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A B S T R A C T

Important clinical concerns in orthopedics and dental implantology are associated with a significant release of
titanium (Ti) metal ions and debris due to the low corrosion resistance of this material. Chemical modifications
on Ti surfaces have been performed in order to minimize effects of corrosion. In this contribution, zinc oxide
(ZnO) thin films were deposited onto Ti surfaces and functionalized with four different organic bifunctional
molecules in order to increase the corrosion resistance. SEM and XPS indicated the formation of nanostructured
ZnO thin film with hydroxyl groups available for covalent functionalization. The adhesion mechanism analyzed
by XPS suggest that the attachment on ZnO occurs by carboxylic acid, silane, thiol and hydroxyl groups for 4-
aminophenylpropionic acid (APPA), 3-aminopropyltrimetoxysilane (APTMS), 3-mercaptopropionic acid (MPA),
and polyethylene glycol (PEG) molecules. Electrochemical analysis for the functionalized ZnO specimens with
APPA showed noble open circuit potentials (−0.2 V) and significant decrease in the corrosion current density
(5.3 × 10−7 A/cm2) when compared to the values obtained for pristine Ti (−0.56 V and 2.3 × 10−6 A/cm2),
indicating a promising material for applications in biomedical fields.

1. Introduction

Titanium (Ti) and its alloys are extensively used as biomaterials in
medicine and dentistry due to their biocompatibility [1,2]. In parti-
cular, they have a wide range of applications such as dental implants,
joints replacement prostheses, cardiac devices and surgical instruments.
However, the release of metal ions and debris brings important clinical
concerns [3–5]. In the implantation process, the metallic implant is
exposed to the electrolyte environment of human body fluid followed
by biological and chemical reactions that can arise at the interface
between the implant, tissues and bones [6]. These reactions with the
physiological environment can result in electrochemical corrosion of
the implanted material surface, leading to prosthesis loosening [7].
Moreover, the released metal ions can modify physiological processes
and cause detrimental effects on body health in the long term, such as
osteomalacia, peripheral neuropathy, Alzheimer's dementia and in-
stability of the implanted material [8–10].

Chemical modifications on Ti surfaces are a way to minimize the
effects of corrosion and metal ions release, as well as induce bioactivity
of the implant. Suitable surface modification methods have been used
to improve the surface properties required for different clinical

applications. The most used surface-modifying method is based on the
deposition of a protective metal oxide thin film using techniques such as
physical vapor deposition (PVD) [11], micro-arc oxidation [12], elec-
trodeposition, sol-gel [13], and magnetron sputtering [14]. The pro-
tective metal oxide thin film is stable and can determine the corrosion
behavior and tissue biocompatibility of the implant. Considering dif-
ferent oxides used, zinc oxide (ZnO) offers a number of advantages such
as low toxicity, high resistance to corrosion, biocompatibility, piezo-
electricity and considerable antibacterial activity [15–17]. Further-
more, zinc (Zn) is present as an essential trace element in more than
300 proteins and is involved in several cellular processes, being a
common ion present in many organisms [18]. ZnO thin films can be
produced by different techniques, including physical and chemical
methods [19]. Among them, the sol-gel technique allows the produc-
tion of oxide films in large scale at low-cost and excellent substrate
adhesion [20].

In addition, ZnO thin films have their surface terminated by hy-
droxyl groups that can be functionalized by several molecules such as
carboxylic acids, esters, acid chlorides and others bifunctional mole-
cules [21], originating an effective control of the surface properties that
can result in a more bioactive surface with enhanced corrosion
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resistance. Previous studies have indicated that silane treatment on
various substrate surfaces can promote cell adhesion, cell proliferation,
and hydroxyapatite nucleation to improve osteoblast's adhesion
[22,23]. Polyethylene glycol have been used on surface functionaliza-
tion to obtain anti-infective medical implants because it can reduce the
bacterial adhesion [24]. Additionally, amine, thiol and carboxylic acid
terminated molecules are relevant in the interaction with proteins from
the biological environment, which occurs immediately after implant
insertion [25–27]. The adsorbed proteins drive the subsequent inter-
action of the material with cells [28]. So far, however, no functionali-
zation with various functional end groups on ZnO thin films and their
effects on corrosion behavior have been studied, considering the
knowledge of the authors.

