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Abstract: Polyaniline (PANI) thin films incorporated with TiO2 or ZnO nanoparticles were synthesized
via an electrochemical polymerization technique. Cyclic voltammetry (CV) was used to synthesize
PANI from a strongly acidic medium (0.5 M H2SO4). The effects of different deposition cycles on the
morphology, thickness, color, and properties of electrodeposited PANI thin films nanocomposites
were investigated. Furthermore, the effects of the nanoparticles concentration on the morphology
and water contact angle (CA) of the produced coating were investigated. Field-emission scanning
electron microscopy (FE-SEM) and high-resolution transmission electron microscopy (HR-TEM) were
used to investigate the morphological structure. X-ray photoelectron spectroscopy (XPS) was used
to study the surface composition of the formed film. The results reveal that the CA of the prepared
coating reached 146◦. A granular morphology of PANI with a moderate concentration of nanoparticles
was obtained. In addition, XPS analysis confirmed the incorporation of the oxide nanoparticles in
the matrix.

Keywords: conducting polymers; polyaniline (PANI); hydrophobic; superhydrophobic; nanostructures;
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1. Introduction

Superhydrophobic surfaces have drawn great attention from both industrial and academic sectors,
because of their potential and broad applications which range from self-cleaning surfaces to biomedical
applications [1–10]. Surfaces having water contact angles (CAs) greater than 150◦ are generally
designated as superhydrophobic. However, K-Y Law in a highly informative article demonstrated
that a surface can be considered superhydrophobic when its CA is ≥145◦, where it has practically no
affinity with water [7]. He indicated that the changes in wetting and adhesion interactions are gradual
and that there are no magic cutoff angles.

Superhydrophobic surfaces possess outstanding water repelling properties due to their low surface
energy and specific roughness. In natural plants, the superhydrophobicity of leaves is a nature-inspired
surface layout with an outstanding hierarchical arrangement, along with a slender wax layer which
covers the surface [2–4]. The most famous example of superhydrophobic surfaces is lotus leaves
(Nelumbo nucifera) [1]. Superhydrophobic properties have been also found in many insects appendages
including wings, legs, and eyes [5]. It has been well established that the hierarchical surface structure and
the chemical composition of the surface are the main factors in determining superhydrophobicity [4,5].
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For the past two decades, superhydrophobic coatings have been used in many industrial
applications including self-cleaning [6], anti-freeze surfaces [8], anti-bacterial surfaces and their medical
applications [9–11], oil and water separation [12–14], and corrosion control [15]. Several techniques are
utilized to prepare superhydrophobic surfaces such as lithography [16], template-based methods [17],
plasma therapies [18], self-assembly [19], compound residue [20], and electrospinning [21–28].
Recently, ultrafast lasers have been used to fabricate microstructured surfaces on metals to create
superhydrophobic properties [29]. However, many of these reported techniques involve multistep
procedures, or require specialized reagents and equipment [30].

Conducting polymers are of great interest for the fabrication of superhydrophobic surfaces because
of their flexibility and conductive properties [30–36]. Conducting polymers combine functionalities that
offer simultaneous multifunctional and multidimensional beneficial effects. Among the conducting
polymers, polypyrole (PPY), polyacetylene (PAC), polytiophene (PT), and polyaniline (PANI) are
the most extensively studied due to their large potential applications. PANI is the most promising
conducting polymer due to its distinctive features, including environmental stability, easy synthesis,
and relatively high electrical conductivity [32–34]. All these features are related to its unique chemical
structure that has different base and salt forms of PANI in its three redox forms. Accordingly,
the conductivity of PANI can be tuned by using different doping agents [35]. PANI has a wide
range of applications such as flexible supercapacitors [36], transparent and conductive thin films [37],
electromagnetic shielding [38], optical sensing of pH [39], gas sensing devices [40], solar cells [41],
electrochromic devices [42], and anticorrosion coatings [43–46].

The fabrication of superhydrophobic surfaces from conductive PANI nanowires has been
successfully demonstrated [47,48]. The nanowires can be prepared by a number of methods based
on chemical oxidative polymerization including electrochemical polymerization [47]. Qu et al.
fabricated superhydrophobic PANI nanowires by the electropolymerization of aniline in sulfuric
acid on titanium-coated silicon wafers with anodized aluminum, as shown in Figure 1. The resulting
superhydrophobic PANI nanowires are clustered together and have a porous morphology.
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PANI nanocomposites enriched with inorganic nanoscale particles such as TiO2 or ZnO have been
successfully prepared [49]. These nanocomposites exhibit enhanced properties such as electrical, optical,
catalytic, and mechanical properties. In addition, the hydrophobicity of PANI was further enhanced.

