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Abstract: The deposition of polypyrrole (PPy) on a Ti sur-
face is commonly employed to enhance the material’s
properties for different applications such as supercapaci-
tors, biomedicine, and corrosion resistance. Instead of
complex or costly polymerization procedures for the PPy
synthesis on the Ti metal surface, we utilized the effect of a
simple and inexpensive laser ablation of the Ti surface in
the open-air environment to prepare a hydrophilic TiO2

surface. In this condition, a thin PPy layer with remarkable
nanostructures such as nanorings (∼80 nm) and nanotubes
(∼245 nm) was deposited on a selective and desired pattern
of ablated Ti areas through the chemical vapor deposition
process using ferric chloride (FeCl3) solution as a pyrrole
oxidizer. Raman and X-ray photoelectron spectroscopy
(XPS) analyses confirmed the PPy formation on the Ti sur-
face. The creation of these nanostructures was due to the
micro/nanomorphology of the ablated Ti substrate. Water
contact angle (WCA) measurements indicated the hydro-
phobic behavior of the PPy/Ti surface by the aging effect
after 24 weeks with the change of WCA from 20° to 116°.
The change in the surface chemical composition upon
adsorption of airborne organic compounds with the long-
term storage of PPy/Ti surface in air was studied by the
XPS test.

Keywords: titanium, polypyrrole, CVD synthesis, laser pat-
terning, surface wettability

