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Abstract
Smart surfaces with externally controlled wettability patterns are ubiquitous building blocks for micro-/nanofluidic and lab-
on-chip devices, among others. We develop hierarchical surfaces of ZnO nanorods grown on laser-microstructured silicon 
with reversible photo-induced and heat-induced wettability. The as-prepared surfaces are superhydrophilic, with very low 
water contact angles (~ 10°), and transition to a wetting state with high water contact angles (~ 150°) when annealed in 
vacuum. As the annealing temperature increases to 400 °C, the surfaces become completely water-repellent. Even though 
the annealed surfaces present high water contact angles, at the same time, they are very adhesive for water droplets, which 
do not roll off even when tilted at 90° or  180o (rose-petal effect), unlike standard hydrophobic surfaces which typically com-
bine high water contact angles with low roll-off angles. The surfaces return to the superhydrophilic state when irradiated 
with UV light, which indicates a reversible wettability with external stimuli. Based on this transition, we demonstrate local 
modification of the wetting state of the surfaces by UV irradiation through a mask, which results in directed liquid motion, 
useful for microfluidic applications. The high contact angles obtained in this work are usually obtained only after chemical 
modification of the ZnO surface with organic coatings, which was not necessary for the hierarchical surfaces developed 
here, reducing the cost and processing steps of the fabrication route. These rose-petal surfaces can be used as “mechani-
cal hands” in several applications, such as no-loss transport of small liquid volumes, precision coatings, spectroscopy, and 
others. Furthermore, the completely water-repellent surfaces, rarely reported elsewhere, may find important applications in 
frictionless liquid transport for microfluidic and other devices.

Keywords Reversible wettability · Annealing · UV irradiation · Rose petal effect · ZnO nanorods · Laser-microstructured 
silicon · Hierarchical adhesive surfaces · Water repellence

1 Introduction

Wettability is an important surface property, essential for 
many applications and products, such as paints, advanced 
textiles, water repellency, dirt removal, oil–water separation, 
programmable liquid transport, anti-biofouling, and smart 
soft robotics, among others [1, 2]. Furthermore, a surface 
with reversible wettability, switching between hydrophilic-
ity and hydrophobicity, is required for rapid water motion, 

microfluidic devices, smart membranes, sensors, etc. [3]. 
A wettability switch can be triggered by various external 
stimuli, including electricity (based on electrowetting or the 
doping of conducting polymers) [4], temperature (based on 
thermoresponsive polymers) [5, 6], light (based on photo-
sensitive metal-oxide semiconductors and photo-responsive 
organic compounds) [7], pH (based on protonation and 
deprotonation of pH-responsive surfaces) [8, 9], mechani-
cal strain (based on extending and unloading elastic films) 
[10, 11], etc. Materials on which switching wettability has 
been demonstrated include polymers [2], metal oxides [12], 
silica [13], and magnetic nanoparticles [14], among others.

Metal oxides are usually photo-responsive, switching to 
a highly wetting state (hydrophilic) under ultraviolet (UV) 
illumination and returning to the original hydrophobic state 
after storage for sufficient time in the dark or via anneal-
ing [15]. Reversible wettability has been demonstrated 

 * M. Kandyla 
 kandyla@eie.gr

1 Theoretical and Physical Chemistry Institute, National 
Hellenic Research Foundation, 48 Vasileos Constantinou 
Avenue, 11635 Athens, Greece

2 Institute of Nanoscience and Nanotechnology, NCSR 
“Demokritos”, 15310 Athens, Greece

http://orcid.org/0000-0002-2986-9872
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-023-06529-w&domain=pdf


 M. Kanidi et al.

1 3

320 Page 2 of 12

in titanium dioxide  (TiO2), zinc oxide (ZnO), tin dioxide 
 (SnO2), tungsten trioxide  (WO3), vanadium pentoxide 
 (V2O5), and others. This effect is based on the common 
mechanism of a switching surface chemical environment 
between two states, a hydrophilic one due to hydroxy groups 
on the surface and a hydrophobic one due to replacement of 
hydroxy groups by oxygen atoms [16, 17]. Among them, 
ZnO is a low-cost material with chemical and thermal sta-
bility, photocatalytic activity, and other useful physical and 
chemical properties, and it is actively used in the field of 
biomimetic surfaces [18–21]. ZnO micro/nano-structures, 
such as thin films, nanorods, nanowires, microholes, etc., 
have demonstrated reversible wettability, ranging from 
super-hydrophilicity to super-hydrophobicity, due to the 
combination of surface chemistry and morphology, useful 
for ultra-dry surfaces, self-cleaning, anti-fogging coatings, 
liquid transport, and others [22–25]. Incorporation of ZnO 
nano-structures onto functional surfaces can be achieved 
by a facile, 2-step chemical growth method, utilizing the 
deposition of an initial ZnO thin layer (seed layer) followed 
by the hydrothermal synthesis method. This chemical syn-
thesis route offers a low-cost, low temperature, environ-
mentally safe, and controllable method of developing ZnO 
nano-structures of various morphologies by tuning either 
the growth conditions or the seed layer properties [26, 27]. 
Because wetting properties can be tailored by manipulating 
the chemistry as well as the morphology of a surface, hier-
archical ZnO-based surfaces have been employed to mimic 
natural hierarchical surfaces with extraordinary properties 
[12, 28–30]. Indeed, hierarchical surfaces of ZnO nanow-
ires, flowers, thin films, nanopetals, and others, exhibited 
super-hydrophobicity for oil/water separation, corrosion 
resistance, etc.