In the present study, the electrochemical polymerization technique was used to prepare PANI and
the PANI/TiO2 and PANI/ZnO nanocomposites. X-ray photoelectron spectroscopy (XPS) was used
to study the surface chemistry and the surface composition of PANI and the PANI nanocomposites.
XPS was used to confirm the incorporation of the oxide nanoparticles into the matrix.

The aim of this study was to synthesize and characterize the PANI thin films enriched with
nanoparticles as hydrophobic or superhydrophobic coatings using a simple cyclic voltammetry (CV)
technique. In addition, these thin films were characterized by X-ray diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM), high-resolution transmission electron microscopy (HR-TEM),
and XPS.

2. Materials and Methods

All chemicals were of analytical grade and used as received without any purification. Aniline
monomer (C6H7N extrapure AR) of MW of 93.13 was purchased from SRL Co., New Mumbai, India.
Sulphuric acid (98%; Fluka Chemical Corporation, Hauppauge, NY, USA, was used as a supporting
electrolyte for an electropolymerization process. All the other chemicals were purchased from
Sigma-Aldrich (Cairo, Egypt): indium-doped tin oxide (ITO)-coated glasses size of 25 mm × 25 mm
× 1.1 mm and a resistance of approximately 10 ohm/square, and ethanol and acetone of analytical
grade. Zinc nitrate Zn(NO3)2·6H2O was used as a precursor in preparing the semiconducting zinc
oxide nanoparticles, and sodium hydroxide (NaOH) was used as a precipitating agent. Titanium
isopropoxide (TTIP) (C12H28O4Ti; of purity, 99.99%) was used in the preparation of anatase TiO2

nanopowder, and deionized water was used for dilution.
ITO was used as a working electrode. Further treatment for the ITO glass substrate was performed

to enhance the electrodepositing of the PANI film. Firstly, ITO glasses were immersed in deionized
water ultrasonically for 15 min, then immersed in ethanol ultrasonically for 30 min and finally immersed
in acetone ultrasonically for 30 min.

2.1. Synthesis of Nanoparticles (TiO2 and ZnO)

TiO2 powder was prepared from 5 mL TTIP and 80 mL deionized water at pH 5. After the solution
was sonicated for 15 min, a clear white solution was observed. After that, the solution was transferred
to a microwave oven (Haier, Qingdao, China) in a power mode of 80P for 35 min. The white precipitate
was isolated by centrifugation and washed many times with deionized water, and then dried at 50 ◦C.

Zinc oxide nanopowder was prepared by a co-precipitation method [50]. Using deionized water,
0.1 M zinc nitrate hexahydrate Zn(NO3)2·6H2O and 0.2 M NaOH were dissolved separately in deionized
water to form the liquid media. The NaOH solution was slowly added dropwise to the zinc nitrate
solution under vigorous stirring at room temperature, which resulted in the formation of a white
suspension that was left in the solution under stirring overnight. The precipitate obtained was filtered
and washed thoroughly with distilled water. The product was dried in an oven at 80 ◦C and ground
using an agate mortar. The resulting powder was calcined at a temperature of 500 ◦C for 2 h.

2.2. Electrochemical Polymerization

All electrochemical measurements were carried out in a three-electrode electrochemical cell
connected to a computerized potentiostat/galvanostat (Iviumstat, Eindhoven, The Netherlands).
The deposited cell was composed of an ITO (2 × 2 × 1.1 cm3) as a working electrode, Pt foil as a counter
electrode, and (Hg/Hg2Cl2, SCE) as a reference electrode. Before the electrochemical deposition of
PANI, ITO was pretreated in a free monomer (0.5 M H2SO4) solution by sweeping the potential
between −0.5 and 1.5 V and SCE for different numbers of cycles at a scan rate of 0.1 mV/s using a CV
technique. The electrochemical polymerization of aniline on an ITO electrode was performed using
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the CV technique in the electrolyte solution of 0.5 M H2SO4 containing 0.1 M aniline for different
numbers of cycles. When the electropolymerization was taking place, the color of the ITO changed
from transparent to green, revealing the formation of the PANI film.

