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Abstract. The impact of the molarity solution on this property of elaborated ZnO thin films coating on a
metallic aluminum substrate are the aim of this present work. ZnO is the chosen material to be deposited in this
work; it is one of the most used materials in the development of hydrophobic surfaces due to its interesting
physical and structural properties. The samples were characterized by X-ray diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (FEG-SEM) equipped with energy dispersive X-ray analysis (EDX)
and a profilometer. The wettability properties of the synthesized films were analyzed by measuring the contact
angle between the surface of studied films and a deposited water drop (WCA). XRD analysis and Raman
spectroscopy show that ZnO is well synthesized by thermal oxidation in this present work, where the
crystallization of the deposited layer increases with increasing solution molarity. The calculated crystallite sizes
are in the nanometric scale and reach their maximum value for the prepared solution of 0.3 M with an average
crystallites size of 32 nm. The obtained results show that the surface morphology strongly depends on solution
molarity and has an effect on the hydrophobic properties of the elaborated ZnO thin films. The elaborated
sample with solution of 0.2 M shows compact granular attached to each other with an average size of 200 nm.
Measured surface roughness ranges from 7.653 pm to 0.526 wm. The shape and surface roughness of the prepared
thin layers had an effect on the surface hydrophobicity. The largest measured contact angle of 135.72°, was
achieved with a solution molarity of 0.2 M with the greatest roughness indicate the best hydrophobicity of this

sample.
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1 Introduction

Surface wettability is an important aspect of surface
properties and has significant implications for various
technological applications. Surfaces can be categorized
based on their characteristics, including chemical composi-
tion, structure morphology, and the contact angle (CA)
of liquids on the surface. Surfaces can be super hydrophilic
(0°< 6 < 5°), hydrophilic (5°< 6 < 90°), hydrophobic
(90°< 6 <150°), or superhydrophobic (150°< 6 < 180°).
Superhydrophobic surfaces have shown potential for
practical applications such as catalytic tissue engineering,
self-cleaning [1], oil recovery [2], anti-adhesion [2], photo-
catalysis [3], antibacterial [4], micro-droplet transport, anti-
icing coatings [5], antifouling [4], and corrosion protection [6].
The protection against corrosion of metals remains a crucial
economic issue. Metals like copper, aluminum and steel have
gained attention in industrial applications; however, no
metal is protected from corrosion in different environments,
S0 it is necessary to find solutions to protect these materials.
In order to improve the corrosion resistance of these metals,
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common methods include: (I) adding a corrosion inhibitor
[7]; (IT) surface modification treatment [8]; (III) electro-
chemical protection [6]. These treatments provide good
corrosion resistance in specific environments, but there are
some limitations. Therefore, it is important to develop cost-
effective, simple, non-toxic, and environmentally friendly
surface treatment methods to prevent metal corrosion.
Surface chemistry, including topology, is used to control
surface wettability. For this mechanism, several techniques,
such as hydrothermal method [5], electrodeposition [9],
chemical vapor deposition [1] andthermal spraying [10] have
been developed to achieve the surface wettability required
for super hydrophiles. Among them, the electrodeposition
technique presents controllable and suitable strategies for
elaborating composite films on complex and diverse
substrates, including adjusting the applied voltage and
different electrolyte compositions [11]. In addition, it is a
relatively less expensive and most practiced technique for
creating roughness on the metal surface. For instance,
Belamri et al. [12] reported the effect of annealing time on the
morphological and structural characteristics of zinc oxide
thin films grown on aluminum cathode substrates using
electrodeposited technique. It has been observed that the
shape and surface roughness of the as-prepared films had an


mailto:belamri.zehira@umc.edu.dz
https://www.edpsciences.org
https://doi.org/10.1051/epjap/2024230146
https://www.epjap.org

