MPA solution of pH because the
point zero charges of these phases were 6.2 and 5.3, respectively [4].

The Ti 2p spectra for all the groups are shown in Fig. 10. The dif-
ference between the Ti 2p1/2 and Ti 2p3/2 peaks was approximately
6 eV, which was consistent with the Ti4+ oxidation state from the
bound TiO2, even after immersion in the MPA solution.

The two polymorphic forms of TiO2, rutile and anatase, are known
to present physicochemical and photocatalytic differences, although the
processes involved are not well elucidated. Studies have shown that in
photoactivated reactions, active oxygen species generated by electrons
and holes such as OH radicals, superoxide radicals, and hydrogen per-
oxide are formed on these oxide surfaces [40]. The generation of OH
radicals is reported to be responsible for the oxidation of organic
compounds initiated by heterogeneous photocatalytic processes. Ac-
cording to Kakuma et al. [41], the process is more recurrent on anatase
surfaces when compared to rutile. The explanation lies in the distance
between the adjacent titanium atoms in these polymorphic structures. It
is discussed that the distance between the two titanium atoms in rutile
phase is 296 pm, while in anatase surface is 379 pm. Since the O-O
bond length is 146 pm and Ti-O-O- has an angle of 109°, it is difficult to
form the Ti-O-O-Ti structure on the anatase surface. On the other hand,
the short separation between the adjacent Ti atoms for rutile phase may
form the Ti-O-O-Ti dimer, which is not active for the oxidation of or-
ganic compounds. Thus, the anatase surfaces do not form the dimer and
release OH radicals in the process that promote the oxidation of com-
pounds in solution. In addition, TiO2 reacts by adsorbing organic mo-
lecules on its surface, by electron-hole transfer. Peter et al. [42], pro-
posed that rutile surfaces in the presence of electron donating molecules
trigger an immediate reaction between them. Considering the present
study of MPA adsorption on different TiO2 surfaces, non-functionali-
zation of anatase surface may be associated to the oxidation of this
compound in aqueous solution during immersion process while in rutile
phase the functionalization may be explained by the reaction of Ti-O-O-
Ti dimer and MPA molecule, since this compound can donate electrons.

Despite the photocatalytic process of anatase phase is known to
present greater efficiency under ultraviolet light, this phenomenon may
also occur with a smaller efficiency under ambient light. Therefore, the
high catalytic activity of anatase promotes a difficult adsorption of
organic compounds on its surface that competes with other

physicochemical processes in solution and the washing process may
have easily removed the possibly degraded MPA on anatase surface,
whereas on the rutile surface this did not occur.

In addition, if this process occurs, there also is an increase in the
surface energy of anatase surface. Consequently, this surface will pre-
sent a lower contact angle, corroborating with the obtained results. In
short, while the lower contact angle presented by G2A can be related to
the photoactivated surface, the lower contact angle presented by G2R
might be related to the presence of MPA molecules.

4. Conclusion

By changing the deposition parameters of the RF magnetron sput-
tering, it was possible to grow monophasic anatase and rutile films on
the top of Ti substrates. AFM results determined the differences in
morphology and grain size related to the anatase and rutile phases.
Both the G2A and G2R samples exhibited better AFM image definitions
and higher wettability, as shown by the contact angle results.

Although the similarities of roughness and thickness, the anatase
and rutile phases presented different responses to interaction with the
MPA molecules, where the functionalization was seen to occur only for
the rutile phase (for this concentration and pH of the MPA solution). In
our experiments, presence of MPA molecules was confirmed by XPS
analysis to have bound on the titanium surface only for the rutile phase.
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