1 Introduction

Titanium (Ti) and its alloys have attracted a lot of attention
for use in biomedical and industrial applications owing to
their good corrosion resistance, excellent mechanical prop-
erties, and easy shapeability [1–5]. To improve the che-
mical, biological, and mechanical properties of Ti and its
alloys, various techniques have been introduced, namely,
thermal treatment [6], spraying [7,8], anodizing [9,10], poly-
merization [4,11], and laser techniques [12–17]. Among
these methods, the polymerization of different polymers
on Ti has been considered the suitable method for vast
scientific studies [5]. Conducting polymers, due to their
high stability, easy synthesis process, low cost, and high con-
ductivity [18,19], are widely employed as promising materials
in various areas like corrosion resistance [20,21], biomedical
applications [18,22], polymer light-emitting diodes [23], thin-
film transistors [24], supercapacitors [25–27], electromagnetic
shielding [28], electro-chromic devices [29], molecular electro-
nics [30], flexible electrodes [31], and sensor technology
[32,33]. Polypyrrole (PPy) as a conductive polymer has been
most extensively researched due to its special chemical and
physical properties like good biocompatibility, fairly high con-
ductivity, and novel optical and electrochemical properties
[22,34,35]. PPy can be coated as a protective layer for different
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materials to enhance their properties in various applications
through chemical oxidative polymerization, electrochemical poly-
merization, or vapor-phase polymerization methods [36–39]. The
high stability of PPy coating over Ti helps to prevent the
electron exchange between the metal and the adsorbed bio-
logical species [40], which indicates excellent corrosion
resistance behavior [32]. Compared to other heterocyclic
monomers, pyrrole (Py) has a lower oxidation potential,
which may help to form a PPy film on active metals easily
and provide anti-corrosion properties. However, synthe-
sizing PPy films on oxidizable metals like Fe, Zn, Al, and Ti
and their alloys with good adhesion is more difficult than on
other metals [41–43]. The force of adhesion between the PPy
deposition and the oxidizable metals is poor, which ser-
iously limits their application [42,43]. Furthermore, despite
all PPy advantages, it is brittle in nature [42,44]. Although
significant progress has been made to improve the adhesion
force between PPy and the aforementionedmetals, researchers
still desire to find effective methods for solving these issues
[43,45]. Incorporating a natural polymer such as chitosan into
the matrix of PPy can be a good solution to overcome the
problem of PPy’s brittleness [42]. Furthermore, a suitable mate-
rial (like dopamine) can be used as an interlayer between the
PPy film and the Ti substrate for improving the adhesion force
[43,45], and in another report PPy–polyethylene glycol compo-
site films were used as an insulting polymer to synthesize PPy
on Ti by the electrochemical method [41]. Based on our library
information, PPy was often deposited on Ti by electrochemical
polymerization assisted by different Ti modification processes
for biological and anti-corrosion applications. Table 1 pre-
sents a brief information on previous studies. However, the
electrochemical polymerization method requires electric
power supply, different electrode materials, supporting elec-
trolyte solution, and solvents which are complex and expen-
sive [46].Moreover, chemical polymerization has the limitations
of needing more purification and further characterization for
their confirmation. Electrochemical polymerization has the dis-
advantages of low yield and poor solubility of the product, the
former making the method unsuitable for large-scale and selec-
tive deposition of polymers [46]. Hence, to carry out PPy synth-
esis on Ti with good adherence, it is better to try another
method such as chemical vapor deposition (CVD). In the CVD
method, a monomer, e.g., Py using oxidizing agents like
ammonium persulfate and ferric chloride (FeCl3) directly
polymerizes uniformly on the substrate surface in a one-
step process under dry and vacuum conditions without
any subsequent curing steps [47]. The CVD advantages like
thickness control, conformality, selective layer deposition,
and functional group retention have been more emphasized
[48]. Despite these advantages, CVD has a limited dispersion
of the oxidant on the Ti substrate for the formation of a Ta
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homogenous polymer layer [36]. Therefore, a dispersing
agent or surface treatment process should be used to spread
oxidants uniformly during the CVD polymerization process
[36]. To overcome this challenge, it is possible to treat the
surface by influencing the Ti morphology and its structure
before depositing PPy. Micro- and nanostructures have been
created on surfaces using different techniques, including
electron beam, photolithography, particle beam, ion beam,
X-ray, radio frequency magnetron sputtering, and mechan-
ical methods [49–53]. In recent years, laser-based technolo-
gies have gained significant attention for surface treatment
[49,54,55]. The laser ablationmethod without needing a com-
plex process and extra chemical material is a one-step, easy,
green, low-cost, as well as controllable laser process by
adjusting the laser parameters [56–60]. The improvement
of surface properties and formation of new structures
with laser approaches such as TiN, TiC, and TiO2 of Ti and
its alloys have been studied by many researchers [13–16,61,62].
In the laser ablation process, the wetting state of a solid sur-
face is significantly influenced by changing the surface micro-
structure such as roughness and its chemical composition [63].
The pristine Ti metal surface possesses partial hydrophilicity,
with a water contact angle (WCA) of around 70°. To achieve
full superhydrophilicity, laser ablation can be employed on Ti
[13,64], which resulted in the formation of micro/nanostruc-
tures on the metal’s surface through material re-deposition
and re-solidification. The wettability properties of metal sur-
faces can be adjusted by altering the surface roughness and
generating new microstructures [63,65]. In line with Wenzel’s
model [66], enhancing surface roughness improves the surface
wettability. Laser scanning paths created cavity-like patterns
on the metal surfaces, promoting the uniform spreading of
water across the surface [64]. Additionally, during the laser
modification process, molten material generated from the
thermal treatment could react with airborne oxygen, leading
to surface oxidation and an increase in total surface energy (γ)
[64]. This increase results from various types of intermolecular
forces, including non-dispersive and dispersive components
(γ = γP + γd) [64,67]. The polar or non-dispersive (γP) and
dispersive (γd) components play crucial roles in determining
the hydrophilic and hydrophobic behavior of solid metal sur-
faces, respectively [64,67]. In the study of Razi et al. [64], it was
demonstrated that melting the Ti surface during the laser
ablation process increased the surface oxygen content, surface
activation, and γP as the polar component, resulting in super-
hydrophilic behavior of the Ti surface. Inspired by this issue,
this study presents an innovative approach for the selective
deposition of a PPy layer with a desired pattern and good
adherence on Ti surfaces using a fiber laser device and CVD
techniques. The superhydrophilic behavior of ablated Ti helps
the aqueous solution of FeCl3 (oxidizing agent) to completely