To prepare PANI nanocomposites, 0.5 M H2SO4 and 0.1 M aniline monomer were stirred
with deionized water, and different concentrations (0–0.5 g/L) of TiO2 or ZnO were added to the
aniline–acid solution with a stirring rate of 300 rpm at room temperature. The depositions of the PANI
nanocomposites were performed via the CV technique by sweeping the potential from −0.5 to 1.5 V
with a scan rate of 0.1 mV/s. The oxidation of aniline on ITO was carried out by recording the linear
scan voltammograms (LSVs) of aniline at a potential range between −0.5 and 1.5 V and a scan rate of
0.1 mV/s, to determine the onset potential which was further used for electro-synthesis.

2.3. Characterization

The XRD patterns of the powdered samples were obtained using an X’Pert Pro powder
diffractometer within a diffraction angle range (2θ) of 4◦–70◦, operating with CuKα radiation working
at 40 mA and 45 kV (λ = 1.5418 Å, rated as 1.6 kW) with a step size of 0.02◦ and a step time of 0.4 s.
It was used to identify the crystalline phase and to estimate the crystalline sizes of the ZnO and
TiO2 nanopowders.

HR-TEM images were obtained using an FEI (Tecnai G2 20S-Twin, Eindhoven, The Netherlands)
microscope with an accelerating voltage of 200 kV. Morphologies of PANI nanocomposites on
the ITO glass were observed by a field-emission scanning electron microscope (JEOL, JSM-5410,
Tokyo, Japan). Prior to examination with the FE-SEM, samples were coated with a thin layer of gold
using a sputtering machine.

The Thermo Scientific K-Alpha XPS system (Waltham, MA, USA) was used to evaluate the
prepared samples. The sample was irradiated with a monochromatic Al Kα X-ray source, and the
analyzer passed an energy of 200 eV with a step size of 1 eV for high-resolution spectra to obtain the
chemical state information.

Water contact angles measurements were carried out using deionized water droplets via a CA
measurement instrument Attension Theta Lite (Biolin Scientific, Sweden, Finland). The core of
Attension solutions is a combination of easy-to-use, smart instrumentation with broad surface science
capabilities. The Theta Lite’s camera captures the extremely fast wetting phenomena up to 2068 fps and
performs exceptionally precise drop shape analyses with a 1280 × 1024 pixel resolution. Water droplets
(T: 20 ◦C, droplet volume: 4 µL) were delivered to five different points of each specimen and from
a height sufficiently close to the substrate, so that the needle remained in contact with the liquid droplet.
All the angles were determined by averaging values measured at five points on different locations for
each sample surface.

3. Results and Discussion

3.1. X-Ray Diffraction

The XRD patterns of ZnO and TiO2 nanoparticles are illustrated in Figure 2a,b. Both patterns
show the characteristic peaks of ZnO and TiO2. The diffraction peaks of ZnO powders according
to the standard pattern (JCPDS No. 04-008-4400) at 2θ values of 31.77◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦,
62.8◦, 66.3◦, 67.9◦, and 69.1◦ were indexed to the crystal planes of (100), (002), (101), (102), (110),
(103), (200), (112), and (201), respectively, as shown in Figure 2a. No characteristic peaks of any
impurities were detected, confirming that the obtained ZnO nanoparticles have high quality, while the
diffraction peaks of the TiO2 powder appeared at 25.3◦, 37.8◦, 48.0◦, 54.0◦, 55.1◦, 62.7◦, 68.8◦, 70.3◦,
and 75.1◦, which corresponded to the crystal planes of (101), (004), (200), (105), (211), (204), (116),
(220), and (215), respectively, for TiO2 according to the standard pattern (JCPDS 01-75-2547), as shown
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in Figure 2b. The average crystallite sizes (d) of ZnO and TiO2 NPs were estimated by using the
Debye-Scherrer equation:

D = Kλ/βcosθ, (1)

where D is the diameter of the crystallite size (nm), K is the shape factor (the typical value is 0.9), λ is
the wavelength of the incident beam, β is the broadening of the diffraction line measured in radians at
the full width at the half maximum intensity (FWHM), and θ is the Bragg’s angle. From the XRD data,
the average crystallite sizes were determined to be 42.0 nm for ZnO and 4 nm for TiO2.
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3.2. HR-TEM Characterization

