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Abstract.

This study presents an experimental approach for fabricating super-hydrophobic coatings based
on a dual roughness structure composed of zinc oxide nanorod arrays coated with a sputtered zinc
oxide nano-layer. The ZnO nanorod arrays were grown by mean of low-temperature
electrochemical deposition technique (75°C) on FTO substrates with pre-sputtered ZnO seed layer
of 30 nm thickness. The ZnO nanorods show a (002) orientation along the c-axis, and have a
hexagonal structure, with an average length of 710 nm, and average width of 156 nm. On the other
hand, the crystallite size of the top-coating sputtered ZnO layer is of 30 nm. The as-deposited ZnO
nanorod arrays exhibited a hydrophobic behavior, with a surface water contact angle of 108°,
whereas the dual-scale roughness ZnO nanorods coated with sputtered ZnO exhibited a super-
hydrophobic behavior, with a surface water contact angle of 157° and high water droplet adhesion.
The photo-catalytic degradation of methylene blue in the presence of both the single roughness
ZnO nanorod arrays, and dual roughness structured ZnO. The ZnO nanorod arrays showed good
activity, with a degradation efficiency of 50% and a degradation constant of (k = 0.00225 min)
after 5 hours of UV illumination. On the other hand, the ZnO dual roughness structure prepared
by sputtered ZnO on top of the ZnO nanorod arrays showed minimal activity, with a degradation
efficiency of 16% and a degradation constant of (k = 0.000586 min™t) after 5 hours of UV exposure.
The double structured films exhibited high sensitivity to UV light, with a UV-induced switching
behavior from super-hydrophobic to super-hydrophilic after only 30 minutes of UV exposure.
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Highlights

Hydrophobic ZnO nanorod arrays with high water-adhesion are achieved.

Sputtered ZnO top-coating is used to reach super-hydrophobicity.

Switchable wettability for ZnO single and dual roughness films under UV exposure.
Strong pinning to the surface, similar to the rose-petal effect.

The higher WCA is responsible for the decrease in the photo-catalysis activity.



1. Introduction and Background

Zinc oxide is an important n-type semiconducting material due to its wide band gap (3.37 eV at
room temperature) [1] and large exciton binding energy (60 meV) [2]. ZnO is emerging as an
efficient photo-catalyst due to its high surface reactivity, reaction and mineralization rates [3].
Because of the major importance of surface area and surface defects in the photo-catalytic activity
of metal oxides, one dimensional structures such as nanowires or nanorods represent ideal
candidate structures for photo-catalytic applications due to their large surface-to-volume ratio

compared to thin films [4].

There is a big interest in growing ZnO nanorods for their potential use in different applications
such as dye sensitized solar cells [5, 6], anti-reflective coatings (ARC) [7], chalcopyrite solar cells
[8, 9], light-emitting diodes [10], photo-catalysts [11-13], and gas sensing devices [14, 15].
Different processes have been reported to fabricate zinc oxide nanorods, such as physical vapor
deposition [16, 17], chemical vapor deposition [18], wet chemical deposition [19, 20], ink-jet
printing and hydrothermal processes [21, 22], surfactant assisted hydrothermal methods [23],
vapor phase transport [24, 25], and pulsed laser deposition [26].

Electrochemical and chemical bath depositions conducted at low temperatures [27, 28] represent
an easy, fast preparation and non-toxic process to prepare zinc oxide nanorod arrays. Moreover,

they can be up-scaled for industrial applications.

Zinc oxide is intrinsically hydrophilic, which is due to the presence of hydroxyl groups on its
surface [29, 30]. However, ZnO can be used to prepare hydrophobic surfaces by creating
hierarchical structures and roughening the surfaces [31, 32]. There exist two types of super-
hydrophobic surfaces, low and high water-adhesion super-hydrophobicity [33-35]. The first type
is inspired from the lotus plant, and is observed with water contact angles exceeding 150°, and
very low sliding angles (not exceeding 10°) [36]. On the other hand, high water-adhesion super-
hydrophobicity is inspired from the rose-petal effect or the gecko’s feet [37-39]. This type of
surfaces is characterized by high water contact angle (exceeding 150°) and high water adhesion
demonstrated by the firm pinning behavior of the water droplet to the surface at any sliding angle
[40].



