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Role of Mn Doping in Improving the Hydrophobic Property
of ZnO Coating on Aluminum Substrate
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Due to their interesting physical and structural characteristics, zinc oxide nanostructures are one of the
most commonly used materials to elaborate hydrophobic or superhydrophobic surfaces. In this work,
undoped and Mn-doped ZnO thin films are prepared by the thermal oxidation of electrodeposited
zinc thin layers on aluminum substrates. Structural analysis by X-ray powder diffraction and Raman
spectroscopy shows the formation of ZnO mico-nanostructures, and no secondary phase linked to Mn
is detected. Energy dispersive X-ray spectroscopy analysis confirms the presence of zinc and oxygen,
with no Mn element detected in the doped samples. However, at high Mn concentrations, Raman
spectroscopy shows the main ZnO modes with a decrease in their intensities and the appearance of new
modes with increasing Mn concentration, indicating that the structural quality is slightly degraded. The
formation of the deformed flower-shaped structures covered with spherical ZnO nanostructures leads to
the hydrophobicity of the ZnO coating, and doping with a small Mn concentration improves this last

(2024)

property.
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1. Introduction

Zinc oxide (ZnO) is commonly used in the form
of powder, bulk, and thin films for technological
and commercial applications [1-3]. Due to its hy-
drophobic affinity, nanostructured ZnO is also con-
sidered as a good self-cleaning coating because of
the low surface free energy of the (002) planes in
the wurtzite structure [4]. Surface hydrophobicity
is determined by a combination of its chemical, to-
pographic, and microstructural properties. A flat
surface with low surface energy is known to have
a high contact angle (CA) with water, i.e., be-
tween 100 and 120°. However, this is insufficient
to produce a superhydrophobic surface, which re-
quires a water contact angle greater than 150°. If
a surface is rough or micro-textured with low in-
terfacial free energy, the contact angle with water
can reach almost 180° and the surface will remain
dry [5]. These surfaces are better suited for coat-
ings on substrates made of glass for electro—optical
applications like solar cells [6]. However, there are
some other applications of this coating on metallic
materials; it can be used for satellite antennas, bill-
boards, and high-voltage lines because it has good
self-cleaning properties [7], anti-adherence to snow
or ice, etc. [8-10].
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Aluminum is one of these metallic materials,
which has been a crucial material for study in recent
times due to its abundance in nature, ease of han-
dling, and numerous industrial applications, partic-
ularly in the aerospace and local industries [11, 12],
packaging, building construction (windows, doors,
etc.), household items (cooking utensils), electron-
ics (transmission lines, substrate materials, light-
emitting diode (LED) support, etc.), chemistry, op-
tical coating, and mirrors [13]. A significant dis-
advantage for these applications is that aluminum
corrodes easily, especially in aqueous conditions
with Cl™ ions, even in trace concentrations of
Cl~ [14]. Therefore, creating a hydrophobic or su-
perhydrophobic coating for this material is essen-
tial. Previous research has demonstrated that the
application of superhydrophobic coating is an ef-
ficient corrosion prevention strategy [15]. Among
these materials used as coating thin films is zinc
oxide (ZnO).

ZnO coatings can be synthesized in a variety of
ways. The particular needs of the application, the
intended thickness, the homogeneity of the film,
the surface states, and the equipment and resources
available all play a role in the selection of the syn-
thesis process. Electrodeposition is one of the simple
and easy techniques for producing ZnO thin layers;
this is a process where charged colloidal particles
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suspended in a liquid medium are deposited un-
der the influence of an electric field and accumu-
late on the surface of the electrode. This method
offers appropriate and controllable ways to elabo-
rate composite films on a variety of substrates, such
as altering the applied voltage and the electrolyte
composition [16]. Furthermore, it is the most widely
used and inexpensive method of producing surface
roughness on metal.