In this way, we have investigated ZnO nanoparticles synthetized by
the sol-gel method, deposited on commercial pure titanium (Ti cp4) and
functionalized with four different bifunctional organic molecules: 3-(4-
aminophenyl)propionic acid (APPA), (3-aminopropyl)trimetoxysilane
(APTMS), 3-mercaptopropionic acid (MPA) and polyethylene glycol
(PEG). The structural and physicochemical results correlated with
electrochemical tests showed that ZnO functionalized samples have
improved anti-corrosive properties.

2. Materials and methods

2.1. Synthesis and deposition of ZnO thin film

The ZnO resin precursor was obtained by a modified sol-gel Pechini
method [29]. ZnO resin was synthetized dissolving citric acid (72.05 g)
in deionized water (200 mL), and subsequently, nitric acid (15.00 mL)
was added to the mixture with zinc oxide (10.17 g). The molar ratio
between ZnO and citric acid was 1:3, respectively. The solution was
then heated to 100 °C for 15 min. Finally, ethylene glycol was added to
the solution considering the ratio between the citric acid and ethylene
glycol mass 60/40, respectively. Following, the temperature was in-
creased to 150 °C and the solution kept under magnetic stirring until
reach 100 mL. Then, the solution was diluted in a ratio of 5 mL of
deionized water to 3 mL of ZnO resin.

Commercial pure titanium grade 4 (Ti cp4 (ACNIS)) discs, diameter
12.7 mm and thickness 3 mm, were polished until the arithmetic mean
roughness (Ra) reaches ≈ 143 nm, which is in the range of the values
found in commercially available dental implants (100–1000 nm)
[30–32].

Then Ti cp4 was cleaned with isopropanol and deionized water for
15 min each in ultrasonic bath. After, the discs were etched and hy-
droxylated in Piranha solution (mixture of 7:3 (v/v) 98% H2SO4 and
30% H2O2) for two hours and then rinsed with deionized water. The
Piranha solution is a strong oxidizer that can form hydroxyl groups on
the Ti surface, making it extremely hydrophilic to bond with ZnO,
improving the oxide thin film adhesion.

The ZnO deposition was performed by three sequential spin coating
(2000 rpm, 60 s) steps using 60 µL of ZnO solution for each step. For
each ZnO deposition, the samples were heated during 5 min in a hot
plate at 70 °C. With the three ZnO layers, a thermal treatment with two
steps was performed: 350 °C during 2 h at 1 °C/min followed by 500 °C
during 30 min at 5 °C/min.

2.2. ZnO functionalization

The ZnO surface was functionalized using the immersion method
described as follows. After the deposition of the organic molecules all
samples were dried in ambient conditions. The adhesion stability of the
bifunctional molecules is discussed at the Supporting information (Fig.
S1).

2.2.1. 3-(4aminophenyl)propionic acid (APPA)
APPA solution (2 mM) was prepared in ethanol absolute by stirring

the solution during 5 min. After complete dissolution it was heated to
40 °C and then samples were immersed for 5 min.

2.2.2. 3-aminopropyltrimetoxysilane (APTMS)
APTMS solution (10 mM) was prepared in ethanol absolute and

samples were immersed in the solution for 1 min at room temperature.

2.2.3. 3-mercaptopropionic acid (MPA)
An aqueous MPA solution (1 mM) was prepared adjusting the so-

lution pH to 3 with HCl. Then, samples were immersed for 10 min in the
solution under room temperature.

2.2.4. Polyethylene glycol (PEG)
A mixture in the ratio 1:4 of PEG to distilled water was prepared.

The substrates were added to the solution and kept overnight, then
rinsed with deionized water.

2.3. Characterization

2.3.1. X-ray diffraction (XRD)
The crystalline orientation of ZnO films were measured at room

temperature using an X-ray diffractometer (D/MAX-2100/PC, Rigaku).
The scanning range was from 20° to 45°, with steps of 0.02° and scan
speed of 2° min−1. In order to determine the crystal structure, results
were compared with PCPDF 65-3411, 44-1294 and 76-1949 cards for
ZnO, Ti and TiO2, respectively.