wet the irradiated areas and synthesize the PPy layer as selec-
tive and desirable arrays with a thickness of about 530 nm by
the CVD method. Raman spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) confirmed the successful formation of
PPy on the Ti surface. Field emission scanning electron micro-
scopy (FESEM) images revealed the formation of a thin PPy
layer in (nano)ring and (nano)tube structures at different CVD
times. This kind of PPy morphology was created with the
influence of pre-laser treatment of the Ti substrate. In the
classical preparation method of PPy, it was often grown in
cauliflower-like structures with spherical or globular grains
[68,69]. This morphology is attributed to the difficulty in
dopant intercalation in the irregular structure of polymer
chains reported in the literature [70]. The fabrication of nanos-
tructured PPy attracted much attention over bulk-structured
PPy to potentially improve its applications. The study also
includes the effect of aging on the wettability of PPy/Ti sam-
ples using WCA measurements and XPS analysis, revealing
changes in polar and nonpolar components as significant
factors in surface wettability. Despite the inherent hydro-
philicity of PPy because of the presence of amine groups,
this study shows a hydrophobic surface with a WCA of
approximately 116°. Generally, with the synergistic effect
of the laser ablation process and the CVD method, the PPy
nanostructure was coated on the Ti surface, which can
enhance the performance of PPy/Ti material applications
as a promising avenue for future research.

2 Materials and methods

To fabricate PPy/Ti samples, we used the Ti metal sheet
(purity: 98.90%; thickness: 0.6 mm; Grade 2) from LOTER-
IOS, a TIMET Co., and Pyrrole, catalog No. M8074920100
and solid FeCl3 from Merck. The Ti metal sheet was laser-
cut into 17 × 17 mm² pieces. Then, they were ground with
SiC papers and subsequently washed using an ultrasonic
device with distilled water. Also, a 1 M aqueous FeCl3 solu-
tion was prepared as the oxidizing agent. Among the sam-
ples, one of them was applied as a reference Ti, while the
three others were selected for laser ablation and PPy
deposition. To achieve complete superhydrophilic beha-
vior of the Ti surfaces, they were irradiated in an air envir-
onment using a fiber laser (RFL-P30Q, 1,064 nm; maximum
power: 30W; pulse width: 100 ns). In this experiment, the
distance of the laser scanning path in the x direction was
set at 50 μm, and laser parameters, including the scanning
speed, power, fluence, and repetition rate, were adjusted to
200mm/s, 27W, 68 J/cm2, and 20 kHz, respectively. Figure 1
illustrates the surface wetting behavior of the Ti surface
before (Figure 1a: [I–IV]) and immediately after the laser
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ablation process (Figure 1b: [I–IV]) tested with a 5 μl droplet
of FeCl3 solution. As is shown, the FeCl3 solution was evenly
spread over the ablated surface immediately after the laser
treatment. To dry the FeCl3 solution on the ablated Ti sur-
faces, they were left under ambient conditions for approxi-
mately 30min. Following that, the ablated samples were
individually placed in a sealed chamber containing a liquid
Py monomer. Vapor-phase deposition of PPy on the irra-
diated Ti surfaces was conducted in the absence of light at
room temperature for durations of 4, 8, and 12 h, referred to
as S4, S8, and S12, respectively. Various methods were
employed for the identification and analysis of the resulting
samples. The sample structures, before and after PPy deposi-
tion, were assessed using a micro-Teksan Raman device
(Takram P50C0R10; laser beam wavelength: 532 nm) in the
range of 100–2,000 cm−1. The XPS test was applied on the
PPy/Ti sample using XPS devices (250Xi and Bestec GmbH,
Germany). The wettability behavior of the PPy/Ti surfaces
was studied by measuring the WCA. The morphology of the
samples’ surfaces was examined using SEM instruments
(JEOL-JSM-840A and FESEM Mv2300-TESCAN).