Hydrophobic surfaces combine a high contact angle 
with water (> 90°) and a low roll-off angle, which results 
in water droplets rolling off the surface even when this is 
slightly tilted. The roll-off angle of a surface is a character-
istic parameter for many applications, where it is important 
to manipulate the mobility of water droplets. Hierarchically 
structured surfaces, however, can have either adhesive (high 
or no roll-off angle) or non-adhesive (low roll-off angle) 
properties while demonstrating a high contact angle. This 
depends on the wetting mode of the hierarchical surface, i.e., 
on the penetration of water into the macro- or nano-rough-
ness, or into both [31]. The “lotus surface” shows a high 
contact angle and water droplets easily roll off, because air 
is trapped between the rough surface and water, as described 
by the Cassie model [32–34]. The “rose-petal surface” also 
shows a high contact angle, but water droplets stick to such 
a surface without rolling off, even at great tilt angles. Its 
wetting mechanism is described by the Wenzel model, indi-
cating that a water droplet impregnates the roughness of the 
underlying surface, providing extended contact between 

them, and thus increased water adhesion and roll-off absence 
[35, 36]. Even though most studies on hydrophobic or super-
hydrophobic surfaces concentrate on lotus surfaces, some 
ZnO petal surfaces have been developed with ZnO hierarchi-
cal films, ZnO nanoparticles on micropatterned substrates 
modified with octadecylphosphonic acid, ZnO hexagonal 
nanorods on nanorod clusters, random networks of ZnO 
nanorods, ZnO nanorods modified with n-octadecanoic acid, 
etc. [30, 37–39]. In most cases, chemical modification of the 
surface with an organic coating is required, rendering these 
surfaces susceptible to mechanical and thermal instabilities.

In this work, we develop hierarchical “petal surfaces” 
of ZnO nanorods grown on laser-microstructured silicon 
substrates. Conical microstructures were created on a sili-
con wafer by irradiation with nanosecond laser pulses in an 
ambient of  SF6 gas, which is a common silicon etchant, in 
a process known as laser-assisted etching. ZnO nanorods 
were subsequently grown on the silicon microstructures by 
the hydrothermal method, to obtain hierarchical surfaces. 
The as-prepared surfaces are superhydrophilic and transition 
to a high contact angle wetting state when annealed in vac-
uum. As the annealing temperature increases, the surfaces 
become completely water-repellent, which is rarely reported, 
as shown in Table 1, and particularly useful for frictionless 
liquid transport in microfluidic and other devices with no 
fluid drag at water–solid interfaces. The annealed surfaces 
are very adhesive for water droplets, which do not roll off 
even when tilted at 90° or 180°. The high contact angles and 
petal effect obtained in this work are usually obtained only 
after chemical modification of the ZnO surface with organic 
coatings as mentioned earlier, which is not necessary for 
the hierarchical surfaces developed here. This reduces the 
cost and processing steps of the fabrication route to render 
it suitable for large-scale production and also increases the 
mechanical and thermal stability of the surfaces. The petal 
effect observed in this work arises as a result of the dimen-
sions of the ZnO nanorods in relation to the dimensions of 
the silicon microstructure. The wettability is reversed to the 
superhydrophilic state when irradiating the surfaces with 
UV light, as in most metal oxides. We take advantage of this 
property, to induce local modification of the wetting state of 
the surfaces by UV irradiation through a mask, which results 
in directed liquid motion. Such smart surfaces with exter-
nally controlled wettability patterns are ubiquitous building 
blocks for controlled micro-/nanofluidic and lab-on-chip 
devices, where versatile manipulation of liquid motion is 
essential [40–42]. The rose-petal surfaces can be used as 
“mechanical hands” in several applications, such as no-loss 
transport of small liquid volumes, precision coatings, spec-
troscopy, and others [43].
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Table 1  Summary of ZnO micro/nano-structures showing reversible wettability and comparison with this work
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2  Materials and methods