2 Z. Belamri et al.: Eur. Phys. J. Appl. Phys. 99, 10 (2024)

impact on the results and the largest measured contact angle,
of 97°, was obtained after annealing for 2h at 500°C. Lala
et al. [13] studied the effect of compositional partitioning on
microstructural evolution and corrosion behavior of Zn-Mo
coatings (Mo: 2.8-6.5wt%) electrodeposited on mild steel
substrate. The authors showed that the corrosion
resistance of Zn coating increased with Mo addition until
7Zmn-4.2 wt% Mo, in addition, the incorporation of Mo resulted
in the formation of Zn-Mo solid solution. Huang et al. [14]
affirmed that superhydrophobic thin films have been
fabricated on aluminum alloy substrates by electrophoretic
deposition process using stearic acid functionalized zinc
oxide (ZnO) nanoparticles suspension in alcohols at varying
bath temperatures. It is shown that the atomic percentage of
Zn and O, roughness and water contact angle of the thin films
increase with the increase of the deposited bath temperature.
The same authors in another work, prepared superhydro-
phobic aluminum surfaces by means of electrodeposition of
copper on aluminum surfaces, followed by electrochemical
modification using stearic acid organic molecules. A critical
value of deposition potential of —0.6 V in combination with
the stearic acid modification offers a surface roughness of
6.2 pm with a water contact angle of 157°, resulting in
superhydrophobic properties on the aluminum substrates
[15]. Adding corrosion inhibitors or surface modification, are
expensive and can lead to toxicity and environmental issues.
So, it is important to develop cost-effective, simple, non-
toxic, and environmentally friendly surface treatment
methods to prevent metal corrosion. In our work, ZnO is
chosen materials for their excellent physical properties and
no toxicology material, using a low-cost and simple electro-
plating technique. In most scientific reports, the modification
of ZnO films of coatings has been carried out in terms of the
composition of the electrolyte solution, the temperature, the
electric potential, the annealing treatment and the adjust-
ment of the Zn:O ratio [16-19]. Among the elaboratment
parameters, the concentration of the solution plays an
important role in improvement of the crystallite size, texture
coefficient and hydrophobicity of glass surfaces [20]. To our
knowledge, there are a few articlesin the literature describing
the effect of molarity of ZnO thin film coating on aluminum
metal substrate prepared by electrodeposition method.

In this context, the objective of the present work is to
manufacture hydrophobic coatings on metallic aluminum
substrates by adjusting the parameters of the electrodepo-
sition and studying the morphology and surfaces wettabil-
ity of thin layers obtained with different solutions molarity.

2 Experimental

Before the deposition of the Zn layer, the aluminum
substrate undergoes mechanical polishing until a flat shape
and a thickness of 2mm are obtained. After that, it is
ultrasonically cleaned for 15min in two baths, one with
distilled water and the other with ethanol. Zinc acetate
dihydrate powder (Zn(CH3COO),.2H50) precursor (VWR
CHEMICALS Prolabo 99.8%), was first dissolved in
distilled water to prepare the starting solution with
different molarities (0.1, 0.2, and 0.3 M) for the deposition
of Zn thin films. Aluminum substrate as cathode and

Table 1. Optimal conditions for the production of ZnO
thin films.

Parameters Optimized value
Zinc acetate solution concentration 0.1, 0.2, 0.3 M
Bath temperature 25°C

Solution quantity 40 ml

Distance between the two electrodes 1.5 cm

DC Voltage —10V
Deposition time 15 min
Annealing temperature 500°C

platinum as anode were vertically immersed in the
prepared solution. During the elaboration, various param-
eters were optimized in order to obtain uniform and
adhesive deposits, are shown in Table 1. After deposition,
the Zn films are thermally oxidized at 500°C for 2h in a
tubular furnace. The current phases and their orientations
were investigated using a PANALYTICAL empyrean
diffractometer (XRD, Cu K, radiation, =1.540 A, scan
speed of 0.164°/s, in the range from 10° to 80°). Raman
spectra were registered using HORIBA LabRAM HR
Evolution type spectrometer at room temperature with a
monochromatic radiation source of 473 nm. The morpho-
logical and elemental analyses were performed using a Field
Emission Gun Scanning Electron Microscope (SEM, Jeol
FEG JSM-7100 F) equipped with an energy dispersive
X-ray spectrometer (EDX). The roughness of deposited
ZnO thin layers was measured by a PCE-RT 1200 model
profilometer. The contact angle measurements are carried
out 5 s after the deposit of a drop of water with a volume of
5 L on the films produced using a LEYBOLD type light
source (6'V, 30 W) and a projection lens which allows the
static image of the drop displayed on a 30 x 30 cm? screen
to be enlarged.

The flowchart in Figure 1 summarizes the experimental
deposition procedure followed to elaborate our films.