The wettability of surfaces play an important role in different applications, and the creation of low
water-adhesion super-hydrophobic coatings have attracted special interest due to their potential
application for ultra-dry surfaces, self-cleaning and anti-fogging coatings. On the other hand, the
high adhesive rose-petal super-hydrophobicity can be used in applications such as liquid

transportation [41, 42] and single molecule spectroscopy [43].

The surface wettability of a chemically homogeneous smooth surface depends on the chemical
surface composition. Theoretically, the contact angle (8) of a droplet deposited on a perfectly flat
surface can be calculated using Young’s equation [44], Where (ysy) is the solid-vapor, (ys;) is the

solid-liquid and (y;y) is the liquid-vapor interfacial energies:

Ysv — VsL
oS Osmooth = (1)
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On the other hand, the effect of surface roughness on the wettability was first discussed by Wenzel
in 1936 [45] and then by Cassie and Baxter in 1944 [46]. Wenzel suggested that the increase in
the surface roughness increases the effective surface area, which would make a water droplet
spread more on rough hydrophilic surfaces and develop more solid-liquid contact. In the same
way, the increase in the effective surface area would make a water droplet spread less on a rough
hydrophobic surface to decrease the contact area to solid. The key assumption of this model is the
fact that the water droplet makes complete contact with the solid surface by penetrating into the
asperities of the surface, which is called Wenzel state, which is described by Eq. (2), where

(Brougn) is the apparent contact angle on a rough surface, r is the roughness factor and (0) is the

intrinsic contact angle described by Young’s equation:
€08 Brougn = 1 €0S Osmootn (2)

However, as the surface hydrophobicity increases as a result of a surface roughness increase, it
becomes improbable that the water droplet would have a complete contact with the surface by
completely following the surface topography of a hydrophobic surface. As a result, air may be
trapped between the water droplet and the surface texture, which makes the water in contact with
a composite surface of solid and air and forms fakir droplets, which is described by the Cassie-

Baxter equation, where (6.) is the apparent contact angle, (¢s) and (¢,) are the fractions of solid



and air in contact with the water droplet (¢5 + ¢ = 1), and (6,) is the contact angle of water in
air (6., = 180°):

cosfc = ¢ cos QSmooth + ¢y cosOy = ¢ cos eSmooth -(1- (.bs) (3)

In the Cassie state, a decrease in the solid fraction contacting the water droplet (¢s)) would increase
the apparent super-hydrophobicity of the surface, consequently, when more air is trapped in the

surface asperities results in an increase in the apparent surface hydrophobicity.

In contrast with the Wenzel and Cassie-Baxter regimes, the high adhesion rose-petal effect occurs
with a special wetting state referred to as the Cassie-impregnating regime [39] in which the water
droplet penetrates into the microstructure but only partially penetrates into the nanostructures,
causing high sliding angles, and therefore high water adhesion.

Previous research focused on selecting ZnO micro-rods to create a fakir effect, by making a
composite surface that consists of both ZnO and air, and minimizing the contact between the water
droplet and the surface [47, 48] in order to achieve low water-adhesion super-hydrophobicity.
Other research focused on using ZnO nanorods followed by surface modification in order to create
surface roughness-induced super-hydrophobicity [49, 50], the work of Xue et al. [51] consisted on
fabricating hydrophobic ZnO nanorods by electrodeposition, followed by a top coating of Cu20
on the ZnO nanorod arrays. The Cu20-coated ZnO nanorod arrays exhibited a super-hydrophobic
behavior, with a water contact angle reaching 166° and a sliding angle of 2°. Other research have
been dedicated to study the effect of sticky super-hydrophobicity, or super-hydrophobicity with
high sliding angles, due to high water adhesion using ZnO nanorods [34, 49, 52].

The purpose of this work is to study the surface morphology, structure, wetting properties and
switching behavior under UV light exposure, as well as the photo-catalysis ability of both
hydrophobic single roughness surface, fabricated with ZnO nanorod arrays only, and super-
hydrophobic dual roughness surface fabricated with ZnO nanorod arrays top coated with a layer
of sputtered ZnO.