2.3.2. Scanning electron microscopy (SEM)
The morphological characterization of the thin films was performed

by Scanning Electron Microscopy (FEG-SEM JEOL 7500F). For cross-
section images, the ZnO layer was deposited on a silicon substrate
coated with Ti. A diamond cutter was used to cut the Si-Ti substrate
coated with ZnO from the backside of the sample. The samples were
coated with gold and mounted on an aluminum stub with a double-
sided conductive carbon tape for imaging the surface and the cross-
section of the samples. The analysis was performed applying a voltage
of 2.00 kV and a working distance of 8 mm.

2.3.3. X-ray photoelectron spectroscopy (XPS)
XPS analysis was carried out in a Kratos (AXIS-165) using a

monochromatic Al Kα X-ray source. Each sample was analyzed at take-
off angle of 54.7°, defined as the angle of emission relative to the sur-
face. The energy resolution was 0.45 eV. Survey scan spectra were re-
corded with a pass energy of 80 eV and individual high-resolution
spectra with a pass energy of 20 eV. In order to correct for any charging
effect, binding energy of the Ti 2p peak was normalized to 458.8 eV.
Curve fitting was performed using the CasaXPS software. Peak identi-
fication was done to obtain a consistent fit for all the potentials in-
vestigated.

2.3.4. Contact angle and surface energy
The contact angle and surface energy were evaluated by the sessile

drop technique in a goniometer (Ramé-Hart, 100-00) and using deio-
nized water (polar substance), and diiodomethane (non-polar sub-
stance) as the probing liquids. At least three droplets were deposited on
different positions of the samples and contact angle was measured at
each side of the drop. Measurements were performed in triplicates, at
room temperature, and under controlled humidity environment. The
contact angle and surface energy were evaluated by appropriate soft-
ware.

2.3.5. Surface roughness
Surface roughness characterization was performed by confocal mi-

croscopy (Leica DCM3D) employing a 20 x lens. The arithmetic mean
roughness (Ra) were determined by calculating the average value from
six randomly selected areas for each sample.
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2.3.6. Corrosion
Electrochemical tests were conducted with a Metrohm Autolab

PGSTAT302 equipped with a FRA32M module using a standard three-
electrode corrosion cell. Samples were used as the working electrode
with about 1 cm2 of exposed surface area to corrode. The other two
electrodes were a counter electrode made of a platinum wire and an
Ag/AgCl as reference. A quantity of 40 mL of PBS was used for each
sample as the electrolyte. All tests were performed at the physiological
temperature of 37 °C using a hot plate. Each group sample was analyzed
in triplicate.

The electrochemical protocol consisted of five electrochemical
steps. The first one was an open circuit potential (OCP) performed
during 300 s, to assure that the electrochemical cell was setup correctly
in the electrical connections. In the sequence, a second OCP was per-
formed during 3600 s, allowing the sample to stabilize in the specific
conditions of the electrochemical cell. The third was an electrochemical
impedance spectroscopy (EIS), which measured the surface properties
of the sample to obtain the specific features from the interface through
an equivalent circuit approach. EIS measurement was performed at the
open circuit potential (Eocp) obtained during the second OCP, with
potential amplitude of± 10 mV and frequency range between 100 kHz
and 0.01 Hz. The fourth test was a potentiodynamic polarization (PD)
performed by a cyclic polarization between −0.8 V and +1.8 V to
determine the corrosion potential (Ecorr) and corrosion current density
(Icorr) using Tafel extrapolation [7]. The final OCP test was performed
during 600 s to measure any change in the open circuit potential.

3. Results and discussion

3.1. Characterization of the ZnO thin film

As shown in Fig. 1a, ZnO thin film presents diffraction peaks at 2θ
equal to 31.8° (100), 34.5° (002) and 36.3° (101). These diffraction
peaks correspond to the characteristic structure of the hexagonal
wurtzite phase from ZnO nanoparticles [33]. The diffraction corre-
spondent to the (101) plane is more intense, indicating that the ZnO
crystallites are preferentially oriented. In addition to the ZnO wurtzite
peaks, it is possible to observe rutile TiO2 as well as the metal Ti peaks.
The presence of TiO2 is from the native oxide layer on the Ti cp4 surface
that crystallized in the rutile polymorphic phase after thermal treat-
ment, while the metallic Ti present in the substrate is detected due to
the ZnO thin film thickness (~ 100 nm) as shown in the cross-section of
SEM image in Fig. 1b. The nanostructured morphology of the films can
be confirmed by the SEM image presented in Fig. 1c where the nano-
particles presents a circular shape with average size of 67.0±8.5 nm.