The majority of scientific publications describe
the process of modifying ZnO films for coatings.
Examples of such modifications include adjusting
the Zn:O ratio and changing the electrolyte solu-
tion composition, temperature, and electric poten-
tial [17-19]. Yin et al. [20] successfully produced a
superhydrophobic coating on aluminum alloy by an-
odization process and chemical modification, utiliz-
ing zinc oxide (ZnO) nanoparticles suspended in al-
cohols at different bath temperatures and function-
alized with stearic acid. In another study, the au-
thors used electrodeposition of copper on aluminum
surfaces and electrochemical modification with or-
ganic molecules containing stearic acid to generate
superhydrophobic aluminum surfaces [21]. Hassan
et al. [22] worked on the development of super-
hydrophobic surfaces using magnesium nanoparti-
cles for catalytic applications and achieved excellent
properties on the aluminum substrate along with a
high-water contact angle of 160° and a low sliding
angle of 2° via etching, immersion, and annealing
method. By changing a coating formulation based
on hydrophilic silica nanoparticles and poly (acrylic
acid) (PAA), it is possible to observe how parti-
cle loading affected the wetting qualities of coatings
and how an increase in particle loading increased
wettability [23]. Da Silva et al. [24] fabricated a low-
cost superhydrophobic coating on 5052 aluminum
alloy using a combination of methods. By the ap-
plied methodology, they are able to achieve superhy-
drophobic coatings with a contact angle of 164° and
sliding angles of 1°. Corrosion inhibitors and surface
modification can be dangerous and have an adverse
effect on the environment. They are also expensive
and time-consuming. To prevent metal corrosion,
it is therefore essential to develop easy, inexpen-
sive, non-toxic, and environmentally friendly sur-
face treatment methods. In this context, recently,
we fabricated a hydrophobic ZnO coating on alu-
minum substrates easily by thermal oxidation using
the electrodeposition method. We show the impact
of oxidation time or temperature on the morpholog-
ical and structural characteristics and hydrophobic
property of the obtained ZnO thin films [25, 26].

In this paper, we aim to improve the hydropho-
bic property of ZnO coating on an aluminum sub-
strate by the addition of the Mn element, using a
low-cost and simple electroplating technique. ZnQO
is chosen for deposition as a thin film due to its
excellent physical and non-toxic properties. Also,
it is found that ZnO thin films can be superhy-
drophobic without any low surface energy passi-
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TABLE I

Used precursors and optimum conditions for the de-
position of pure and MZnO thin films.

Parameters Optimized values

Zn acetate solution
. 0.2 mol/1
concentration

Mn concentration 0. 01, 0.5, 2, 4, and 6%

bath temperature 25°C
solution quantity 40 ml
distance between
1.5 cm
two electrodes
DC voltage -10V
deposition time 15 min
annealing temperature 500°C

vation layers [27-29]. The effect of doping concen-
tration on the structural and physical properties of
ZmO thin films elaborated by the thermal oxidation
technique on aluminum substrates has been studied.

2. Experiment

2.1. Substrate preparation

In this present work, aluminum is chosen as a sub-
strate due to its many good properties that give it
a great advantage in many industrial applications.
Before deposition, the substrates undergo mechan-
ical polishing until the desired surface shape and
thickness of 2 mm are obtained. After that, the sub-
strates are cleaned ultrasonically for 15 min in a
methanol and distilled water bath, respectively.

2.2. Experimental conditions

Zinc acetate dihydrate powder (Zn(CH3COO)q—
2H50) precursor is first dissolved in distilled wa-
ter to prepare the starting solution with a molar-
ity of 0.2 mol/l for the deposition of undoped Zn
thin films. For Mn-doped ZnO layers, manganese
acetate (Mn(CH3COO),) is added to the base so-
lution with different concentrations (Table I). The
deposition of the studied thin films is carried out at
a low temperature with agitation in order to speed
up the reaction on the substrate and make it pos-
sible to increase the deposition rate and improve
the quality of the resulting films. This is performed
at —10 V for 15 min, with respect to the distance
between the aluminum substrate (cathode) and the
platinum electrode (anode) of 1.5 cm. Undoped and
Mn-doped ZnO thin films are obtained by thermal
oxidation at 500°C for 2 h of electroplated Zn layers
in a tubular furnace. Table I summarizes the vari-
ous parameters optimized in this work.
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Fig. 1. XRD spectra of pure and MZnO thin
films with different Mn concentrations (x — Al
and + — Zn).