2. Experimental Details

2.1. Preparation of ZnO Nano rods

In this work, ZnO nanorod arrays (NRA) have been prepared by mean of electrochemical
deposition. The ZnO NRA are grown on 5x5 cm? fluorine doped tin oxide coated glass (FTO)
substrates of 7Q/sq from Pilkington. Before the deposition, the FTO substrates were cleaned by
successively rinsed ultrasonically in acetone, ethanol and ultra-pure H2O, after the substrates were

cleaned, they were subsequently blown with Nitrogento dry.

The ZnO NRA are electrochemically grown on top of the FTO substrate, with a pre-deposited 30
nm intrinsic ZnO seed layer (SL) is pre-deposited by mean of sputtering as previously published
by Tang et al. [53]. Previous work by Elias et al. [54] demonstrates that electrodeposited ZnO
nanowire arrays on ZnO buffer layers showed increased nanowire density, compared to nanowire
arrays deposited directly on the substrate. Therefore, the intrinsic ZnO seed layer is used to control

the number of nucleation sites for ZnO NR growth.

The ZnO nanorod arrays prepared in this work were grown on the FTO substrates with the pre-
deposited 30 nm i-ZnO seed layer from a magnetically stirred aqueous solution of 5mM of zinc
nitrate hexahydrate [Zn(NO3)..6H20] and 5mM of Ammonium nitrate [NH4NO3] kept at a low

temperature of 75 °C following the standard conditions presented by Ludwig et al. [55].

The experimental set up is comprised of a three electrode system, with the substrate as the working
electrode, a Platinum sheet as the counter electrode, and a Platinum wire as the pseudo reference
electrode (constant potential during the deposition at 0.338V vs. Ag/AgCl). The deposition time
takes place for 2000 seconds at a constant potential of 1.4 V versus Pt.

The ZnO nanorod arrays are formed by the NO* precursors following the reaction mechanism
suggested by lzaki et al. [56-58]:

Zn(N0O3), —» Zn** + 2NO3 (4)
NO3 +2e” + H,0 - 20H + NO; (5)
Zn** 4+ 20H™ - Zn (OH), (6)

Zn (OH), - Zn0 + H,0 (7)



After the deposition, the prepared substrates were ultrasonically cleaned in Ethanol for 3 minutes,
followed by pure water for 3 minutes, and then dried with Nitrogen to remove residual salts. The

morphology of the ZnO NRA was observed using scanning electron microscopy (SEM).
2.2. Preparation of ZnO thin film using reactive magnetron sputtering

Intrinsic ZnO thin films were grown by mean of radio frequency magnetron sputtering on top of
the ZnO nanorod arrays at a chamber temperature of 275°C. The films were grown in pure Argon
atmosphere, with a working pressure of e pbar, a power of 1.5 kW and a target-to-substrate
distance of nearly 70 mm. The average deposition time for the intrinsic ZnO thin films was 12

minutes.

2.3. Photo-catalysis Test

The photo-catalysis of the ZnO nanorod arrays as well as the ZnO nanorods covered with sputtered
ZnO (dual roughness) was evaluated using methylene blue hydrate (MB, C16H18CIN3S.XH20,
Fluka Analytical). The photo-degradation test was conducted using 20 ml of methylene blue
solution with an initial concentration of 0.01mMol /I in the presence of FTO substrates (25*25*2
mm) coated with ZnO nanorod arrays and ZnO double structured layers. The pH value of the

prepared MB solution (pH = 6.8) was measured with an SP70P/VWR pH measurement instrument.

The concentration of the MB solution was calculated from the UV-Vis measurements of the
absorption spectrum using an Avantes Ava Light-DH-S-BAL spectrophotometer. 700 ul of the

solution was withdrawn each time interval and its optical absorption was measured.

In order to ensure that the dye degradation is due to the UV light exposure, and not on the
absorption of the dye by the surface of the ZnO films, a dark test was first conducted by adding
the ZnO single roughness and dual roughness films to the MB dye solution, and storing in the dark
for 1 hour. The optical absorption of the dye after the dark test was taken as a baseline for the

photo-catalysis test under UV illumination.

The photo-degradation test was conducted during a time interval ranging from 1hour to 5 hours,
the irradiation was provided by 2*15 W UV lamps (NU-15 KL) with a radiation power of 2
mW/cm? and major emission at 365 nm. The MB solution was magnetically stirred during the

experiment, with a rotation of 115 rpm.