3.2. Surface physicochemistry of functionalized ZnO thin film

XPS results presented an increase in C 1s intensity for all functio-
nalized samples when compared to pristine ZnO thin film. The amount
of adventitious carbon is around 23% and it is discussed at the
Supporting information. The presence of C 1s associated with the spe-
cific atomic peaks of each organic molecule is an indicative of an ef-
fective functionalization of ZnO thin films, Fig. 2a. The O 1s spectrum
of ZnO showed three different contributions as shown in Fig. 2b, the
highest energy peak at 532.0 eV is related to the O-H bonds. The metal
oxide (Zn-O) bonds appear in 530.5 eV while in 528.9 eV the occur-
rence of Ti-O bonds, related to the native oxide from the Ti cp4 sub-
strate. The atomic percentage of the O-H peak contribution in ZnO is
around 50.5%, showing that the surface is well covered with hydroxyl
groups, acting as anchor points for the formation of organic molecules
monolayers or multilayers [34,35].

Analyzing the C 1s, O 1s and N 1s high-resolution spectra for the
functionalized samples it is possible to evaluate which functional group
from each organic molecule is attached to the ZnO surface. The high-
resolution spectra from C 1s are shown in Fig. 3a. APPA presented the

interactions C-C (285.0 eV), C-N (286.7 eV) and COOH (288.9 eV) [36].
For APTMS, it is possible to observe three contributions at 285.2, 286.2
and 289.0 eV related to C–C, C–N and C–Si–O bonds, respectively. The
interaction between MPA and ZnO might occur through thiol groups,
since free carboxyl groups were observed at 288.7 eV in the C 1s
spectrum. In addition, contributions for the C-S (286.5 eV), C–C
(284.9 eV) and C–Zn (282.7 eV) bonds were shown [36], C-Zn may
appear due to contaminations. PEG has several hydroxyl groups avail-
able to crosslink with each other, showing a higher intensity for C 1s
when compared with the others bifunctional molecules, with con-
tributions for C 1s at 284.5 and 286.0 eV, referent to C–C and C–OH
bonds, respectively [37].

In Fig. 3b the O 1s high-resolution spectra for the functionalized

Fig. 1. XRD spectrum (a), SEM images from cross-section (b) and top surface (c) of ZnO
thin films. Magnification of SEM images is 100,000 x.
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samples is shown. The APPA exhibited the presence of Ti–O, Zn–O and
COO- bonds in 529.2, 530.4 and 531.9 eV, respectively. In APTMS four
contributions are found: the first two in 528.5 and 530.2 eV are related
to the oxygen bonded to Ti and Zn, respectively; and the highest energy
peak can be attributed to O-Si-O (532.1 eV) [38], indicating the adhe-
sion of APTMS molecules by silane groups. For MPA, the presence of
Ti–O, Zn–O and COOH or S–O bonds in 528.7, 530.1 and 531.6 eV is
seen, respectively. For samples functionalized with PEG, the presence of
Zn–O (530.6 eV) and –CH2–CH(OH–)n (532.3 eV) bonds are observed
[37], suggesting the formation of a polymeric layer. The decrease in Zn
2p and Ti 2p peaks intensity followed by an increase in O 1s and C 1s
after PEG deposition corroborates with the fact that PEG may poly-
merize forming crosslinked structures.

Considering the high-resolution spectra of N 1s for APPA and

APTMS molecules (Fig. 4), the adsorption of APPA on the ZnO surface
might have a preferential attachment through the carboxylic acid
group. In N 1s spectra, the presence of free amine (C-NH2) at 397.2 eV,
C-N at 399.9 eV and NH3

+ at 403.2 eV was identified. The presence of
NH3

+ is due to the formation of the zwitterionic amine, which asso-
ciated with the existence of free NH2, favors adsorption through the
COOH groups [39,40]. The N 1s spectrum for APTMS shows the pre-
sence of free C-NH2 group (400.3 eV). Combining the N 1s and O 1s
data is evident that the APTMS molecules effectively adhered to the
surface by covalent bond through silane groups [41].

