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Abstract. Zinc oxide-based superhydrophobic surfaces were fabricated on aluminium oxide-seeded glass substrates via
sonochemical approach by varying the parameter, the sonication time duration. The fabricated structures have nanowall-like
morphology with an average long axis length and thickness of ~300 and ~40 nm, respectively. The surface roughness cre-
ated by surface-modified ZnO nanowalls and the air pockets trapped within the dense nanowalls, transformed the hydrophobic
glass substrates into superhydrophobic surfaces with water contact angle of 156° during 20 min of sonication. An indepen-
dent analysis was carried out to study the growth of ZnO nanowalls over glass substrates in the absence of the aluminium
oxide seed layer and sonication process. The results suggested that the synergistic effect of the aluminium oxide seed layer
and sonochemical process can enable the formation of ZnO nanowall structures favourable for superhydrophobic property.

A possible growth mechanism of ZnO nanowalls formation during sonication process has been discussed in detail.
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1. Introduction

Superhydrophobic surfaces are biologically inspired from
the lotus leaf as its classical example. Nano-level surface
roughness along with low surface energy enables water
droplets to remain spherical with a static water contact angle
greater than 150° on such surfaces. In the recent past, many
attempts have been made to fabricate superhydrophobic coat-
ings on glass substrates using various methods, namely:
chemical vapour deposition, dip, spin and spray coating,
electro-spinning, sputtering, nano-imprint lithography and
electron beam evaporation [1]. Sonochemical technique has
been recently emerging as a rapid, cost-effective technique to
deposit nanostructures over diverse substrates [2-5]. Jung et
al [2] demonstrated the sonication-assisted in-situ growth of
ZnO nanorods with an average growth rate of 500 nm h=! on
Zn-seeded glass substrates. Perelshtein et al [3] sonochemi-
cally deposited ZnO nanoparticles with average particle size
of approximately 300 nm on cotton bandages for antibac-
terial applications. Oh et al [4] utilized the sonochemical
technique for vertical growth of ZnO nanorods on patterned
substrates for resistive-type gas sensor applications. Nayak et
al [5] reported the growth of ZnO nanorods from ZnO seed
layer using the sonochemical technique for low-cost electron-
ics, photonics and energy conversion applications. Okyay et
al [6] grew ZnO nanorods on ZnO seeded glass substrates
purely based on sonochemical technique for antimicrobial
applications.

Zinc oxide nanowalls; sonication; superhydrophobicity.

As per the literature review, there are no reports regarding
the growth of ZnO nanowalls on glass substrates using the
sonochemical technique for creating superhydrophobic sur-
faces. Hence, in the present work, an attempt has been made
to fabricate in-situ grown ZnO nanowalls over seeded glass
substrates via sonochemical technique to achieve superhy-
drophobic property.

2. Materials and methods

In the present work, ZnO nanowall based superhydrophobic
glass surfaces were fabricated. For this purpose, microscopic
glass slides were taken as substrate. The synthesis proce-
dure involved the following three steps, (1) Aluminium oxide
seed layer formation: initially, AI(NO3)3 - 9H,O (1 M) was
dissolved in 2-methoxyethanol (10 ml) in the presence of
monoethanolamine as a stabilizer. The resultant mixture was
left for hydrolysis under magnetic stirring for 2 h and uti-
lized as sol for spin coating. The sol was spin-coated on glass
substrates at 3000 RPM for 60 s and annealed at 400°C for
60 min to form aluminium oxide seed layers. (2) Formation
of ZnO nanostructures: seeded substrate was placed horizon-
tally at the bottom of the beaker containing equimolar (0.02
M) concentration of Zn(NOs3), - 6H,O and (CH,)gNy. Ultra-
sonic waves (Ultrasonic Processor, Sonics and Systems, 500
W, 20 kHz at 20% efficiency) were introduced in the solution
for 5, 10, 15, 20, 25 and 30 min under ambient conditions.
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After this process, the glass substrate was washed and dried
at room temperature. (3) Low surface energy modification of
substrates: the chemical modification was done by spin coat-
ing of 1H, 1H, 2H, 2H-perfluorooctyltrichlorosilane solution
followed by annealing at 180° for 30 min. Hereafter, this fab-
rication process will be referred as technique 1.