3 Results and discussion
3.1 X-ray diffraction analysis

The identification of the electrodeposited layer and the thin
film of ZnO structures formed after thermal oxidation at
500°C were carried out by comparison with existing
databases in the form of JCPDS files 03-065-3358/-01-079-
2205 respectively. After the designation of the substrate
peaks and that of Zn, the X-ray diffraction spectra of the
prepared samples obtained at three molarities (0.1, 0.2, and
0.3M) represent characteristic peaks of the compact
hexagonal phase ZnO of Wurtzite structure, which proves
that the ZnO was well synthesized in this present work
(Fig. 2). The peaks intensity increases with increasing
solution molarity, which is related to an increase in the
crystallization level of the deposited layer due to the
greater amount of Zn species present in the solution.
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Fig. 1. Schematic diagram of ZnO thin films deposited with different molarity.
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Fig. 2. XRD spectra of ZnO thin films prepared from the three molarities that are indicated on each spectrum.

With increasing molarity, the three diffractograms
show a main peak of this structure located at 36.2151°,
36.2356°, and 36.2242°, respectively, highlighting a priv-
ileged orientation of ZnO structure growth along the
crystallographic axis (101). The peak (101) narrows with
theincrease in molarity, which lets us, think that the average
crystallites size forming the layer increases with the increase

in the solution molarity. The average crystallites size was
evaluated according to the most intense peak (101) using the
flowing Scherrer’s relationship [21-23].

0.9

~ Bcos (1)
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Table 2. Average crystallites size, a, ¢ and texture coefficient (TC ) values of prepared ZnO thin layers.

Molarity, (mol/1) 20100 (°) 20,01 (°) 20002 (°) FWHM D, (nm) a, (A) ¢, (A) TC ()
0.1 31.7331 36.2151 34.3971 0.3342 25 3.2533 5.2102 0.893
0.2 31.7383 36.2356 34.4058 0.3044 27 3.2528 5.2090 0.911
0.3 31.7288 36.2242 34.3962 0.2606 32 3.2538 5.2104 1.368

where, is the X-ray wavelength (0.15406 nm for Cu Ka
radiation), B is the full width at half maximum (FWHM) of
the peak corresponding to the (101) orientation and 8 is the
Bragg angle corresponding to the (101).

Table 2 displays the obtained results. From the
obtained results, it is noted that the crystallite size
increases with the increase in molarity; this may be due to
the increase in the number of Zn ions reaching the
substrate. A higher condensation of the Zn atoms
accompanied a faster nucleation of the crystallites, which
leads to an increase in their size. This indicates the
enhancement of the ZnO thin layer crystallinity, which is
achieved with 0.3 M.

There is also a shift of the most intense peak (101) of the
ZnO layer towards higher values than the normalized one
(36.215°). In order to explain this shift, one can calculate
the lattice parameters a and ¢ using the following relations
valid for the hexagonal structure [24]:

A
a=—" 2
/3 xsinf @

A
©~ sing (3)

where, A is the X-ray wavelength (1.5406A) and @: is
diffraction angle of (100) peak for a parameter and of (002)
peak for ¢ parameter.

Table 2 displays the obtained results.These values are
slightly different from those of the normalized ZnO lattice
parameter values, which are: a=3.253 A and ¢=5.213 A.
This indicates that these layers are in a compression state
parallel to their growth direction, which may be due to the
difference in thermal expansion coefficients between the
deposited material and the aluminum substrate.

When the crystal lattices of the substrate and the layer
perfectly accommodate each other, a crystallographic
relationship appears at the interface. A deformation due
to the disagreement of the lattice parameters of the
materials can also be caused by this accommodation. This
type of deformation generates coherence stresses in the two
contacting materials. The stress state in the elaborated
ZnO layers can be determined using XRD spectra. The
biaxial stress e,, along the c¢ axis perpendicular to the plane
of the substrate is calculated from the ¢ parameter [25]:

e, = Crim — Co %100 (4)

where, Cy,: lattice parameter of the deposited layer and
Cyepps = Co=5.213 (A).

Table 3. ¢,, and o values for deposited ZnO thin films of
various molarities.

Molarity, (mol/1) €, (%) o, (GPa)
0.1 —0.052 0.120
0.2 —0.076 0.178
0.3 —0.049 0.115

We can confirm the type of stress that the layer
undergoes by studying the sign of e,, parameter. The
calculation results (Tab. 3) show that the e,, has a negative
sign, which confirms that this layer undergoes a compres-
sive stress parallel to the direction of its growth.

The residual stress o parallel to the surface of the layer
is expressed by the following relation [25]:

2035 — C33(C11 + Cho) . Ctim — Co
B 203 Co

(5)

where, c;; is the elastic constant for a monocrystalline ZnO
structure (¢;3 = 104.2 GPa,c33 = 213.8 Gpa, ¢;; = 208.8 Gpa
and ¢1o=119.7 Gpa)[24].