2.1  Laser‑microstructured silicon substrates

Monocrystalline silicon wafers [(100), thickness 
500 ± 25 μm, Active Business Company] were cleaned 
in an ultrasonic bath of acetone and methanol for 15 min 
each. Employing nanosecond laser processing, micro-
structured silicon substrates were structured in a gas 
environment of sulfur hexafluoride  (SF6) (Supplemen-
tary Information, Fig. S1). A pulsed Q-switched Nd:YAG 
laser system (Litron Lasers) was used with 1064 nm wave-
length, 5 ns pulse duration, and 10 Hz repetition rate. A 
silicon wafer was placed in a vacuum chamber, which was 
evacuated to a base pressure of  10–2 mbar and filled with 
0.6 bar  SF6. The laser beam was focused on the silicon 
wafer through a quartz window, using a lens of 20 cm focal 
length, to an average fluence of ~ 1 J/cm2 on its surface. 
The vacuum chamber was raster-scanned with respect to 
the laser beam, using a computer-controlled set of x–y 
translation stages, with a scanning speed, such that each 
spot on the silicon surface was irradiated by 1000 laser 
pulses.

2.2  ZnO nanorods’ growth: annealing conditions

ZnO nanorods were grown on flat and microstructured 
silicon substrates using the hydrothermal method. A 
sol–gel-derived seeding layer was deposited on the sili-
con samples to facilitate nanorod growth. Zinc acetate 
dihydrate (Zn(CH3COO)2  2H2O, Merck) was dissolved in 
ethanol absolute (VWR) at a concentration of 40 mM and 
the sol–gel solution was magnetically stirred for 1 h at 
60 ℃. After the solution had reached room temperature, 
it was spin-coated on top of the samples at 1000 rpm and 
then annealed at 500 ℃ for 10 min on a hotplate. The 
spin-coating/annealing cycle was repeated ten times result-
ing in a thin ZnO film. The hydrothermal growth of ZnO 
nanorods was performed in an equimolar solution of zinc 
nitrate hexahydrate [Zn  (NO3)2  6H2O] (Sigma) and hexa-
methylenetetramine (HMTA) [(CH2)6N4] (PanReac) at a 
concentration of 40 mM. The nutrient solution was pre-
pared by dissolving the precursors in 700 ml of deionized 
(DI) water with the aid of magnetic steering. The seeded 
samples were placed upside down inside the growth solu-
tion for 1 h at a constant temperature of 87 ℃. The samples 
were finally removed from the solution, rinsed thoroughly 
with DI water and dried on a hotplate at 80 ℃ (Supplemen-
tary Information, Fig. S6). The as-grown samples were 
placed in a vacuum chamber and annealed at different 
temperatures to examine the reversibility of the wetting 

state. The vacuum chamber was pumped down using a 
turbomolecular pump at a base pressure of ~  10–6 mbar and 
annealing of the samples was performed by a temperature-
controlled silicon carbide heater at 200, 300, and 400 ℃ 
for 2 h. The samples were left to cool at room tempera-
ture in vacuum, and afterwards, the chamber was purged 
with  N2. The samples were removed from the chamber and 
were immediately stored in a vacuum-sealed and light-
proof container.

2.3  UV irradiation

ZnO nanorods, grown on flat and microstructured sili-
con substrates, were irradiated by a low-pressure Hg UV 
lamp (Hanovia Ltd.), which mainly emits light centered at 
254 nm, with an irradiance of ~ 3 mW/cm2 for 6 and 12 h. 
The irradiation time was determined by the sample response 
and preceded contact angle measurements.

2.4  Characterization

The samples were characterized by scanning electron 
microscopy (SEM), using a field-emission microscope 
(JEOL 6301F), also equipped with energy-dispersive X-ray 
spectroscopy (EDS). No preparation was required and the 
samples were used as grown. SEM images were obtained 
either at 45° or at cross-sectional view. All images were 
obtained by secondary electron imaging (SEI). For 45° 
images, 15–25 kV were employed with working distances 
in the range 7.4–10.8 mm, while for cross-sectional views, 
2.0–2.5 kV with working distances in the range 2.3–3.0 mm. 
The SEM images were analyzed with the software ImageJ, 
for the extraction of geometrical characteristics of the sam-
ples. EDS images and spectra were recorded on as-grown 
samples without additional preparation, simultaneously with 
the SEM measurements.