The present phases and their orientations are ex-
amined using a Panalytical Empyrean diffractome-
ter (X-ray powder diffractometer (XRD), Cu K,
radiation, A = 1.540 A, in the range from 10°
to 80°). Raman spectra are recorded using a
HORIBA LabRAM HR Evolution spectrometer at
room temperature with a monochromatic radiation
source of 473 nm. The morphological and elemen-
tal analyses are performed using a field emission
gun scanning electron microscope (FEG-SEM)(Jeol
JSM-7100F) equipped with energy dispersive X-ray
spectrometer (EDX). The contact angle measure-
ments are carried out 5 s after the deposition of
a water drop with a volume of 5 uL on the elab-
orated thin films using a LEYBOLD 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.

3. Structural characterizations

3.1. X-ray diffraction study of undoped and
Mn-doped ZnO thin films

The X-ray diffraction is performed on undoped
and Mn-doped ZnO thin films (MZnO). The dopant
concentrations vary in the range of 0.01-6%, by
keeping all other deposition parameters constant
during the deposition. The obtained spectra (Fig. 1)
of pure and MZnO thin films reveal that all elab-
orated thin films are polycrystalline. They show
multiple peaks corresponding to (100), (002), (101),
(102), (110), (103), (112), (201), and (202) planes
related to the hexagonal wurtzite crystal struc-
ture (according to ICDD card No. 01-070-2551). All
diffraction spectra show a major peak (101) located
around 36.298°, highlighting the preferential direc-
tion of elaborated ZnO thin films. Regardless of the
doping concentration, all the spectra of elaborated
films show peaks similar to pure ZnQO, and no new
peaks associated with Mn oxides appear. This con-
firms the successful substitutional replacement of
Mn ions in Zn sites of the ZnO lattice. It is also
observed from the XRD patterns that there is a
decrease in some peak intensities (especially the in-
tensity of (101) peak) at lower doping concentra-
tions (< 4% Mn) and an increase in (101) peak in-
tensity for 6% Mn compared with that of undoped
ZnO. This can be explained by the variation of crys-
tallite size which is calculated using the Scherrer
formula [30]

KN
~ Beos(fp)’

where K is a constant known as a shape fac-
tor (K = 0.94), A is the X-ray wavelength of
1.5406 A, 65 is the Bragg diffraction angle, and
B is the FWHM (full width at half maximum)
of 93.

At lower Mn concentrations, the decrease in the
crystallite size (see Table II) is due to strain caused
by the incorporation of manganese ions into zinc
ion sites, accompanied by a decrease in diffraction
peak intensity; this effect is also observed in other
previous studies [31].

However, it can be seen that at the Mn concen-
tration of 6%, the opposite effect occurs. This vari-
ation in peak intensity shows the doping concentra-
tion effect on the surface texture of the studied thin
films. Additionally, coexisting transition metal ions
in the ZnO matrix can promote grain coalescence
by raising the electrostatic energy and decreas-
ing the energy barrier needed for grain boundary
motion [32].

Usually, the number of dislocations per unit area
determines the dislocation density in the thin film.
These values show the quality of the films and de-
fect states in a given material. By knowing the
crystallite size, the dislocation density (§) can be

(1)
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Structural parameters of pure and MZnO thin films treated for 2 h at 500°C. TABLE II
Samples 20101 ] FWHM [°] Crystallite size DisloczliStion' densit}zf Lattice defoirgnation
D [nm] 0 (x107°) [ligne/m?] e (x1077)
pure ZnO 36.299 0.225 39 0.664 0.9329
0.01% Mn 36.263 0.315 28 1.302 1.3062
0.5% Mn 36.240 0.257 34 0.866 1.0658
2% Mn 36.319 0.324 27 1.377 1.3433
4% Mn 36.278 0.297 29 1.157 1.,2315
6% Mn 36.280 0.184 47 0.444 0.7629
determined using Williamson and Smallman’s for- TABLE III

mula for the (101) plane [31]

1
(5 == ﬁ,
where D is the average crystallite size.