According to the XPS data, a possible attachment model between
the ZnO surface and the organic bifunctional molecules are shown in
Fig. 5. The presence of COO- in APPA indicates that this site can interact
with the metal Zn (Fig. 5a). Furthermore, the APPA solution pH is 6.4

Fig. 2. XPS spectra of ZnO thin film and the functionalized samples with APPA, APTMS, MPA and PEG (a). A high-resolution spectrum from O 1s in ZnO is shown in (b).

Fig. 3. High-resolution XPS spectra of C 1s (a) and O 1s (b) for ZnO thin film functionalized with APPA, APTMS, MPA and PEG.
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while the point of zero charge pH (pHpzc) for ZnO is between 6.9 and
9.8 [42]. It indicates that at pH's below the pHpzc the ZnO surface is
positively charged [35], which can attract the COO- groups to form
covalent bonds [43]. The adhesion mechanism of APTMS occurs by the
silanes hydroxylation, and then Si-OH reacts rapidly by condensation
forming Si-O-Si groups with the surface hydroxyl as well as the
neighboring silanol groups [34]. In this way, the presence of unreacted

O-Si-O denoted the APTMS adhesion by the silane group (Fig. 5b)
[44,45]. For MPA, the presence of S–O bonds is an indicative that the
thiol groups might have interacted with the hydroxyl groups present on
the ZnO surface (Fig. 5c). After adhesion through hydroxyl groups
(Fig. 5d), PEG chains can self-interact due to the presence of several
-OH groups that result in crosslinking bonds.

The contact angle characterization employing water as probe has
been often used as a simple method for accessing the physicochemical
properties of modified surfaces [46]. Surface energy and contact angle
are inversely proportional to each other and by nature, zinc oxide
surfaces are hydrophobic [47]. The results for the contact angle mea-
surements of pristine and functionalized ZnO thin films are summarized
in Fig. 6a. The pristine ZnO thin film as expected is hydrophobic, with a
surface water contact angle of 81° [48]. The APPA grafting produced
just a small increase in hydrophobicity, with respect to the as-deposited
ZnO, showing a water contact angle of 83°. The surface functionaliza-
tion with APTMS decreased the wettability of ZnO, showing a water
contact angle of 89°. The MPA functionalization preserved the water
contact angle of 81°. PEG was the only molecule that tailored the sur-
face with hydrophilic properties, exhibiting a water contact angle of
18°. As the C-O/CH2 ratio increases for PEG molecule the contact angle
decreases [49], in this way, the existence of oxygen in the backbone
-(CH2CH2O-)n is responsible for this behavior. Furthermore, in mole-
cules with more than 10 carbon atoms, such as PEG, the chains interact
randomly on the surface, contributing to obtain a very smooth, ultra-
thin, and highly hydrophilic surface [50].

Therefore, the surface wettability can be controlled by the addition
of the organic bifunctional molecules and the specific surface char-
acteristics will be defined by the bio-application. The APPA, APTMS,
and MPA surfaces showed less wettability that may improve the bac-
tericidal efficacy of the functional materials [51], while the PEG hy-
drophilic surface may positively influence cell-surface interactions
[52].

The organic molecule adhesion induced relevant changes in the
physicochemical properties of the surface. The wettability of solid
surfaces is a very important property, and is determined by the surface
geometric structures as well as the chemical composition of surfaces,
which is dictated by the polar component of the surface energy [53,54].
The surface energy of ZnO functionalized with APTMS and MPA is
lower than pristine sample. However, as shown in Fig. 6b, APPA and
PEG increased the surface energy. According to XPS data, this behavior
is related to the type of functional groups available on the surface. The
surface charges from -NH2 and -COOH groups present in the APTMS
and MPA molecules are lower when compared with the hydroxyl from
PEG, and amine groups bonded to the aromatic chain present in APPA.
Furthermore, the higher carbon content of APTMS leads to more hy-
drophobic interactions. On the other hand, the presence of free amine
groups and an aromatic chain with delocalized electrons in APPA in-
creased the total charge of the molecule, enhancing consequently the
surface energy. In the case of PEG, the high density of hydroxyl groups
led to an increase in surface energy, which changed the ZnO thin film
surface from non-polar to polar.