3 Results and discussion

3.1 Characterization analyses

PPy deposition on Ti surfaces was successfully achieved
through straightforward and cost-effective laser and CVD
methods. Following the vapor deposition of PPy on Ti sur-
faces, they exhibited a complete transformation to a black

color, characteristic of PPy. In Figure 2(a–d), optical images
of ablated Ti, S4, S8, and S12 are presented. These images
reveal that PPy was deposited on the laser-ablated areas of
the Ti surface. The schematic of PPy deposition on the
ablated Ti surface is presented in Figure 3.

3.1.1 Raman spectroscopy

Raman characterization was performed to analyze the
ablated Ti and S4 as a PPy/Ti sample in the spectral range

Figure 1: Wetting behavior of the Ti surface before (a) and after (b) the laser ablation process.

Figure 2: Optical images of laser-ablated Ti (a), S4 (b), S8 (c), and S12
(d) samples.
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of 100–2,000 cm−1. The two patterns (a) and (b) in Figure 4
correspond to the Raman spectra of irradiated Ti in ambient
air and the PPy/Ti (S4) sample, respectively. In the Raman
spectrum of ablated Ti (a), two characteristic peaks are
observed at almost 440 and 610 cm−1, attributed to Eg and
A1g symmetry species of rutile TiO2, respectively [71]. Addi-
tionally, another peak is located at about 235 cm−1 in the
Raman spectrum of ablated Ti, attributed to the second-
order or two-phonon Raman scattering process [71]. The
generation of the TiO2 structure can be ascribed to the pre-
sence of oxygen molecules (O2) in the air, which can parti-
cipate in chemical reactions with plasma plume species such
as Ti atoms generated during the ablation process, resulting
in the formation of Ti oxide bonds [15,72,73]. The Raman
spectrum of the PPy/Ti sample (Figure 4b) displays different

Raman peaks between 620 and 1,609 cm−1, matching with
those of the PPy Raman spectrum [74–76]. The two peaks
that appeared at about 620 and 690 cm−1 corresponded to
C–C ring torsional and C–Hwagging bonds. respectively [75].
The Raman spectrum of PPy/Ti (Figure 4b) displays absorp-
tion peaks at approximately 1,595 and 1,380 cm−1. These
peaks belong to the stretching vibrations of C]C and C–N
bonds, respectively [32,77]. Additionally, the Raman scat-
tering is primarily determined by the peak at approximately
1,254 cm−1 attributed to the C–H in-plane bending vibration
[75,77]. Two other peaks that appeared at about 1,080 and
942 cm−1 are ascribed to the deformation vibrations of C–H
and C–C rings, respectively [75,77]. Furthermore, the peak at
about 970 cm−1 of PPy/Ti Raman spectrum belonged to the
C–C ring deformation in Py [32,75]. These results prove that
PPy has been successfully deposited on Ti metal, so that the
Raman peaks corresponding to TiO2 did not appear any-
more which concludes that the PPy successfully covered
the Ti surface.

3.1.2 XPS investigation

The chemical composition information of the PPy/Ti (S4)
surface after about 4 weeks was studied in detail by the
XPS test. The survey spectrum of the PPy/Ti surface is pre-
sented in Figure 5a. It demonstrates that the PPy-coated Ti
surface consists of nitrogen (N), oxygen (O), and carbon (C)
elements that originated from PPy. The atomic percentages
of N, C, O, and Ti in the S4 sample’s surface are 12.68, 64.11,

Figure 3: Schematic of the PPy deposition process on the ablated Ti target.