(2)

Microstrain () of the prepared ZnO films is cal-
culated using the following equation [31]

_ Bcos()
€= 1
where g is the FWHM.

The dislocation density and the microstrain val-
ues are found to increase for low Mn concentration
compared with a pure sample (Table II). However,
for high doping concentrations (6% and 4% Mn),
these parameters decrease due to the increase in
crystallite size. This is mainly linked, firstly, to the
increase in grain boundaries for low doping concen-
tration (D is minimal), and secondly, to the distor-
tion of the ZnO host lattice due to external factors.
Mn™? impurities reduce the nucleation and subse-
quent growth rate of the ZnO nanostructure [31]. In
order to stabilize the crystal structure, the crystal-
lite size decreases to release the internal strain [33].

(3)

The stress state of the prepared thin films can be
determined using XRD spectra. The biaxial stress
€., along the ¢ axis perpendicular to the substrate
plane is calculated from the lattice parameter ¢ [34],
ie.,
€zz = ¢ COCO (4)

where c is the lattice parameter of the elaborated
ZnO films and Cy (0.5207 nm) is the unstrained
ZnO lattice parameter.

100%,

The residual stress o parallel to the thin film sur-
face is expressed as [34]
o 2C; — C33(C11+C12) C —Cp (5)

2013 Co =

Here, C;; are the elastic stiffness constants for single
crystal ZnO (Cp; = 208.8 GPa, Cs3 = 213.8 GPa,
C1o = 119.7 GPa, C13 = 114.2 GPa). According to
the previous relations, we find a link between the
biaxial stress e,, and the residual stress o

o= —-233e,,.

(6)
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Values of ¢, e,., and o for pure and MZnO thin films
treated for 2 h at 500°C.

Samples exz (%] o [GPa) c[A]
pure ZnO —0.0400 0.0932 5.2062
0.01% —0.0759 0.1769 5.2055
0.5% —0.0055 0.0129 5.2069
2% —0.5522 1.2868 5.1955
4% —0.4865 1.1336 5.1973
6% —0.4134 0.9633 5.1987

Note that they have the opposite direction in the
interface plane of the layer and the substrate [35].
This shows the advantage of measuring the ¢ param-
eter since it allows us to know the state of the stress
in different directions in elaborated thin films. The
strain can be positive (tensile) or negative (com-
pressive).

Table IIT shows the stress values for elaborated
thin films. The negative sign of e,. indicates that
the films are under compressive stress along the ¢
axis, accompanying the positive values of residual
stress; the latter confirms that the films undergo
an attractive force parallel to the substrate surface
caused by impurities (doping elements), defects (de-
crease in vacancies), and lattice distortions (growth
of grain) in the crystal.

3.2. Raman spectroscopy study of undoped
and Mn-doped ZnO thin films

Raman spectra are more sensitive to crystallinity,
structural disorder, and defects of nanostructures.
The vibration properties of ZnO thin films doped
with manganese are investigated by the Raman
scattering technique in this work.