The arithmetic mean surface roughness (Ra) was analyzed for the
pristine Ti substrate, ZnO thin film, and the functionalized oxide thin
films (Fig. 7). The Ra values indicates that surface roughness increased
from 143 (± 13) nm to 191 (± 3) nm with ZnO thin film deposition on
Ti substrate. After APPA and MPA deposition no significant changes in
Ra surface roughness was observed and the values correspond to 187
(± 17) nm and 180 (± 13) nm. Nevertheless, it increased to 249
(± 16) nm and 222 (± 13) nm with APTMS and PEG functionaliza-
tion, respectively.

The higher surface roughness for APTMS and PEG can be related
with the wettability measured by contact angle. Wenzel stated that even
small changes in surface roughness can enhance the wettability char-
acteristics caused by the chemistry of the surface [55]. In the case of
APTMS the higher surface roughness contributed to the enhanced

Fig. 4. High-resolution spectra of N 1s for the ZnO surfaces functionalized with APPA and
APTMS molecules.

Fig. 5. Possible adhesion mechanism for the bifunctional molecules on the ZnO surface.
The APPA molecule showed a preferential adhesion by the carboxylic acid site (a). The
APTMS molecule formed Si-O-Si groups by condensation with the surface -OH, attaching
the surface through silane groups (b). The MPA molecule indicated an adhesion by S-H
groups, that reacted with the surface -OH forming S–O bonds (c). The PEG molecule
adhered to the surface by crosslinking the hydroxyl groups with the surface -OH (d).
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contact angle measured. On the other hand, PEG showed a more hy-
drophilic characteristic that can be attributed to an increase in Ra
value. Besides the difference in surface roughness for the functionalized
ZnO thin films, the Ra value is in the range of the available dental
implants [30–32].

3.3. Electrochemical measurements

Understanding the physicochemical changes that ZnO surface
functionalization may promote on titanium implants is important.
Moreover, to evaluate the electrochemical behavior of these functional
surfaces in biological environment is imperative for a good implant
performance. Fig. 7 shows the open circuit potentials (EOCP) as a
function of time for pristine and functionalized ZnO thin films in PBS
electrolyte. The EOCP stability with time is an indication that no sig-
nificant change occurs on the surface under these exposure conditions.
In general, the higher the EOCP the lower is the tendency of corrosion
[5]. It is clearly seen in Fig. 8 that the ZnO thin films significantly in-
crease the EOCP value, suggesting a higher resistance to corrosion when
compared to pristine Ti. In particular, ZnO functionalized with APPA
and APTMS molecules exhibited higher EOCP compared to ZnO. Organic
molecules as APPA and APTMS, are deposited with higher density due
to an increase in Van der Waals force or hydrophobic interactions [56].
In this way, APPA and APTMS molecules can improve the corrosion
resistance of the material by isolating the Ti substrate from the en-
vironment and preventing the approach of corrosive ions. In the case of
MPA and PEG molecules, a slightly decrease in EOCP is observed in

comparison with ZnO. It might be due to the presence of defects or
water and oxygen molecules which can lead to the degradation of the
organic material [57].

The Bode plot represented by impedance (Z) modulus as function of
frequency in Fig. 9a shows that the Ti sample have Z< 104 Ω cm2 at
low frequencies, whereas for other samples, except for ZnO PEG, this
value is> 105 Ω cm2 at same frequencies, indicating that pristine and
ZnO functionalized thin films have better corrosion resistance [58].
However, at higher frequencies for non-functionalized ZnO thin film the
response indicates possible oxide layer breakdown [59], which can be
related to surface defects such as uncoated regions, cracks or a high
density of pinholes. On the other hand, the functionalized ZnO samples
exhibit a behavior associated to an intact layer [60]. Moreover, the
presence of pristine and ZnO functionalized thin films on Ti surface may
prevent the penetration of ions from PBS electrolyte and slows down
the charge transfer at the functionalized ZnO/substrate interface
thereby reducing the reaction kinetics for Ti4+(aq) or Ti3+(aq) formation. The
phase angle plots in Fig. 9b can be classified in high and low frequency
regions, providing the relaxation processes at surface layer/electrolyte
and substrate/surface layer interfaces respectively [58]. In the medium
frequency range, the phase angle and frequency shows a linear response
for pristine Ti with phase angles approaching to 60°, which corresponds
to the capacitive behavior of the electrode/electrolyte interface [7].
The decrease in phase angle and shift in peak position around 101 Hz
confirms the breakdown of the ZnO layer, however the functionalized
ZnO samples shows a breakdown point at higher frequencies
(> 102 Hz) when compared to pristine ZnO thin film indicating in-
creased resistance to oxide rupture. The fitting for phase angle plots are

Fig. 6. Water contact angles (a) and surface energy (b) measured on surfaces of titanium, pristine and functionalized ZnO thin films.