0(GPa) = —233 x e,,. (6)

The calculated values of o for the samples of different
molarities are presented in Table 3. It’s noted that all these
values have a positive sign, indicating that the ZnO layers
are under a tensile stress perpendicular to the ¢ axis.

The texture coefficient TCqywhich can be evaluated
using the following relationships. Equation (7) [26], is
calculated in this work:

L(nk)
TCO(hki) = — 2 (7)

I
1 (hkl)
N 2 )

where: TCq): Texture coefficient of (hkl) plane, Iy
XRD peak intensities obtained from the films, Ijuwu):
Intensities of the standard diffraction pattern (JCPDS card
01-079-2205) and N: Number of considered diffraction
peaks.

The obtained calculus (Tab. 2) shows that the texture
coefficient of the (101) peak for ZnO thin films increases
from 0.893 to 1.368 as the solution molarity increases from
0.1 to 0.3M. This indicated that the crystallites
are preferentially oriented along the (101) plane. Also,
the intensity of the (101) peak gradually increases with the
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Fig. 3. Raman spectra of ZnO thin films obtained from 0.1, 0.2,
and 0.3M (ZnO powder as reference bulk state material).

solution molarity which concluded that the increase in
solution molarity enhances the crystallinity of the studied
thin films.

3.2 Raman spectroscopy analysis

To complete the structural properties study of the
elaborated ZnO thin films, Raman spectroscopy was used
in this present work. Raman spectroscopy can inform us
about the structural properties of the studied materials,
their stress states, and the determination of the different
phases through the identification of the different vibration
modes of the crystal lattice. Thus, we can know the stress
state present in the studied material by observing the
displacement of the peak position in comparison with the
values of the material in bulk state. In this present work,
commercial ZnO powder is used as a reference (bulk state
material).

The obtained spectra of the studied samples (Fig. 3) are
similar to those of massive ZnO and consist of five I?eahks
corresponding to BV, B, —E,o%, A1(TO), E,"&" and
A1(LO) /E1(LO) modes of the ZnO phonons of hexagonal
structure [27]. The presence of all these peaks with variable
intensities depends on the deposited solution molarity.
These the three spectra present two intense peaks around
100 cm ™', which correspond to the E;"°" mode associated
with the vibration of the zinc atoms lattice [27], and at
440 em ™!, which correspond to the E."®" mode which is
attached to the vibration of the sub-lattice of oxygen atoms
in the ZnO crystal [28]. These two representative modes of
Waurtzite ZnO structure with good crystalline quality.

It is known that E,™&" phonon Raman spectroscopy
plays an important role in studying the residual stress in
ZnO crystals because the stress induced in Wurtzite
structure crystals affects the frequency of E, phonons.
A decrease in the E;"®8" phonon frequency is attributed to
tensile stress, while its increase is attributed to compressive

Peak Ephigh &: \ ZnO powder
NAY ZnO 0.1 M
ZnO 02 M
N Zn0O 0.3 M

Intensity (arb.u.)

T T L T T
430 440 450 460 470 480

Raman shift (cm'l)

T T T
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Fig. 4. Superposition of the Raman E,"%" peak of studied ZnO
thin films.

stress [29]. Figure 4 clearly shows the shift of the E,"&"
phonon peak towards low frequencies for the three studied
thin films, its value is slightly lower than that of bulk ZnO
(442 cm ™) which suggests that the films were under slight
tensile stress. This confirms the calculation results obtained
from the residual stress in this present work.

3.3 Morphology and wettability analysis

There are varieties of ZnO nanostructures that have been
discovered in the form of nanorods, nanotubes, nanobelts,
nanosprings, nanospirals, nanorings, and many others
[30,31]. Figures 5—7 show the FEG-SEM images and the
images of water droplet on the surface of elaborated ZnO
thin films with different molarity. They clearly illustrate
that the grain size of studied ZnO layers and their
morphology depends strongly on the concentration of
solution.