The degradation of the MB dye was calculted from the absorption intensity reduction at

wavelength (1,,,, = 665 nm). The degradation efficiency (DE) was calculated using the Eqg. (8):

%100 = =
0 0

Iy
DE (%) =

«100 (8)

Where:

I,: Initial absorption intensity of the MB dye at 1,,,, = 665 nm

I: Absorption intensity of the MB dye at A,,,,, = 665 nm after photo-irradiation

Co: Initial concentration of the dye (C, = 0.01mMol/l)

C: Concentration of the dye after photo-irradiation

In order to calculate the degradation efficiency, a knowledge of the concentration of the MB dye
after photo-irradiation is needed. For this reason, the MB calibration curve was developed by
preparing different MB solutions with different concentrations (0.001 mMol/l, 0.002 mMol/l,
0.003 mMol/l, 0.004 mMol/l, 0.005 mMol/Il, 0.006 mMol/I, 0.007 mMol/l, 0.008 mMol/l, 0.009
mMol/l and 0.01 mMol/l), and their respective absorption spectra were measured.

2.4. Film Characterization

The crystalline structure of ZnO layers was determined by an X-ray diffractometer (Siemens
D5000 XRD unit) in 20 range from 20° to 80° by 0.07° s! increasing steps operating at 40 KV
accelerating voltage and 40 mA current using CuKa radiation source with A= 1.5406 A.

The morphological investigations of the prepared films were achieved with a high-resolution Ultra
55 Zeiss FEG scanning electron microscope (FEGSEM) operating at an acceleration voltage of 10
kV.

The film thickness was determined using a Dektak8stylus profiler (stylus diamond tip radius =
12.5 um, vertical range from 5 nm tol mm, stylus tracking force range from 0.03 to 15 mg).

The optical properties of the prepared ZnO films were investigated by measuring the transmittance
ad reflectance using a UV-VIS-NIR Perkin EImer Lambda 950 spectrophotometer, equipped with
a 150 mm integrating sphere and a wavelength range up to 3300 nm (wavelength range of 200 nm
to 2500 nm with a step width of 2nm).



The wettability of the samples was evaluated using an OCA 15 plus contact angle system (micro-
syringe with a droplet size of 5 ul). The water drops’ images were snapped 5 seconds after the

deposition of the drop on the samples.

3. Results and Discussion

3.1. X-Ray Diffraction Pattern

As depicted in Figure 1, the XRD pattern shows the formation of the ZnO wurtzite hexagonal
phase, which is dominated by the (002) crystallographic plane, confirming the strong (002)
textures. For the ZnO nanorod array top coated with sputtered ZnO (deposited on FTO substrate),
the diffraction peaks located at 26 = 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 67.9°, 69.09° and
72.5°, which corresponds to the (100), (002), (101), (102), (110), (103), (112), (201) and (004)
planes of the hexagonal wurtzite phase of Zinc Oxide. On the other hand, for the sputtered ZnO
layer with a thickness of 100 nm deposited on a glass substrate, the diffraction peaks located at 26
=34.4°,36.2°, 47.5° and 62.8°, corresponding to the (002), (101), (102) and (103) crystallographic
planes, which is in accordance with the Joint Committee on Powder Diffraction Standards (JCPDS

(JCPDS 36-1451).
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Figure 1. X-Ray Diffraction Pattern for (a) single roughness ZnO NRA and dual roughness ZnO NRA coated with
sputtered ZnO (b) Sputtered ZnO layer with 100 nm thickness deposited on glass

The crystallite size was estimated from the XRD data using the Debye-Scherrer equation [59, 60]:



KA

Urx = 5 20) cos @ ©)

Where dyy is the crystallite size, K is the Scherrer correlation constant to account for particle size
(K =0.9), 1 =154 Ais the wavelength (Cu Ka), £(26) is the Full Width Half Maximum
(FWHM) of the most intense peak (in radians) and 6 is the angle between the incident ray and the
scattering planes (Bragg angle). The value of K be taken as 0.89 or 0.9 for Full Width Half
Maximum (FWHM) of spherical crystals with cubic symmetry. Discussion of the values of K are
available in the work of Langford et al. (1987) [61].

The estimated crystallite size of sputtered intrinsic ZnO from the XRD dominating peak
corresponding to the crystallographic plane (002) is of 30 nm.