To determine the role of aluminium oxide seed layer and the
sonication process independently on superhydrophobic prop-
erty of ZnO nanowall surfaces, two set of experiments were
carried out and the results were compared. For these compar-
ative studies, the above-mentioned procedure was repeated
with minor changes: (1) the aluminium oxide-seeded sub-
strates were placed in a beaker (containing ZnO precursor
solution) under magnetic stirring without sonication for 5 to
30 min (denoted as technique 2); (2) the substrates without
aluminium oxide seed layer were placed in a beaker (contain-
ing ZnO precursor solution) under sonication for 5 to 30 min
(denoted as technique 3).

The crystalline nature and growth direction of the deposited
nanostructures were investigated using transmission electron
microscopy (TEM, JEOL JEM 2100). For TEM analysis, the
nano-deposits were removed from the glass substrate by sub-
jecting it into the bath sonication in ethanol medium for 10
min. The surface morphology of the fabricated substrates
was analysed using field emission gun scanning electron
microscopy (FESEM, Carl Zeiss, Carl Zeiss Microscopy Ltd)
and atomic force microscopy (AFM, NTMDT, Russia). The
superhydrophobic nature of the fabricated substrates was
analysed using a contact angle meter (KRUSS, DSA 20E)
armed with a CCD camera module.

3. Results and discussion

The crystal nature of the fabricated structure (30-min
sonicated sample) was investigated using low-magnification
TEM and selected-area electron diffraction (SAED) pattern,
shown in figure 1. Figure la displays the morphology of
delaminated nanowall networks from the glass substrate. Fig-
ure 1b shows the corresponding SAED pattern of TEM image,
where regularly spaced spots can be seen; indicating that
the fabricated material was ZnO and it was in highly crys-
talline nature. Further, SAED pattern taken under [1 1 1] zone
axis demonstrated that the ZnO nanowalls were grown along
[1-10]and [-1 -1 2] directions.

Figure 2 explicitly shows the influence of sonication time
on the morphology of ZnO nanostructures in the presence
of aluminium oxide seed layer. From figure 2a, it is clear
that the spin-coated aluminium oxide seed layer has the par-
ticles of size less than 100 nm in diameter. The purpose of
introducing a seed layer is that they can effectively reduce
the interfacial energy between the crystal nuclei and the sub-
strate; thereby, reducing the nucleation barrier for the one- and
two-dimensional growth of nanostructures [7]. According to
figure 2b—g, it can be inferred that the density of nanowalls
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Figure 1. (a) Bright field TEM image of ZnO nanowalls (fabri-
cated using technique 1 for 30 min) and (b) the corresponding SAED
pattern.

is heavily dependent on the sonication time. Till 10 min of
sonication, a large number of thin nanowalls tend to grow
randomly from the surface of the aluminium oxide seed layer.
The crinkly ZnO nanowalls were found to be grown perpen-
dicularly from the seeded substrate and top edges of some of
them were slightly twisted, which is an intrinsic characteris-
tic of 2D nanostructures [8]. The average long axis length of
nanowalls for 5- and 10-min sonicated samples was measured
as 478 £ 25 and 259 £ 14 nm, respectively and the average
thickness of nanowalls were ranging from 30 to 40 nm (fig-
ure 2b and c). The decrease in the average long axis length of
the nanowalls with the increase in sonication time suggested
that there might be growth of nanowalls from the nucleation
sites in the faces of 5-min sonicated samples. As the sonica-
tion time increased to 15 min, the average long axis length
of the nanowalls further reduced to 172 + 8 nm, suggesting
that the density of nanowalls increased further by blocking the
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Figure 2. FESEM images of (a) aluminium oxide seed layer; seeded glass substrates subjected to sonication for (b) 5,
(c) 10, (d) 15, (e) 20, (f) 25 and (g) 30 min.