The Raman spectra of pure and Mn-doped
ZnO thin films treated for 2 h at 500°C are
presented in Fig. 2. For low Mn concentra-
tions (0.01% and 0.5%), one can observe five
peaks: Elov, piMeh)_plow) - 4,(T0), EYER and
A1(LO)/E;{(LO). These peaks correspond to the
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Fig. 2. Raman spectra of undoped ZnO and
MZnO thin films treated for 2 h at 500°C; the dop-
ing percentage is indicated inside the curves.
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Fig. 3. Raman spectra of bulk ZnO as a reference.

hexagonal ZnO phonon modes, as compared with
bulk ZnO (Fig. 3). The high intensity of the E&"
peak for the studied samples is related to the vibra-
tion of the oxygen atom sublattice in the ZnO crys-
tal [36, 37], which reflects the crystallization qual-
ity of the ZnO thin films of the hexagonal wurtzite
structure [38]. This confirms the obtained results of
the DRX analysis. The shift of this peak toward a
lower or higher wavenumber is due to the chemi-
cal bonds and symmetry of the atoms [39]. Hence,
changes in chemical bond length cause a wave num-
ber shift due to Mn doping into the ZnO lattice.
It was found that the E2'®" peak position is very
sensitive to the intrinsic residual stress of the ma-
terial [40, 41]; moreover, the previously calculated
values of the residual stress show that as the MZnO
thin films are under attractive force (¢ > 0) par-

allel to the substrate surface, the Egigh peak shifts
to higher wavenumbers with an increase in the Mn
concentration (Fig. 4). For high Mn concentrations
(2%, 4%, and 6% Mn), the main peaks of the un-

doped ZnO lattice are still visible, although the
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MZnO thin layers treated for 2 h at 500°C; the dop-
ing percentage is indicated inside the curves.

shape of the Raman spectrum changes, indicating
that the structural quality is slightly degraded. We
note the appearance of a new vibration near the
A1(LO)/E1(LO) modes of the hexagonal ZnO be-

tween 500 cm~! and 740 cm~! called BME" silent
mode [42, 43].

4. Morphological characterization of the
studied ZnO thin films

Different atomic rearrangement processes in-
volved during the thermal oxidation of undoped
and Mn-doped ZnO thin films on the aluminum
substrates are responsible for the different surface
topographies of these studied layers. Figure 5a—c
shows the micrographs obtained by the field emis-
sion gun scanning electron microscope (FEG-SEM)
and the corresponding EDX pattern (Fig. 6a—c) of
the studied samples. Figure 5a confirms that the un-
doped ZnO thin film exhibits a compact morphol-
ogy with needle-shaped nanostructures attached
to each other, whose thickness is reduced with
height. However, the surface morphology changed
with manganese doping. FEG-SEM images show
slightly deformed flower-shaped structures (conical
or spherical shape) formed on the surface of MZnO
thin film with 0.01% Mn. These deformed flowers
are covered with a large number of nanostructured
spherical ZnO (inset image with a large magnifi-
cation in Fig. 5b shows nanostructured spherical
Zn0), which roughens the surface of elaborate thin
layers. When the Mn concentration increases to 6%,
the density of the spherical and conical particles in-
creases (Fig. 5¢). Elemental analysis by EDS shows
the presence of zinc and oxygen in ZnO thin film,
and no Mn element was detected in doped samples,
which can be due to the low among of the Mn dop-
ing element (Fig. 6b—c).
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5. Wettability study of elaborated ZnO thin
films: Measurements of hydrophobicity

The wetting properties of elaborated ZnO thin
films are analyzed by measuring the contact an-
gle (CA) with water of these studied layers, as
shown in Fig. 7a—f. Measurements show that the
obtained contact angle is 120.9° for undoped ZnO
(Fig. 7a). The shape of the droplets is more spheri-
cal (Fig. 7a), which indicates that the undoped ZnO
film structure is inherently hydrophobic. Therefore,

100nm JEOL
KV LED SEM

5/28/2022
WD 8.8mm

100 nm

100 nm

Fig. 5. FEG-SEM images of ZnO thin films: (a)
undoped ZnO (inset image zoom shows spherical
or conical shape), (b) 0.01% Mn, (c) 6% Mn (inset
image with a high-magnification).
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the water contact angle value is related to the sur-
face morphology and Mn-doped ZnO coating. The
larger contact angle in the MZnQO thin films (0.01%
and 0.5% Mn), which enhanced from 120.91° in pure
ZnO to 135° in the MZnO thin films (Fig. Ta—c),
has been linked to the higher roughness of these
films due to the presence of microstructural coni-
cal flowers (= 1 pm) that are organized in specific
configurations and form rough surfaces, making it
possible to trap air in the holes between the hier-
archical structures and prevent water from spread-
ing on the surface. According to the Cassie—Baxter
model [44], in this case, the liquid droplet sits
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Undoped ZnOJ®)

Fig. 7.
(¢) 0.5% Mn, (d) 2% Mn, (e) 4% Mn, and (f) 6% Mn.