ZnO and TiO2 nanoparticles were characterized by HR-TEM (Figure 3a,b). These FE-SEM images
revealed that the particle sizes of the prepared powder (ZnO and TiO2) were in a range of 13 nm for
ZnO and less than 6.5 nm for TiO2 powder. It is clear that the as-prepared powders were completely
crystalline and perfectly consisted of pure phases. EDX analyses of ZnO and TiO2 nanopowders are
illustrated in Figure 3c,d. Figure 3c shows peaks corresponding to Zn and O matched with pure ZnO
and Figure 3d shows peaks corresponding to Ti and O matched with pure TiO2.
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3.3. Electrochemical Polymerization and CV

The mode of the galvanostaic technique for PANI deposition is illustrated in Figure 4, which shows
the variation of potential with deposition time at a constant current density (6 mA/cm2). It can be seen
that the initial variation in the electropolymerization curve was due to the nucleation and growth
phenomenon. Nucleation started with the formation of polymer seeds on the ITO surface. After about
25 s, a fait green-color layer of PANI was observed. At ~125 s, a dark green-color film was formed,
indicating the formation of PANI on ITO.
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A very common electrochemical technique for the deposition of PANI is CV. In this technique,
a voltage potential employed through the electrode–solution interface is varied and the resulting
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current is measured. The endurance of CV elicits a mechanistic test of redox systems; this is quite
valuable because of its ability to identify important peaks of conducting polymers [51].

The electrochemical polymerization of PANI nanocomposites films was investigated and compared
with pure PANI thin films using the CV technique. From the preliminary experiment, Figure 5 illustrates
the cyclic voltammogram of PANI from an acidic solution of 0.5 M H2SO4 containing 0.1 M aniline
recorded for 10 successive cycles at a scan rate of 0.1 mV/s for a potential range from−0.5 to +1.50 V/SCE
to illustrate the exact position of the oxidation and the reduction of peaks. PANI exhibited two oxidative
peaks A1 and A2 appearing at 358 and 826 mV, respectively, coupled with two reductive peaks C1 and
C2, which appeared at 41 and 358 mV, respectively. In the positive direction, the observed current
density at 0.4 V was increased due to the initial stage of oxidation of the monomer. The current peak in
the negative direction at 0.0548 V was due to the initial stage of the nucleation of the polymer film,
while the cathodic peak observed at 0.4 V corresponded to the reduction of the polymer film obtained
in a direct sweep [52].
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The effect of cycle numbers on the deposition of PANI using the CV technique at a scan rate
of 0.1 mV/s with a potential range of −0.5 to 1.5 V/SCE has been investigated, as shown in Figure 6.
The cyclic voltammogram curve obtained during the first cycle (inset in Figure 6) revealed that, in the
positive direction, the increase in the current density at (0.38 V) was due to the oxidation of the
monomer, while the current increase in the negative direction at (−0.4024 V) was due to the initial
stage of the nucleation of the polymer film. The cyclic voltammogram of ITO in the acidic solution
containing aniline monomer was recorded for 5, 10, 20, and 30 successive cycles. It can be seen that,
the redox charge of PANI film continued to grow by the repetition of potential cycling. The cathodic
charge increased linearly with the number of potential cycling. This indicated that the building of
PANI film was proportional to the number of potential cycles.

The photographs of the PANI films electrodeposited at different numbers of deposition cycles
(5, 10, 20, and 30) on the ITO glass are shown in Figure 7. It can be seen that the PANI thin layer
(emeraldine base) was deposited on the glass. Further increase in the number of cycles showed that
the thickness of the PANI layer had a remarkable increase, and the color of PANI film became darker
and darker. The PANI film electrodeposited at 30 cycles was in dark green (Figure 7d).

Figure 8 shows the surface morphology of PANI films obtained on ITO with different cyclic
numbers at a constant applied potential. Figure 8a exhibits the surface morphology of the PANI-coated
film deposited after 5 cycles; it is obvious that the film was very thin and the coating was non-uniform
which means that some segments on the surface of the ITO were not fully coated. On the other hand,
the coating thickness increased with increasing cycles (Figure 8b–d), and at a large number of cycles
(30 cycles), the film became more compact and dense.



Coatings 2019, 9, 748 8 of 18
Coatings 2019, 9, x FOR PEER REVIEW 8 of 18 

 

 

Figure 6. Cyclic voltammograms of PANI deposition on ITO in the presence of (0.5 M H2SO4, 0.1 M 
aniline) at different cycle numbers. 