Figure 4: Raman spectra of ablated Ti in air (a) and PPy/Ti (b).
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22.58, and 0.63%, respectively. Here, the Ti surface was
thoroughly covered with PPy, so the Ti element was detected
by the XPS test in very small quantities. In the following, the
de-convoluted XPS line of PPy/Ti compounds was perused,
and its results are given in Figure 5(b–d). N 1s XPS spectrum
(Figure 5b) is de-convoluted by five peaks at about 397.9,
399.2, 400.1, 401.4, and 402.8 eV as]N–/C]N [37,75,78], neu-
tral amine nitrogen –NH–/C–N [78,79], –NH+, C–N+, and
C]N+, respectively [75,78–80]. Another peak appeared at
about 404.4 eV as ]N–H+ [80]. As seen in Figure 5c, two
distinct O 1s peaks at the binding energies of 531.1 and
532.7 eV belong to C]O and C–O bonds, respectively
[78,81]. Also, five C 1s peaks were found in its region spec-
trum (Figure 5d). The most intense peak at 284.6 eV is
related to α carbon (Cα) atoms in the Py ring in which C
atom bonds to a functional group leading to form C–C or
C]C bonds [75,79]. The component at 283.7 eV is for β
carbon (Cβ) atoms which the C atoms have not bonded
with the functional group [75,79]. The binding energy at
about 285.4 eV is related to the presence of C–N, C–O, and

C–N+ components [75,79]. The presence of C]N, C]O,
and C]N+ components was confirmed with the located
peak at 287.6 eV [75,78,79]. The peak at approximately
288.4 eV is ascribed to C–O and C]O bonds, indicating
the numerous oxygen-containing functional groups of
PPy [80,82]. The parameters of fitting components, namely,
the peak position, peak area (%), and full-width-at-half-max-
imum (FWHM), are given in Table 2. According to the litera-
ture [83,84], TiO2 has strong bonds with H and C atoms of
Py such that the O atoms of TiO2 interact with N-bonded
H atoms of Py through strong hydrogen bonding (mostly
covalent) and Ti has a strong electrostatic type of bonding
with the C. Due to the thinness of the PPy layer, the XPS
analysis could not measure the binding energy. In the
study of Ullah [83], the inter-molecular interaction
in PPy/TiO2 was investigated using density functional
theory calculations, and the inter-molecular interac-
tion energy obtained was about −28 to −45 kcal/mol,
which confirmed the strong covalent type of bonding
between Py and TiO2.

Figure 5: XPS full survey spectrum (a) and XPS peak fitting of N 1s (b), O 1s (c), and C 1s (d) of the PPy/Ti (S4 sample) surface.
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3.1.3 FESEM/SEM images

The morphology of the irradiated Ti surface before the
process of PPy deposition is shown in Figure 6a(I–III) at
different magnifications. The effect of laser ablation on the
Ti surface is observable in the 6a(I) image. The ordered
pores and cavities due to the horizontal lines of the laser
scanning cycle were created on the surface of Ti [85]. The
result is a change in the Ti surface’s roughness and por-
osity, which has significant effects on its wetting behavior
[64,85]. In FESEM images of Figure 6a(I and II), some par-
ticles can be seen on the Ti surface which are generated
because of the laser ablation mechanism. The Ti surface
reaches its melting point due to the laser thermal effect
and creates a plasma plume on the irradiated area; the

Table 2: XPS peak fitting parameters of N 1s, O 1s, and C 1s which are
shown in Figure 5

Peak Component Eb (eV) FWHM (eV) Area (%)

N 1s ]N–/C]N 397.9 1.00 3.40
N 1s –NH–/C–N 399.2 1.05 49.69
N 1s –NH+ 400.1 1.39 28.85
N 1s C–N+ 401.4 1.28 10.11
N 1s C]N+ 402.8 1.44 6.14
N 1s ]N–H+ 404.4 1.00 1.81
O 1s C]O 531.1 1.67 68.51
O 1s C‒O 532.7 1.91 31.49
C 1s Cβ 283.7 0.84 06.70
C 1s Cα (C–C/C]C) 284.6 1.07 37.35
C 1s C–N/C–O/C–N+ 285.4 2.01 40.25
C 1s C]N/C]O/C]N+ 287.6 2.04 10.33
C 1s C‒O/O]C 288.4 1.58 05.37