long axis growth (figure 2d). When sonication time reached  previously formed layers (figure 2e). With further increase
20 min, there was a growth of superficial layer of nanowalls  in sonication time, there was multilayer growth of nanowalls
with long axis length of 95 nm, which could be seen over the ~ with two to five nanowalls combined together to form a dense
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Figure 3. FESEM images of glass substrates with aluminium oxide seed layer subjected to magnetic stirring for
(a) 10, (b) 20 and (¢) 30 min; and glass substrates without aluminium oxide seed layer subjected to sonication for (d)
10, (e) 20 and (f) 30 min.

branch-like morphology (figure 2f, g). Based on FESEM anal-
ysis of sonicated surfaces, it is clear that the entire substrate is
covered with wall-like network nanostructures. The network-
like morphology can provide sufficient surface roughness and
trap more air in the structure [7], thereby making it suitable
for superhydrophobic applications.

Figure 3 delineates the role of sonochemical method and
aluminium oxide seed layer independently on the morphology
of ZnO nanostructures. Figure 3a—c represents the mor-
phological features of ZnO nanostructures fabricated using
technique 2; i.e., without sonication. It is clear that in the
absence of sonication process, the formation of nanoparticles
was sparse and agglomeration of nanoparticles was increasing

with increase in deposition time. The agglomerated particles
were clearly visible in the high-magnification image of the
inset of figure 3b. Evolution of a small fraction of nanowalls
from the aluminium oxide seed layer could be observed after
30 min of magnetic stirring and it is represented in figure 3c. It
has to be noted that the ZnO nanowall formation was initiated
after 30 min in the magnetic stirring (technique 2), while the
same was initiated immediately within 5 min of sonication
process (technique 1).

Figure 3d-f depicts the morphological features of ZnO
nanostructures at various processing times using technique
3; i.e., sonication process without aluminium oxide seed
layer. It is observed from figure 3d that during 10 min of
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sonication, ZnO nanoparticles were sparsely deposited on
the glass substrates. While in figure 3e and f, a large num-
ber of ZnO nanoparticles were uniformly deposited over the
glass substrates. It is clear that the density of ZnO nanoparti-
cles deposited on the glass substrates increased as a function
of sonication time, thereby reduced the gaps between the
deposited nanoparticles. It can also be seen that the mor-
phology of the ZnO nanoparticles sonochemically deposited
without aluminium oxide seed layer (figure 3) differs from
the morphology of ZnO nanowalls deposited with aluminium
oxide seed layers (figure 2). On the basis of morphological
analysis, it can be concluded that the presence of aluminium
oxide seed layer is the solitary reason for the formation of
ZnO nanowall structure. The rate of formation of nanowalls
remains faster in the sonication technique when compared
to magnetic stirring, although aluminium oxide seed layer is
available in both the cases.