3.2. Optical Measurements

The optical transmittance of the deposited ZnO NRA, and ZnO NRA coated with sputtered ZnO
was measured, showing that the layers were transparent in the visible range, with approximately
60% transmittance for ZnO Nanorod arrays deposited on FTO substrates (Fig.2 (b)), with a slight

decrease after the deposition of the sputtered ZnO top coating layer.
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Figure 2. Optical measurements of (a) the sputtered ZnO deposited on glass (b) the as-grown ZnO NRA and the
ZnO NRA coated with sputtered ZnO deposited on FTO



3.3. Surface Morphology and Wettability

The grown ZnO nanorods have a hexagonal structure (Fig. 3), with an average length of 710 nm,

and an average width (diameter) of 156 nm (Fig. 5 (a)).

Figure 3. Scanning electron micrographs of the grown ZnO NRA (inset: water contact angle measurement on the
single roughness ZnO nanorods)

The sputtered ZnO layer is shown in Figure 4. The grain size of sputtered ZnO film with a
thickness of 100 nm deposited on silver-coated glass is 152 nm (Fig.4 (a)). The same ZnO
sputtered layer has been deposited on top of FTO substrates, showing a crystallite size is of 30 nm
(Fig.4 (b)), this result confirms the calculations conducted from the XRD pattern using the Debye-

Scherrer equation.



Figure 4. SEM of Sputtered ZnO (a) on Silver-coated glass substrate (b) on FTO substrate

The as-deposited ZnO Nano rods layers exhibited a hydrophobic behavior, with a surface water
contact angle of 108°. On the other hand, and as illustrated in Figure 5, the water contact angle
measured on the surface of the single roughness ZnO nanorod arrays (108°) increases to 157° by
the creation of a double structured ZnO layer, exhibiting a super-hydrophobic behavior.



Figure 5. Scanning electron micrographs of the dual-roughness structured ZnO film (a) nanorod length and diameter
(b) nanostructures on top of the ZnO nanorods (inset: water contact angle measurement on the double structured
ZnO layer)

In order to evaluate the wetting behavior of surfaces, a knowledge of the roll-off angle is of major
importance. In fact, the Wenzel state is dominant for surfaces with sliding angle higher than 20°
whereas the Cassie-Baxter state is dominant for surfaces with sliding angles lower than 10°. In this
work, the hydrophobicity of the ZnO nanorod arrays was improved from 108° to 157° by creating
a dual-roughness structure as depicted in Figure 5(b). The wettability measurements show that
both the prepared single-scale roughness ZnO nanorod arrays as well as the dual-scale ZnO NRA
coated with sputtered ZnO are highly adhesive, with a very firm pinning behavior. In fact, the

water droplet does not slide even with a vertical sliding angle, and even when the substrate is



turned upside down, which is very similar to the rose-petal effect, resulting from the Cassie-
impregnating sticky-type super-hydrophobic state. This result is in accordance with previous
research, which shows that a rose-petal effect can be obtained by both single-scale and dual-scale

roughness [62].
3.1. Wetting Behavior under UV Illumination

The wettability of both samples was also studied under UV illumination. Previous research were
dedicated to investigate the ZnO switching behavior from hydrophobicity to under UV light
exposition [63, 64]. In fact, the illumination of ZnO layers with UV light with photon energy equal
or higher than the bang gap of ZnO (3.37 eV) generates electron-hole pairs in the surface of the
ZnO layers. The electrons (e™) in the valence band are excited to the conduction band, and the
same number of holes (h*) are generated in the valence band. The process that leads to the surface

composition change is explained as follows:

Zn0 + 2hv - 2h* + 2e~ (10)

0%~ + h* —» 0~ (Surface trapped hole) (11)
Zn**t + e~ - Zn{ (Surface trapped electron) (12)
0" +h* > % 0, + V, (Oxygen vacancy) (13)

Surface oxygen vacancies (01~) are formed when some of the holes react with lattice oxygen
(0?7) while defective ( ZnJ) sites are formed when some of the electrons react with the lattice
metal ion (Zn?*). When the ZnO layers are in contact with water, the water molecules may adsorb
at the oxygen vacancy (Vo) site. The defective sites are kinetically more favorable for hydroxyl
groups (OH™) adsorption than oxygen adsorption. Therefore, it stimulates increased water
adsorption at the UV light irradiated ZnO layers, which results in a hydrophilic behavior of the
surface. H20 and O can both adsorb on these defective sites. The surface trapped electrons (Zn})
tend to react with oxygen molecules adsorbed on the surface:
Zng + 0, > Zn2t + 05 (14)