Fig. 7. Arithmetic mean surface roughness (Ra) for the pristine Ti substrate, ZnO thin
film, and the functionalized oxide thin films.

Fig. 8. Evolution of EOCP for the pristine Ti, ZnO and ZnO functionalized with the organic
bifunctional molecules.
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shown in Fig. S2-S7.
Based on the EIS behavior, equivalent circuits are proposed to the

experimental data, as shown in Fig. 10. A constant phase element (CPE)
was used instead of a pure capacitor due to the non-ideal behavior
associated to the experimental conditions. The impedance of CPE (ZCPE)
is defined as ZCPE = [Zo(jω)n]−1, where Zo is the CPE constant
(Ω−1 cm−2 sn), ω is the angular frequency (rad s−1), j is the imaginary
number and n is the CPE exponent [61]. When n = 1 the CPE behaves
as an ideal capacitor, for 0.5<n<1 the CPE describes a distribution of
dielectric relaxation times in frequency space and when n = 0.5 the
CPE represents a Warburg impedance with diffusion character [7]. The
electrolyte solution resistance is represented by Rs, which is small and
similar in all the EIS tests. Pristine Ti equivalent circuit, ZnO functio-
nalized with MPA and PEG (Fig. 10a) are represented by a Randle's
model with CPE [62]. The arrangement of two cascaded CPE for
modified Ti with ZnO and ZnO functionalized with APPA and APTMS
(Fig. 10b) are represented by an inner layer (Rp and CPE1) and an outer
porous layer (Rpore and CPE2). The notations Rp and Rpore corresponds
to the resistances of the inner barrier and outer porous layers

respectively.
Table 1 shows the electrochemical parameters obtained from the

fitting procedures. The parameter Rp is often used to evaluate the
corrosion resistance of the working electrode since it includes the
contributions of the charge-transfer resistances, the oxide thin film re-
sistance and the migration of point defects mediated metal dissolution
[63]. Comparison of the resistance values from the fitting results shows
that the resistance of the outer porous layer (Rpore) is lower than the
resistance of the inner barrier layer (Rp) which indicates a higher cor-
rosion resistance provided by Rp. In contrast with pristine Ti, Rp values
for ZnO and ZnO functionalized thin films are approximately three
orders of magnitude higher, with exception for ZnO PEG, demon-
strating that the surface functionalization can inhibit charge transfer at
substrate/electrolyte interface and reduces metallic ions release con-
sequently enhancing the corrosion resistance [7]. The goodness of fit
(χ2) values was of the order of 10−3 corroborating the good quality of
the fitting procedure.

The corrosion was analyzed by the corrosion current density (Icorr)
and corrosion potential (Ecorr), which were estimated using the Tafel
extrapolation from potentiodynamic polarization data. The corre-
sponding electrochemical parameters are summarized in Fig. 11.
Compared to pristine Ti, the corrosion potentials of ZnO functionalized
samples shift positively indicating a suppression of Ti dissolution
caused by the protective nature of the ZnO thin film and organic mo-
lecules. The Ecorr potential decreased from −0.63 V for pristine Ti, to
−0.51 V, −0.47 V, −0.46 V, −0.44 V, −0.40 V, for ZnO PEG, ZnO
APTMS, ZnO APPA, ZnO, and ZnO MPA sample respectively.

In addition, lower values are observed for corrosion current density
(Icorr) in functionalized samples, supporting the idea of higher corrosion

Fig. 9. Bode plots (a) and impedance phase angle plot (b) for Ti, ZnO and functionalized ZnO samples.

Fig. 10. Equivalent circuit with one time constant for pristine Ti, ZnO functionalized with
MPA and PEG (a). An equivalent circuit with two time constant is presented for ZnO thin
film and ZnO functionalized with APPA and APTMS (b).