Based on the morphological evolution observed in the
ultrasonic-assisted deposition of ZnO nanostructures over
aluminium oxide-seeded substrates (from figure 2b—g), a pos-
sible growth mechanism for the formation of ZnO nanowalls
is proposed and it is schematically illustrated in figure 4. The
aluminium oxide seed layer deposited over the glass sub-
strates acts as heterogeneous nucleation sites for the growth
of ZnO nanowalls (figure 4a) [7]. When aluminium oxide
layer-seeded glass substrates is introduced in the equimolar
precursor solution of Zn(NOs3), - 6H,O and (CH;)gNy, Al
in the seed layer undergoes chemical reaction leading to the
formation of AI(OH)*~ in the alkaline condition. AI(OH)*~
ions thus formed on the surface of seeded substrate binds to
Zn?* ions in the solution, which blocks the growth of ZnO in
[001] direction; thereby enhancing the growth of ZnO in lat-
eral directions (figure 4b) [9]. Upon sonication, high vapour
pressure created in the solution leads to faster dissociation
of Zn(NO3), - 6H,0 and (CH;)Ns compounds and forma-
tion of Zn>T and OH™ ions in the precursor solution [10].
Hence, there occurs a rapid growth of ZnO planes (0—10),
(—110), (101) and (—100) in the lateral direction (figure 4c)
[10-13]. As the sonication process proceeds further, lateral
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Figure 4. Schematic representation for the formation of ZnO
nanowalls in the presence of aluminium oxide seed layer and soni-
cation technique.
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growth of ZnO nanowalls occur and cease their growth when
they collide with other neighbouring nanowalls. Finally, the
individual ZnO nanowalls can get interlinked with each other;
thereby forming dense nanowall-like network structures (fig-
ure 4d). Thus, aluminium oxide seed layer and sonochemical
process have synergistically aided in the formation of dense
ZnO nanowalls in short duration.

Figure 5 shows the comparison of the AFM topographical
image of ZnO nanostructures fabricated over glass substrates
after 20 min of processing using different techniques. In
sample S1 (fabricated using technique 1), a dense layer of ran-
domly oriented nanostructures was observed (figure 5a). On
the other hand, in sample S2 (fabricated using technique 2), a
very small amount of nanoparticles was identified (figure 5b).
It suggested that the kinetics of nanostructures formation is
slow in the case of magnetic stirring, i.e., in the absence of
sonication [2]. In the case of sample S3 (fabricated using
technique 3), uniform distribution of sparse nanoparticles
is detected over the substrate (figure 5c). These observa-
tions correlate well with the corresponding FESEM images in
figures 2 and 3. In the case of technique 3, the ZnO nanopar-
ticles were formed according to the following reactions
(1-4):

(CH,)6Ny + 10H,0 —> 6HCHO + 4NH; + 40H™

(D

Zn(NOs)s - 6H,0 —> Zn** + 3NOj + 6H,0 )
* +40H™ > Zn(OH)2~ 3)
Zn(OH)2~ > ZnO + 20H" + H,0 )

In this process, generation of ZnO nanoparticles occurs in
the solution phase and it is subsequently deposited on the glass
substrate during sonication. The suspended ZnO nanoparticle
reaches the glass surface at very high velocity during sonica-
tion process. This technique can cause local heating of the
glass substrate when nanoparticles impinge on the surface
[14] and such observation is clearly visible in figure Sc.

The fabricated surfaces were compared in terms of sta-
tistical parameters extracted from the AFM images and it
is presented in table 1. Several statistical parameters such
as average roughness, RMS roughness and surface skewness
are used to quantify the morphological changes. The average
roughness and RMS roughness are the most commonly used
descriptor of surface roughness. Surface skewness is a mea-
sure of symmetry of the statistical distribution of valleys and
peaks in the sample. Skewness value equal to 0 implies that
the surface has evenly distributed peaks and valleys of spe-
cific heights. Surface profiles with more valleys than peaks
indicate negative skewness, whereas a surface with peaks
larger than valleys represents positive skewness [15]. In the
present work, the surface roughness (average as well as RMS)
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Figure 5. AFM of ZnO nanostructures fabricated

images
over glass substrates after 20 min processing using (a) technique 1
(sample S1), (b) technique 2 (sample S2) and (¢) technique 3
(sample S3).
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is found to be highest for sample S1, then it is followed by
sample S3 and subsequently sample S2. This implies that
sonication technique provides high surface roughness to the
samples (samples S1 and S3) when compared with sam-
ples obtained without sonication process (sample S2). From
table 1, it is clear that the surface skewness value for sam-
ple S1 is negative, while it is positive for samples S2 and
S3. Hence, it can be inferred that the surface of the sample
S1 covered with more valleys (or pores) compared to peaks
favourable for superhydrophobic property.