Fig. 8. FEG-SEM images of Mn-doped ZnO thin
film (6% Mn): (a) low-magnification FEG-SEM im-
age, (b) high-magnification FEG-SEM image.

on the maximum of the crest, so the hydrophobic-
ity increases. The presence of transition metals such
as Mn in the ZnO structure can reduce the surface
energy of the gains, which is made possible by ad-
ditional transition metal dopant porters [32]. So,
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MZnO 0.5%

MZnO 6%

Contact angle with water of the studied samples: pure ZnO (a) and MZnO thin films, (b) 0.01% Mn,

doping ZnO thin films on aluminum with low Mn
concentrations leads to an increase in the hydropho-
bic property.

Otherwise, highly Mn-doped ZnO (4% and 6%
Mn) leads to a decrease in the contact angle, and the
surface becomes hydrophilic (Fig. 7e and f). This
may be linked to the reduced surface roughness of
the ZnO film due to the existence of micropores
(Fig. 8). The high-magnification FEG-SEM image
of the 6% MZnO sample (Fig. 8b) clearly shows the
self-aggregation of several nanocrystals, which leads
to the formation of mesovoids, and to the genera-
tion of micropores. This indicates that the doped
ZnO thin films with high Mn concentrations con-
duct a high affinity for crystalline grains to coalesce,
which helps the increase in grain boundaries and
pores. Self-aggregation phenomena were observed in
a previous study. The authors focused on the elab-
oration of pure and doped ZnO nanoclusters and
the determination of their internal porosity [45]. In
this work, the surface of the studied MZnO sam-
ple (6%) is porous, exhibiting mesovoids (Fig. 8).
The pores are irregular in shape and randomly dis-
tributed everywhere in the spherical structure. The
presence of porosity permits the dispersion of the
water molecules in the pores of the films.

6. Conclusions

The objective of this work is to elaborate pure
and Mn-doped ZnO thin films with different Mn
concentrations obtained by thermal oxidation of
electrodeposited Zn on aluminum substrate. The
study is devoted to the effect of doping on the mor-
phology of the thin film and the crystallite size,
which in turn affects the hydrophobicity of the ZnO
coating.
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Structural characterization by XRD shows that
the synthesized ZnO thin films crystallize into
hexagonal wurtzite structure with a preferential
orientation along (101) whether ZnO is pure or
Mn-doped. The comparison of the obtained re-
sults shows that the thermally oxidized MZnO thin
films present a preferential growth direction along
the (101) axis, low dislocation density, and low
deformation. However, for higher Mn concentra-
tions, a few degradations of the host lattice ap-
pear by distorting the local atomic order around the
impurities.

The Mn-doped ZnO thin films with low Mn con-
centration exhibit a deformed flower-like structure
(spherical or conical shape). These deformed flowers
are covered with a large number of ZnO nanopar-
ticles, which roughens the surface of elaborate thin
films and leads to the best hydrophobicity among
the studied films. Doping ZnO thin films with high
Mn concentrations leads to grain coalescence and
the generation of pores, which contribute to surface
hydrophilicity.

In summary, the simple and low-cost technique of
thermal oxidation at 500°C in air of electroplated
Zn layers has been demonstrated as a very eco-
nomical and effective technique for the synthesis
of ZnO nanostructures on metallic aluminum sub-
strate. ZnO surfaces are hydrophobic in their pure
state, and when they are doped with low Mn con-
centrations, this property is improved.
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