The photographs of the PANI films electrodeposited at different numbers of deposition cycles 
(5, 10, 20, and 30) on the ITO glass are shown in Figure 7. It can be seen that the PANI thin layer 
(emeraldine base) was deposited on the glass. Further increase in the number of cycles showed that 
the thickness of the PANI layer had a remarkable increase, and the color of PANI film became darker 
and darker. The PANI film electrodeposited at 30 cycles was in dark green (Figure 7d). 

 

Figure 7. Different color states of PANI films at different numbers of deposition cycles: (a) 5, (b) 10, 
(c) 20, and (d) 30 cycles. 

Figure 8 shows the surface morphology of PANI films obtained on ITO with different cyclic 
numbers at a constant applied potential. Figure 8a exhibits the surface morphology of the PANI-
coated film deposited after 5 cycles; it is obvious that the film was very thin and the coating was non-
uniform which means that some segments on the surface of the ITO were not fully coated. On the 
other hand, the coating thickness increased with increasing cycles (Figure 8b–d), and at a large 
number of cycles (30 cycles), the film became more compact and dense. 

Figure 6. Cyclic voltammograms of PANI deposition on ITO in the presence of (0.5 M H2SO4,
0.1 M aniline) at different cycle numbers.

Coatings 2019, 9, x FOR PEER REVIEW 8 of 18 

 

 

Figure 6. Cyclic voltammograms of PANI deposition on ITO in the presence of (0.5 M H2SO4, 0.1 M 
aniline) at different cycle numbers. 

The photographs of the PANI films electrodeposited at different numbers of deposition cycles 
(5, 10, 20, and 30) on the ITO glass are shown in Figure 7. It can be seen that the PANI thin layer 
(emeraldine base) was deposited on the glass. Further increase in the number of cycles showed that 
the thickness of the PANI layer had a remarkable increase, and the color of PANI film became darker 
and darker. The PANI film electrodeposited at 30 cycles was in dark green (Figure 7d). 

 

Figure 7. Different color states of PANI films at different numbers of deposition cycles: (a) 5, (b) 10, 
(c) 20, and (d) 30 cycles. 

Figure 8 shows the surface morphology of PANI films obtained on ITO with different cyclic 
numbers at a constant applied potential. Figure 8a exhibits the surface morphology of the PANI-
coated film deposited after 5 cycles; it is obvious that the film was very thin and the coating was non-
uniform which means that some segments on the surface of the ITO were not fully coated. On the 
other hand, the coating thickness increased with increasing cycles (Figure 8b–d), and at a large 
number of cycles (30 cycles), the film became more compact and dense. 

Figure 7. Different color states of PANI films at different numbers of deposition cycles: (a) 5, (b) 10,
(c) 20, and (d) 30 cycles.Coatings 2019, 9, x FOR PEER REVIEW 9 of 18 

 

 
Figure 8. FE-SEM images of PANI films deposited on ITO in the presence of 0.5 M H2SO4 and 0.1 M 
aniline with a constant potential range (–0.5 to +1.5 V) and at different cycles numbers: (a) 5, (b) 10, 
(c) 20, and (d) 30 cycles. FE-SEM images show the water drop contact angles (CAs) imbedded on the 
respective surfaces. 

3.4. FE-SEM Analysis 

Figure 8b–d demonstrate that the number of cycles have a great effect on the morphology of the 
coatings. The morphology of the coating produced at 10 cycles was characterized by fine nanofibers 
with an average diameter of 80 nm. At 20 cycles, the coating morphology showed a mix of granular 
and fibrous structures. A clear growth of the fibrous diameter (170 nm) was found when compared 
to one developed at 10 cycles. At the largest number of cycles (30 cycles), the coating morphology 
mainly transformed into a granular morphology. The granular structure is the most common form of 
morphology of the PANI [53]. This is a typical growth of polymer chains in heterogeneous conditions 
from random aggregates of nucleates. It has been reported that the type of the template greatly affects 
the structure and morphology of the deposited PANI films. In general, films grown on hydrophilic 
surfaces have a granular structure and a rough profile. On the other hand, a more uniform films are 
produced on hydrophobic surfaces [54,55]. CA measurements showed that, for the smallest number 
of deposition cycles (5 cycles), the CA was determined to be approximately 91° (as shown in the inset 
of Figure 8a), and for the largest number of deposition cycles (30 cycles), the CA was approximately 
97° (as shown in the inset of Figure 8d), confirming that the formed film was hydrophobic but it is 
still too low to be considered superhydrophobic. 