Table 1
Electrochemical parameters extracted from Nyquist plot fitting for the analyzed samples.

Sample Parameters

Rs RP CPE1 n1 Rpore CPE2 n2 χ2

(Ω cm2) (Ω cm2) (Ω−1 Sn cm−2) (Ω cm2) (Ω−1 Sn cm−2)

Ti 21.9 4.14 × 103 4.64 × 10−4 0.848 – – – 5.79 × 10−3

(± 0.06)(± 2.64) (± 54.0) (± 0.32) (± 0.05)
ZnO 20.5 1.01 × 106 2.48 × 10−5 0.724 1.26 × 103 5.43 × 10−7 0.767 7.90 × 10−3

(± 8.33) (± 124) (± 0.49) (± 0.24) (± 5.06) (± 0.54) (± 0.20) (± 0.15)
ZnO APPA 35.0 4.58 × 104 3.86 × 10−5 0.863 4.68 × 101 2.36 × 10−5 0.863 5.95 × 10−3

(± 5.12) (± 91.4) (± 0.68) (± 0.11) (± 2.84) (± 0.91) (± 0.13) (± 0.32)
ZnO APTMS 21.4 1.01 × 106 1.70 × 10−5 0.795 4.19 × 103 1.21 × 10−5 0.840 5.35 × 10−3

(± 3.69) (± 159) (± 0.76) (± 0.20) (± 1.61) (± 0.62) (± 0.11) (± 0.49)
ZnO MPA 28.3 8.15 × 105 1.68 × 10−5 0.861 – – – 4.85 × 10−3

(± 3.27) (± 143) (± 0.21) (± 0.04) (± 0.76)
ZnO PEG 12.8 6.48 × 103 1.04 × 10−4 0.864 – – – 3.19 × 10−3

(± 2.32) (± 31.2) (± 0.59) (± 0.12) (± 0.62)
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stability due to the ZnO thin film. The functionalization decreased the
Icorr values from 2.0 × 10−6 A/cm2 for ZnO, to 5.3 × 10−7 A/cm2, 1.1
× 10−6 A/cm2, and 3.9 × 10−7 A/cm2, for APPA, MPA, and APTMS
bifunctional molecules respectively. This phenomenon is observed since
the organic coatings from APPA, MPA, and APTMS provides a better
barrier protection preventing corrosion. However, the Icorr value for
ZnO PEG sample (2.7 × 10−6 A/cm2) is higher than that for pristine Ti
(2.3 × 10−6 A/cm2). This is related to the higher wettability of ZnO
functionalized with PEG. At lower contact angle values the material can
absorb more water molecules increasing the corrosion and degradation
rates [61].

Therefore, the electrochemical results indicated that the Ti cp4
modified with ZnO and organic molecules shifted the EOCP to noble
potentials, decreased the corrosion current density and enhanced the
resistance of the material, significantly increasing the corrosion re-
sistance of pristine Ti.

4. Conclusions

Ti cp4 substrates were modified by sol-gel synthesized ZnO thin
films. As-deposited ZnO thin films were functionalized with APPA,
APTMS, MPA, and PEG bifunctional molecules. The adhesion me-
chanism for the organic molecules were proposed based on XPS data,
indicating that the attachment on ZnO surface occurs through car-
boxylic acid, silane, thiol, and hydroxyl groups for APPA, APTMS, MPA,
and PEG, respectively. The functionalization also led to different
wettability and surface energy behavior, depending on the free terminal
group present on ZnO surface. Electrochemical analysis showed that
ZnO functionalized with the organic bifunctional molecules presented
higher EOCP values associated with increased corrosion resistance.
Considering the results obtained, ZnO functionalized with APPA
showed enhanced properties indicating promising applications in bio-
medical devices. Therefore, the ZnO APPA showed high surface energy,
noble open circuit potentials (−0.2 V), and significant decrease in the
corrosion current density (5.3 × 10−7 A/cm2), indicating promising
interaction with biomolecules from the biological environment and an
increase in corrosion resistance.

Nevertheless, as pointed by this work, more efforts are necessary to
study the bifunctional molecules adhesion and its applicability in im-
plants. Future work will focus on the bactericidal effect, cell viability,
and tribocorrosion aspects from the samples.
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