Light induced super-hyprophilicity was studied by irradiating both ZnO films using a Xenon lamp
from Muller Elektronik-Optik with a power of 1400 W. After irradiating the samples for 30



minutes interval, a 5 pl droplet was placed in the irradiated samples, and the water contact angle
was measured using the OCA 15 plus contact angle system.
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Figure 6. Water contact angle on the single roughness ZnO NRA and dual roughness structured ZnO NRA coated
with sputtered ZnO before and after UV illumination.

The water contact angle of both the ZnO single-scale and dual-scale roughness films decreased
significantly after exposure to UV light, exhibiting a super-hydrophilic beavior (WCA = 0°) after

30 minutes of UV exposure. The wetting behavior of both ZnO layer structures under UV

illumination is shown in Figure 6.
3.2. Photo-catalysis Test

For the as-grown ZnO nanorod arrays, the photo-degradation of MB solution was of 50% after 5

hours of UV exposition as illustrated in Figure 7 (a):
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Figure 7. MB degradation by the photo-catalysis of (a) ZnO NRA (b) ZnO NRA top coated with sputtered ZnO

On the other hand, the photo-degradation decreased to 16%, for the ZnO nanorod arrays covered
with a layer of sputtered ZnO (Fig. 7(b)), which is due to the super-hydrophobic behavior of the
layer and the hydrophilic nature of the MB solution.

The results of the photo-catalysis test show that the degradation efficiency of the MB solution with
ZnO nanorod arrays increased with the exposition time to UV light, with 9% after 1 hour, 22%
after 2 hours, 31% after 3 hours, 41% after 4 hours and 50% after 5 hours. On the other hand, the
degradation test was conducted on the double-roughness ZnO film (ZnO NRA + sputtered ZnO).
The results show a lower degradation efficiency of the MB solution. The degradation percent
increased with the exposition time to UV light, with 5% after 1 hour, 7% after 2 hours, 12% after
3 hours, 14% after 4 hours and 16% after 5 hours.

The photo-degradation of the methylene blue solution can be fitted using Eq. (15), where the
degradation constant k is obtained from the semi-logarithmic plot (plot of In (c/c0) versus time) as

illustrated in Figure 8 using the following equation [65]:

In (ci) — —kt (15)

0

After 5 hours of UV illumination, the ZnO nanorod arrays showed good activity, with a
degradation efficiency of 50% and a degradation constant of (k = 0.00225 min™?). On the other
hand, the ZnO dual roughness structure prepared by sputtered ZnO on top of the ZnO nanorod



arrays showed minimal activity, with a degradation efficiency of 16% and a degradation constant
of (k = 0.000586 min™) after 5 hours of UV exposure.
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Figure 8. Photo-degradation of the methylene blue solution as a function of In (C/CQ) versus time of single
roughness and dual roughness structured ZnO films

The decrease in the photo-catalysis degradation of the dual-scale roughness ZnO NRA compared
to the as-deposited ZnO NRA is due to the increase in the water contact angle (157°), which
decreases the contact of the dye with the film, and therefore, leads to a lower photo-catalysis

activity.
4. Conclusion

It is possible to create a super-hydrophobic coating using ZnO nanorod array grown by mean of
low temperature electrochemical deposition, the creation of a dual-scale roughness needed to
achieve super-hydrophobicity is conducted by sputtering an intrinsic ZnO thin film with a
crystallite size of 30 nm on top of the ZnO nanorod arrays, which leads to a water contact angle of
157°. The single-scale roughness ZnO NRA as well as the dual-scale ZnO NRA coated with
sputtered ZnO showed very high water adhesion. In fact, the water droplet was firmly pinned to
the film surface and did not slide even with tilt angles up to 180°, which is very similar to the rose-

petal effect, known as the Cassie-impregnating super-hydrophobic regime. Moreover, both



prepared films exhibited high sensitivity to UV light, with a UV-induced switching behavior from
super-hydrophobic to super-hydrophilic after only 30 minutes of UV exposure.
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