3.5. XPS Analysis 

XPS analysis was used to determine the chemical composition of PANI thin films polymerized 
at different cycling potentials (–0.5 to 1.5 V) for 30 cycles (optimum condition). The full survey of XPS 
for PANI thin films is displayed in Figure 9a. The XPS survey scan shows the presence of oxygen 
(O1s at ~532 eV, nitrogen (N1s at ~399 eV), carbon (C1s at ~285.03 eV), as well as sulfur (Sl2p at ~168.34 
eV). Oxygen in an emeraldine-base PANI can emerge from the partial oxidation of the film surface 
or from weakly complexed oxygen atoms [56]. Carbon and nitrogen were assigned to the spine of 
PANI, whereas the sulfur was a counter ion in the case of protonated PANI samples or originated 
from the supporting electrolyte (H2SO4) that was utilized for the deposition process. From Figure 9b 
(analysis of C peaks), three peaks were observed at 284.84, 285.92, and 287.54 eV, and can be 

Figure 8. FE-SEM images of PANI films deposited on ITO in the presence of 0.5 M H2SO4 and 0.1 M
aniline with a constant potential range (–0.5 to +1.5 V) and at different cycles numbers: (a) 5, (b) 10,
(c) 20, and (d) 30 cycles. FE-SEM images show the water drop contact angles (CAs) imbedded on the
respective surfaces.
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3.4. FE-SEM Analysis

Figure 8b–d demonstrate that the number of cycles have a great effect on the morphology of the
coatings. The morphology of the coating produced at 10 cycles was characterized by fine nanofibers
with an average diameter of 80 nm. At 20 cycles, the coating morphology showed a mix of granular
and fibrous structures. A clear growth of the fibrous diameter (170 nm) was found when compared
to one developed at 10 cycles. At the largest number of cycles (30 cycles), the coating morphology
mainly transformed into a granular morphology. The granular structure is the most common form of
morphology of the PANI [53]. This is a typical growth of polymer chains in heterogeneous conditions
from random aggregates of nucleates. It has been reported that the type of the template greatly affects
the structure and morphology of the deposited PANI films. In general, films grown on hydrophilic
surfaces have a granular structure and a rough profile. On the other hand, a more uniform films are
produced on hydrophobic surfaces [54,55]. CA measurements showed that, for the smallest number of
deposition cycles (5 cycles), the CA was determined to be approximately 91◦ (as shown in the inset of
Figure 8a), and for the largest number of deposition cycles (30 cycles), the CA was approximately 97◦

(as shown in the inset of Figure 8d), confirming that the formed film was hydrophobic but it is still too
low to be considered superhydrophobic.

3.5. XPS Analysis

XPS analysis was used to determine the chemical composition of PANI thin films polymerized at
different cycling potentials (–0.5 to 1.5 V) for 30 cycles (optimum condition). The full survey of XPS
for PANI thin films is displayed in Figure 9a. The XPS survey scan shows the presence of oxygen
(O1s at ~532 eV, nitrogen (N1s at ~399 eV), carbon (C1s at ~285.03 eV), as well as sulfur (Sl2p at
~168.34 eV). Oxygen in an emeraldine-base PANI can emerge from the partial oxidation of the film
surface or from weakly complexed oxygen atoms [56]. Carbon and nitrogen were assigned to the spine
of PANI, whereas the sulfur was a counter ion in the case of protonated PANI samples or originated
from the supporting electrolyte (H2SO4) that was utilized for the deposition process. From Figure 9b
(analysis of C peaks), three peaks were observed at 284.84, 285.92, and 287.54 eV, and can be attributed
to C–C, C–O, and C=O, respectively. The spectrum survey contains a high-intensity peak centered
at 285.92 eV, which has an insignificant asymmetric broadening towards high binding energies due
to an incorporation of the protonation of imine and amine sites. Small, high binding energy tails
(BE = 287.54 eV) are due to the π–π* bonding band, which has a long-range order with a polymer
chain. The most nitrogen atoms are in the amine state with a 399.5 eV binding energy in the benzenoid
amine group.

To enhance the hydrophobicity property of PANI thin film, TiO2 or ZnO nanoparticles can be
incorporated with the PANI film during the polymerization process [57].