Figure 6: FESEM images of the irradiated Ti sample before (a [I–III]) and after (b [I–III]) PPy deposition on it of S4.
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explosive melting occurs and the nanodroplets of ionized
matter (free atoms, ions, and clusters) are ejected from Ti,
and these nanodroplets can fabricate (sub)micrometric
particles and finally solidify on the ablated surface [86].
As seen in Figure 6b(I–III) of the S4 sample, after PPy deposi-
tion, the irradiated Ti surface and particles were covered
with a compact and uniform PPy layer with numerous
nanorings. In the conventional preparation method of PPy,
it was often grown in cauliflower-like structures with sphe-
rical or globular grains [68,69]. This morphology is attrib-
uted to the difficulty in dopant intercalation in the irregular
structure of polymer chains reported in the literature [70].
In the present work, the PPy layer was grown on the Ti
surface with different nanostructures. Figure 7(a–d) illus-
trates the FESEM images of S8 at different magnifications.
As found in FESEM images of S8, structures like nanorings
(donuts) are uniformly formed all over the Ti surface with
an average size of about 80 nm. In addition to (nano)rings,
the PPy was also fabricated as (nano)tubes and cubic-like
structures on the S8 surface. The average length of (nano)
tubes was calculated at about 245 nm. In contrast to the
methods (like soft micellar or hard physical templatemethods,
templateless, and electrochemical techniques) that have been
used to make different PPy nanostructures [87], our tactic is

very simple and of low cost resulting in PPy deposition on the
Ti surface. The morphology of the PPy structure of sample S12
is almost the same as S8 (Figure S1). By increasing the
deposition time up to 8 h, nanocubic and nanotube struc-
tures of PPy grew on the ablated Ti surface because Py has
more opportunities to be absorbed on the Ti surface impreg-
nated with the FeCl3 oxidant, although the amount of nano-
cubes and nanotubes were less compared to the nanorings.
There are no tangible differences in the morphology of sam-
ples S8 and S12. It is probably due to the ability of the
oxidant (FeCl3) to absorb the Py monomer. To investigate
the reason for forming this kind of nanostructure, SEM
images were taken from the FeCl3 solution-impregnated Ti
surface, which are presented in Figure S2(a–c). From these
images, it can be concluded that the (nano)tubes, (nano)
rings, and cube-like structures are not related to FeCl3 crys-
tals. On the other hand, to find whether these PPy nanos-
tructures are related to the ablating Ti substrate or not, we
chose a raw Ti sample without any laser processing, and in
the CVD conditions of sample S8, the PPy was formed in a
scattered and low-quality manner on Ti. According to its
SEM images (Figure S2(d–f)), we did not see any trace of
the PPy (nano)ring or (nano)tube formation. Hence, it can
be said that the morphology of PPy (nano)structures was

Figure 7: FESEM images of the surface of sample S8 at different magnifications (a–d).
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affected by micro/nanoporous structures and nanodroplets
of the laser-ablated Ti as the PPy substrate.

For investigating the thickness of PPy films and their
cross-section morphology, we tried to take the FESEM
images of the samples. Figure S3(a–c) illustrates the
cross-sectional images of sample S4. As can be seen, the
part of Ti thickness that has been exposed to the laser
beam is visible, and it has a thickness of about 26 μm.
However, the thickness of the thin PPy film cannot be
recognized due to the porous morphology of the ablated
surfaces. Also, this condition was for S8 and S12 samples.
With more and more investigation, at last, we could find a
small part of the PPy layer which was separated from the
ablated Ti surface of S8, as given in Figure 8(a and b). The
average thickness of the PPy layer from S8 was calculated
to be about 530 nm.