If the solution concentration is 0.1 M, the films are
relatively compact (Fig. 5a). The microstructure presents a
mixture of spherical granular with an average size of 40 nm
and a large compact grains with an average size of 200 nm.
According to the literature [16,22], contact angle washers
were well associated with film roughness. So, Grain growth
due to aggregation during deposition causes an increase in
the roughness of the film. This leads to a contact angle with
water of this surface of 128.43° (Fig. 5¢) and the surface is
considered hydrophobic. The surface morphology changed
as the solution concentration increased. The ZnO sample of
0.2M exhibits a compact morphology with micrometric
granular attached to each other with an average size of
200 nm, well-defined grain boundaries and few nanorods
(Fig. 6a). The droplet shape on this surface was more
specific (Fig. 6¢).This indicates that the structure of the
ZnO film prepared with solution of 0.2 M is hydrophobic
with a larger contact angle (135.72°) than that the film
prepared with 0.1 M (128.43°). According to the obtained
results of roughness measurements (Tab. 4), we observe
that the roughness values are well linked to the contact
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Fig. 5. FEG-SEM image of ZnO thin film with 0.1 M, inset shows
a high magnification image (a), corresponding EDS with
appropriate indexing (b), and contact angle with water of the
ZnO coating (c).

angle. So, we can conclude that the highest roughness
presents the highest contact angle. The same result was
observed by Huang et al. [15] by studying of copper films on
aluminum surfaces deposited by electrodeposition. There-
fore, the rougher surface of 7.653 wm corresponds to sample
prepared with 0.2M due to grain growth caused by
aggregation during deposition. The amount of solute in the
solution increases as the concentration increases, and
consequently the electrostatic interaction between the

e a8
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Fig. 6. FEG-SEM image of ZnO thin film with 0.2 M, inset shows
a high magnification image (a), corresponding EDS with
appropriate indexing (b), and contact angle with water of the
ZnO coating (c).

solute particles becomes more significant, which increases
the chance of the solute coming together to form a grain,
so, the film surface also comes to be rougher. As the
concentration increases, the film morphology changed,
where the structure of the 0.3 M sample contains nano-
fibers (Fig. 7a). The droplet shape at this surface has
flattened (Fig. 7c) and the contact angle decreases to
87.17°. This decrease may be due to the formation of a
large number of ZnO nanofibers and the surface becoming
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Fig. 7. FEG-SEM image of ZnO thin film with 0.3 M, inset shows
a high magnification image (a), corresponding EDS with
appropriate indexing (b), and contact angle with water of the
ZnO coating (c).

hydrophilic. Elemental analysis performed by EDS shows
the presence of zinc and oxygen in the three elaborated
ZnO thin films.

4 Conclusion

The objective of this present work is the deposition and
characterization of hydrophobic coating films of zinc oxide

Table 4. Roughness and the contact angle as a function of
solution molarity for the deposited ZnO samples.

Molarity, (mol/1) Roughness, (wm) Contact angle, (°)

0.1 2.233 128.43
0.2 7.653 135.72
0.3 0.526 87.17

for different molarity of solution on metallic aluminum
substrates for different concentration of solution by the
electrodeposition technique with a view to obtaining
materials with good wettability properties of a solid
surface. X-ray diffraction reveals a polycrystalline nature
of the hexagonal ZnO phase of Wurtzite structure for all
the elaborated thin films, with a preferential crystallite
orientation following (101). The calculated micro-
structure parameters of the studied thin films such as
crystalline size (D) and texture coefficient (TCyqy),
showed that the crystallites size increases with increasing
solution molarity. So, the better crystalline quality is
obtained with prepared solution of 0.3 M. The difference in
thermal expansion coefficients between the deposited
material and the substrate as well as the disagreement
of their lattice parameters lead to the existence of stresses
in the two contacted materials. The layers undergo a
compressive stress parallel to the direction of their growth
and another tensile stress perpendicular to the ¢ axis. The
Raman spectroscopy analysis confirms the results obtained
by XRD, where the Raman spectra of elaborated ZnO thin
films consist of different hexagonal ZnO phonon modes.
The morphological study of the elaborated ZnO thin films
surface has been also studied in this work. It clearly
illustrates the formation of micro/nanometric grains
distributed more or less uniformly on the surface and
strongly depends on the concentration of solution. The
water droplet shape on these layers related to their
morphologies where the best hydrophobicity with a contact
angle of 135.72° is achieved with a compact granular
morphology attached to each other. This is carried out with
a 0.2 M molarity solution possesses a larger roughness. The
contact angle washers were well associated with film
roughness. In this study, the film prepared at 0.2M on
metallic aluminum substrate using a simple and cost-
effective electrodeposition technique demonstrates optimal
properties for preventing metal corrosion.
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