Figure 10 shows the CV plots of PANI/TiO2 and PANI/ZnO thin film composites coating deposited
at a scan rate of 0.1 mV/s in the potential range of –0.5 to 1.5 V/SCE for 30 cycles and with different
nanoparticles contents. The results revealed that the redox currents increased with increasing the
particle contents in the electrolyte. From the cyclic voltammogram curves (Figure 10a,b), it can be seen
that the cathodic current increased regularly with an increasing the content of TiO2 in the solution.
However, suddenly, the redox current decreased at certain contents of TiO2 (0.5g/L), which indicated
that the optimum concentration of TiO2 was 0.4g/L (inset in Figure 10a). Additionally, in the case
of the PANI/ZnO nanocomposite, the cathodic current increased gradually with an increasing the
content of ZnO.

Figure 11 shows the FE-SEM images of PANI/TiO2 nanocomposite with different TiO2 contents.
These FE-SEM images clearly reveal that the TiO2 NPs during the polymerization of PANI has a strong
effect on the morphological evolution of the formed PANI nanocomposite. It was found that in the
case of a higher concentration of TiO2 nanoparticle (0.4 g/L) in the solution, the composites showed
a transformation in morphology from typical particles to fibers with a much denser coat in comparison
to the thin composite layer obtained in the case of a lower content of TiO2 (0.03 and 0.125 g/L).
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Figure 11b shows that the morphology of the coating was mainly a granular structure.
Increasing the content of TiO2 to 0.225 g changed the morphology to rough fibers with an average
diameter of 275 nm. At the highest concentration of TiO2, a finer and more organized, nanofibrous
morphology developed.

When measuring the CA for the as-prepared surface, it was determined to be 100◦, 125◦, 144◦, and
146◦ for 0.03, 0.125, 0.225, and 0.4 g/L TiO2, respectively, as shown in Figure 10a–d. This result indicated
that the PANI coating is intrinsically hydrophobic (CA = 100) even at the lowest concentration of
TiO2. Moreover, at the highest concentration of TiO2 (0.4g/L), the CA reached 146◦, which is practically
considered superhydrophobic as previously mentioned [7]. Figure 11d (higher magnification of
Figure 11c) shows a nanoscale hair-like feature on the top of the fibers. This type of hierarchical structure
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plays a major role in enhancing the hydrophobicity. It has been suggested that the polymerization of
PANI on heterogeneous micro- and nanostructured surfaces gives rise to non-uniform coatings [53].

This result confirmed that the surface with a higher content of TiO2 exhibited superhydrophobicity.
Accordingly, the concentration of the functionalized TiO2 nanoparticles in the nanofluid has
an important role in controlling the hierarchical structure and the chemical composition of the surface.

The CA increased with the concentration of the nanofluid for the same droplet volume, reached
a peak, and then decreased. It has been recognized that the nanoparticles have more efficiency in
increasing the CA for the same droplet volume. The experiments above indicated that nanoparticles
can be effective in engineering the wettability of the surface and possibly the surface tension [58].
FE-SEM illustrated that there was no agglomeration of TiO2 nanoparticles in the PANI matrix, and there
is a uniform distribution of particles in the PANI matrix. Accordingly, it was considered that the TiO2

particles were embedded within the structure built by the PANI chains and generated the porous
PANI/TiO2 composites.
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Figure 11. FE-SEM images of PANI/TiO2 composites with different TiO2 concentrations: (a) 0.03 g/L,
(b) 0.125 g/L, (c) 0.225 g/L, and (d) 0.4 g/L at 30 cycles. (e) Higher magnification of (c). FE-SEM images
show the water drop CAs imbedded on the respective surfaces (100◦, 125◦, 144◦, and 146◦ for (a), (b),
(c) and (d), respectively).