3.2 Selective surface patterning

Inspired by the laser ablation technique and its effect on
enhancing the hydrophilic behavior of Ti, micropatterns
are created on the Ti surface. At first, some micropatterns
which are mainly used in electrodes in various applica-
tions such as sensors, biomedicine, and electrocatalysts
were designed by a fiber laser device and then the Ti sur-
face was selectively irradiated through the pattern. As can
be seen in the optical images of Figure 9, the micropattern
was formed with a clean and accurate method, so that PPy
just covered the irradiated pattern. The irradiated parts of
Ti became hydrophilic as a selective-wetting surface which
these areas could just wet with FeCl3 solution. Therefore,
after the deposition of PPy on the patterned Ti surface, a
selective-PPy surface with neat and clean arrays was

Figure 8: SEM images of separated PPy layer from the S8 surface with scale bars of 100 μm (a) and 1 μm (b).

Figure 9: SEM (a) and optical (b) images of selective-PPy surface patterning like interdigitated electrode arrays. Optical images of different neat and
clean arrays from the patterned-PPy/Ti surface (c) and (d).
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obtained on a micro scale. This method is presented for the
first time with easier and inexpensive processes compared
to other polymerized electrode patterning techniques.

3.3 Surface wettability

In the present study, the surface wettability of raw Ti, S4,
S8, and S12 samples was measured with the WCA. The sur-
face of pristine Ti metal was found to be partially hydro-
philic with a WCA of about 62°. As explained in Section 1,
immediately after performing laser ablation, the Ti surface
completely became superhydrophilic and then the PPy
could be synthesized on the surface of irradiated Ti. After
coating PPy on irradiated Ti surfaces, the effect of aging on
the wettability behavior of S4, S8, and S12 surfaces was
investigated, and it was found that all samples became
hydrophobic over time. After 24 weeks, their WCAs were
about 110–120°, which was not very different. The morphol-
ogies of samples were almost similar with numerous micro/
nanostructures, so they did not have much effect on the
wettability. Therefore, among the studied samples, S4 was
chosen for the wettability study at time intervals of 2, 8, 16,
and 24 weeks and XPS and Raman analyses were conducted
for the S4 sample. Immediately after PPy deposition on the
Ti surface, its WCA was about 20°. Its hydrophobic behavior
increased due to the aging effect, with the WCAs of about
35°, 65°, 90°, and 116° in 2, 8, 16, and 24 weeks, respectively
(Figure 10). Considering that surface wettability can be influ-
enced by surface morphology, the FESEM images, immedi-
ately after PPy deposition and over 24 weeks, were taken on
S4. As given in Figure S4, the morphology of the S4 surface
did not significantly change by the aging effect, hence it was
concluded that the changes in wetting behavior over time
are not related to the surface morphology. So, the chemical

composition of the surface as an important factor for chan-
ging wettability was studied [88]. The XPS analysis of S4 was
performed on its surface after 24 weeks, which was named
S4* to confirm the chemical composition’s effect on surface
wettability behavior. The change in the amount of O and C
was studied in S4* and S4. Table 3 shows comparison results
of the composition values of S4* and S4 by XPS analysis. S4
surface indicated C and O contents of 64.11 and 22.58%,
respectively, and the C and O contents of S4* changed to
69.86 and 16.68%, respectively. The oxygen-to-carbon (O/C)
ratio is clearly the reason for the change in the wetting state
of surfaces [89]. The O/C atomic percentage ratio decreases
with the aging effect and causes the hydrophobic behavior.
Therefore, in this study, decreasing the O/C ratio is one of
the reasons for the hydrophobicity of the PPy/Ti sample, and
its value reaches from 0.35 to 0.24 after 24 weeks. Aging
oxidation has an important effect on the wettability beha-
vior of hydrated structures [63]. Upon oxidation of the
surface, the tendency of micro/nanostructures of the laser-
treated surface to various chemical reactions increases.
The oxidation process can increase the surface activity for
the adsorption of air contaminants because of the creation
of different functional groups [64]. By keeping the formed
micro/nanostructures in environmental conditions for a long
time, the adsorption of airborne organic compounds and non-
polar factors occurs which causes the surface energy reduc-
tion [64,85]. In this regard, the polar and non-polar functional
groups of C 1s in S4* were investigated and compared with
S4. The polarity of surfaces is an effective factor in the
wetting state. Low or non-polarity leads to hydrophobic

Figure 10: Variation in the WCA of S4 through the aging effect.