Surface morphology and the distribution of nanostructures
over the surface can have a profound effect on the wettability
of surfaces. Wettability studies usually involve the measure-
ment of contact angles as a primary option to indicate the
degree of solid/liquid interface interactions. The static water
contact angle of fabricated ZnO nanostructures with respect
to reaction time is shown in figure 6. According to figures 2
and 3, the surface morphology of zinc oxide nanostructures
are significantly changed by the sonication time and fabrica-
tion techniques adopted in the present work. Correspondingly,
the wettability of such surfaces is found to be distinctly
varied with respect to those parameters. All the fabricated
surfaces after chemical modification has shown hydrophobic
behaviour with static water contact angle greater than 90°. In
the case of sonicated samples, the static contact angle values
showed increasing trend from 105° with increase in sonica-
tion time and the highest value of contact angle was obtained
as 156° after 20 min of sonication time (figure 6a). Further
increase in sonication time to 30 min results in decrease of
contact angle to 150°. The contact angle values can be directly
related to the density of nanostructures and the presence of air
pockets within such structures [16]. The air entrapped within
the nanostructures balances the weight of the water droplet
and low surface energy of the substrate permits the fabricated
surface to have superhydrophobic property. The aforemen-
tioned mechanism can be attributed to the superhydrophobic
nature of 20-min sonicated samples. With further increase of
sonication time, the density of nanowalls continues to increase
and can fill up the air gap between the nanowalls leading to
the decrease in the contact angle values [17]. This could be
the possible reason for the observation of decrease in contact
angle of 30-min sonicated samples.

The static contact angle values of ZnO nanostructures fab-
ricated using techniques 2 (figure 6b) and 3 (figure 6¢) have
shown maximum static contact angle of 120°. The reason for
obtaining hydrophobic nature instead of superhydrophobic
property might be suggested due to the lack of favourable
dense nanostructures to hold air pockets within. The obser-
vation of low contact angle value of surface fabricated using
techniques 2 and 3 also can be correlated with the statistical
parameters such as reduced surface roughness and positive
values of surface skewness compared to technique 1. In a
nutshell, the presence of aluminium oxide seed layer and
sonochemical condition synergistically contribute to the den-
sity and morphology of the ZnO nanowalls structure and
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Table 1.  Statistical parameters of surfaces fabricated for 20 min by techniques 1, 2 and 3.
Substrates Untreated glass substrate ~ Sample S1 ~ Sample S2  Sample S3
Average roughness (nm) 1.5558 34 21 15
RMS roughness (nm) 1.8467 43 31 23
Surface skewness 0.0307 —0.197 0.94 2.32
Static contact angle (°) — 156 118 105
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Figure 6. Static contact angle values of ZnO nanostructures with
respect to time duration: (a) technique 1, (b) technique 2 and (c)
technique 3.

correspondingly the superhydrophobic properties of the fab-
ricated surface.

Conclusions

In summary, well-defined ZnO nanowalls were success-
fully fabricated on aluminium oxide-seeded glass substrates
using the sonochemical deposition method. The sonochemi-
cally fabricated samples were exhibiting superhydrophobicity
with static water contact angle of 156°. The experimental
analysis suggested that the aluminium oxide seed layer depo-
sition is the solitary reason for the formation of nanowalls.
When compared to simple magnetic stirring, the adoption
of sonochemical technique increases the rate of ZnO forma-
tion to many folds. The synergistic effect of the aluminium
oxide seed layer and sonochemical process aided in the dense
growth of ZnO nanowalls network in short duration, which
in turn paves the way to achieve superhydrophobic property.
The present study illustrates that the sonochemical method is
arelatively simple, kinetically faster and potentially scalable

strategy to produce ZnO nanostructures with superhydropho-
bic property on glass substrates.
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