Figure 12 shows the FE-SEM images of the PANI/ZnO nanocomposite with different ZnO
contents. These FE-SEM images clearly revealed that the ZnO NPs have a strong effect on the
morphological evolution of the PANI nanocomposites. It was observed that adding nanoparticles
during the polymerization leads to changing the morphology of PANI, passing from spherical particles
to nanofibers. In the case of adding ZnO with a high concentration (0.5 g/L, Figure 12d), the composites
showed a transformation in morphology from granular (free ZnO, Figure 12a) to fibrous, more compact,
highly aggregated, and rapid sedimentation compared to the composite layer obtained with a lower
content of ZnO (0.2 g/L, Figure 12b). By measuring the CA for the as- prepared surface, it was
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determined to be 97◦, 125◦, and 136◦ for 0, 0.2, and 0.5g/L ZnO, respectively, as shown in the insets
of Figure 12a,b,d. Further, it was determined that the largest CA (136◦) was assigned to the highest
concentration of ZnO (0.5g/L). This result confirmed that the surface with a higher content of ZnO
exhibited a higher degree of hydrophobicity. Thus, there was a clear enhancement of hydrophobicity as a
result of the addition of ZnO nanoparticles. FE-SEM images illustrated that there was no agglomeration
of ZnO nanoparticles in the PANI matrix, and there was a uniform distribution of particles in the PANI
matrix. Accordingly, it was considered that the ZnO particles were embedded within the structure
built by the PANI chains and generated the porous PANI/ZnO composites. Moreover, Figure 12d
shows a nanoscale hair-like feature on the top of fibers. Again, this type of hierarchical structure plays
a major role in enhancing the hydrophobicity.Coatings 2019, 9, x FOR PEER REVIEW 14 of 18 
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(b) 0.2 g/L, and (c) 0.5 g/L ZnO deposited at 30 cycles. (d) Higher magnification of (c). FE-SEM images
show the water drop CAs imbedded on the respective surfaces.

The formation of PANI/TiO2 nanocomposite formed at cycling potentials (–0.5 to 1.5 V) for
30 cycles with different TiO2 concentrations was further confirmed utilizing XPS analysis, as shown in
Figure 13. It is clear that there was a peak for Ti, confirming the presence of Ti species in the composite.
The XPS spectra of Ti2p (Figure 13e) show two peaks at 458.97 and 464.59 eV, corresponding to Ti2p3/2

and Ti2p1/2 spin orbital splitting in the Ti 4+ chemical state. This result is in strong agreement with
the result by Li et al. [59]. The Ti2p1/2 peak is broader than the Ti2p3/2 peak at the moment, and this
phenomenon, the Coster–Kronig effect, has appeared often in the literature [60]. Red shifts toward
a high binding energy were far from the pure TiO2 (452.92 and 464.89 eV). This binding energy shifts
could be due to a change in the chemical state or electronic interaction between the PANI surface
and the TiO2 nanoparticles [61]. From Figures 13b and 14b, three peaks located at 284.31, 284.9 and
286.94 eV were observed and can be attributed to C–C, C–O, and C=O, respectively.
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The compositional information of the as-prepared samples of PANI/ZnO nanocomposites has
been investigated by the XPS technique (Figure 14). The spectra detected that there is a peak exhibited
at 1021.95 eV, which is attributed to the Zn2p3 demonstrating the presence of ZnO in the composite.
Moreover, the XPS survey shows the presence of oxygen (O1s, ~634.64 eV), nitrogen (N1s, ~399.28 eV),
carbon (C1s at ~288.27 eV), calcium (Ca2p at ~351.01 eV), phosphorus (P2p at ~136.85 eV), zirconium
(Zr3d3 at ~185.91 eV), and silicon (Si2p at ~106.04 eV).
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Figure 14. XPS spectra of the PANI/ZnO nanocomposite: (a) full survey, (b) C1s, (c) O1s and (d) N1s.

4. Conclusions

The following conclusions can be drawn from this investigation.

• The electrochemical polymerization using the CV method was employed to prepare PANI
and the PANI/TiO2 and ZnO nanocomposites. Comprehensive characterization and analysis
were presented.

• HR-TEM images revealed that the particle sizes of the prepared powders (ZnO and TiO2) were in
the ranges of 13 and 6.5 nm, respectively.

• FE-SEM images of the PANI/TiO2 and PANI/ZnO nanocomposites showed the formation and
morphological evolution of the PANI thin films. The mechanism of morphological growth of the
PANI nanocomposites was discussed.
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• The XPS chemical and surface analysis was used to study the surface chemistry and the surface
composition of PANI and the PANI nanocomposites. Detailed information from the scan spectrum
was presented for all elements in the thin film. The analysis confirmed that the incorporation of
the oxide nanoparticles in the matrix.

• The results clearly indicated that a superhydrophobic PANI coating can be produced by a simple
and inexpensive electrochemical polymerization technique.

• The maximum water CA of the prepared coating layer with TiO2 reached 146◦ without any
optimization for the produced coatings.
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