Table 3: XPS composition (At. %) of S4 (after 4 weeks of PPy deposition)
and S4* (after 24 weeks of PPy deposition)

Sample Composition (At. %)

Ti 2p C 1s O 1s N 1s

PPy/Ti (S4) 0.63 64.11 22.58 12.68
PPy/Ti (S4*) 0.68 69.86 16.68 12.78

Table 4: C 1s and O 1s components (At. %) of S4 (after 4 weeks of PPy
deposition) and S4* (after 24 weeks of PPy deposition)

Sample C 1s (%) O 1s (%)

Cα
(C–C/
C]C)

Cβ C–N/
C–O/
C–N+

C]N/
C]O/
C]N+

C‒O/
O]C

C]O C–O

S4 37.35 06.70 40.25 10.33 05.37 68.51 31.49
S4* 53.64 18.16 14.07 10.62 3.51 48.78 51.22
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behavior, whereas high polarity causes the hydrophilic beha-
vior of solid surfaces [66,85]. The amount of non-polar moi-
eties (percentage) as a hydrophobic factor in S4* is more than
that in S4 and leads to a hydrophobic surface. Their detailed
results are presented in Table 4. Carbon accumulation on the
surface plays an essential part in surfaces’ hydrophobic beha-
vior. In this regard, the polar and non-polar functional groups
of C 1s in S4* were investigated and compared with those of
S4. Polar groups of C 1s are carbonyl bonds (C]O), carbon–
oxygen bonds (C–O), C–N, C–N+, C]N, and C]N+, while
non-polar moieties include Cα (C–C/C]C) and Cβ. The
amount of non-polar moieties (percentage) as a hydro-
phobic factor in S4* is more than that in S4 and leads to
a hydrophobic surface (Table 4). Furthermore, the func-
tional groups of O 1s were investigated. The XPS survey
spectrum and characteristic N 1s, O 1s, and C 1s spectra of
S4* are displayed in Figure 11(a–d).

4 Conclusions

In summary, for the first time, the selective-PPy deposition
on the Ti surface has been successfully performed via a
simple laser treatment approach and CVDmethods without
requirement of a complicated chemical process and extra
materials. The laser ablation process having influence on
the Ti wettability behavior and producing superhydro-
philic micro/nanostructures on the Ti surface could pro-
vide an ideal condition to wet the irradiated area by the
FeCl3 solution as the oxidizing agent of Py monomer.
Hence, the PPy layer can only be deposited on the ablated
part of Ti with CVD technique. The Raman and XPS spectra
as well as FESEM images indicated that the thin PPy layer
formation occurred with special nanorings and nanotubes.
We also indicated that PPy can be deposited on desirable
microarrays on Ti. The wetting behavior of the PPy/Ti

Figure 11: XPS full survey spectrum (a) and XPS peak fitting of N 1s (b), O 1s (c), and C 1s (d) of the S4* surface.
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sample was studied over time, and it was concluded that
the PPy/Ti surface became hydrophobic after 24 weeks with
a WCA of about 116°. Considering that the surface mor-
phology of the sample has no significant change over time,
the surface chemical composition has probably changed the
surface wettability. According to XPS analysis, the amount of
non-polar compounds as a hydrophobic factor increased on
the surface of samples with the aging effect due to the
adsorption of airborne carbon compounds by micro/nanos-
tructures of PPy and irradiated Ti surface. Overall, laser
ablation, in addition to providing the PPy deposition path
in desired designs on Ti surfaces, causes the formation of a
new PPy structure on the nanoscales and changes the wet-
ting properties of the PPy from hydrophilic to hydrophobic
over time, which may have potential applications in the
biomedical field, energy storage, sensors, adsorption, corro-
sion resistance, and electromagnetic shielding.
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