2.5  Contact angle measurements

A water droplet of 5 μL (distilled water) was deposited on 
the surface of each sample to measure the contact angle 
(CA) at room temperature (25 °C). Images and videos of 
water droplets on the surface were obtained by a 2.0MP 
500 × USB Digital Microscope. Images were extracted from 
videos and analyzed by standard MATLAB functions, trans-
forming them to grayscale and determining subsequently the 
droplet edge profile. The profile was numerically analyzed 
in polar coordinates (r, θ) and the origin of the coordinates 
was chosen on the intersection between the apparent perpen-
dicular axis of symmetry of the droplet and the solid/liquid 
interface. The profiles r(θ) obtained this way vary smoothly 
with θ and were easily modelled by fourth-order polynomi-
als. The contact angles were extracted from the derivatives 
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on the left- and right-side contacts of the droplet with the 
surface and transformed back to Cartesian coordinates. Typi-
cally, the deviation between left and right contact angles was 
less than 2º. The average of the two values is considered 
as the contact angle of the droplet. For each sample, water 
contact angles were measured three times, and independ-
ent duplicate samples were prepared and measured for each 
reported contact angle.

3  Results and discussion

Scanning electron micrographs (SEM) of ZnO nanorods, 
grown on flat silicon, are presented at an angle of 45° 
(Fig. 1a) and in cross-sectional view (Fig. 1b). The average 
height of ZnO nanorods is 630 ± 36 nm, while the average 
diameter is 49 ± 9 nm (measurements shown in Supplemen-
tary Information, Fig. S2). We observe the silicon substrate 
is completely covered by ZnO nanorods and there are no 
void areas after their growth. ZnO nanorods are grown 

almost vertically and homogeneously on the silicon sub-
strate, inducing nano-roughness on the surface. The hydro-
thermal technique is a wet chemical fabrication method 
with good experimental reproducibility that allows uniform 
growth of ZnO nanorod arrays at a large scale [24]. Moreo-
ver, the ZnO morphological characteristics, such as diam-
eter and length, can be controlled by varying experimental 
parameters, such as the growth temperature, pH, and zinc 
seed layer morphology [44].

Contact angle measurements on the ZnO nanorods are 
shown in Fig. 2a. For these measurements, ZnO nanorods 
are used either as-grown, or after annealing in vacuum at 
300 °C, or after UV irradiation for 6 h, to switch the ZnO 
wetting behavior. Two consecutive cycles of annealing-UV 
irradiation are shown in Fig. 2a. The contact angle of as-
grown ZnO nanorods on flat silicon is very low (~ 10°), indi-
cating super-hydrophilicity. This observation is attributed 
to hydroxy groups that are created on the surface of ZnO 
nanorods during synthesis [3]. Indeed, it is established that 
the wettability of metal oxides in general switches between 
hydrophilicity and hydrophobicity, depending on the pres-
ence of hydroxy groups on their surface [45]. For ZnO in 
particular, it has been shown that surface hydroxy groups 

Fig. 1  SEM images of ZnO nanorods grown on flat silicon at a side 
(45°) and b cross-section view

Fig. 2  a Water contact angle measurements on ZnO nanorods, as-
grown on flat silicon, after annealing for 2  h at 300  °C in vacuum, 
and after UV irradiation twice, for 3 h each time. b Images of a water 
droplet, deposited on annealed ZnO nanorods on flat silicon, tilted at 
0°, 90°, and at a random angle
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render it hydrophilic for various synthesis and growth meth-
ods, indicating this is a property of the material itself, rather 
than a consequence of the synthesis or growth conditions 
[22–25, 28]. After annealing at 300 °C, the contact angle of 
ZnO nanorods is ~ 140°, indicating hydrophobicity. Anneal-
ing, and specifically annealing in vacuum, can accelerate the 
elimination of the surface hydroxy groups, thus converting 
the hydrophilic surface to a hydrophobic one [23, 46]. To 
reverse the ZnO wetting behavior back to the initial state, 
the ZnO nanorods were initially irradiated with UV light 
for 3 h, but no significant difference was observed in their 
wetting behavior. For this reason, the UV irradiation was 
repeated for 3 more hours, resulting in 6 h of total irradia-
tion. After 6 h of UV irradiation, the contact angle shows 
a decrease of ~ 100°, indicating a switch to hydrophilicity. 
Even though a significant decrease of the contact angle is 
observed upon UV irradiation, the ZnO nanorods do not 
reach their initial state of super-hydrophilicity (CA ~ 10°), 
which would probably require a longer UV exposure. This 
photo-responsive behavior is common for various metal 
oxides, as mentioned in the Introduction. Upon UV irradia-
tion, electron–hole pairs are formed in the lattice of ZnO. 
Some of the holes form surface oxygen vacancies, while 
the electrons form defect sites, which are kinetically more 
favorable for hydroxy adsorption than oxygen adsorption, 
enhancing the surface hydrophilicity [3]. To reverse the 
photo-induced effect, it has been demonstrated that oxygen 
atoms gradually replace the hydroxy groups adsorbed on 
the defect sites, resulting in surface hydrophobicity, when 
a sample is placed in the dark or annealed in vacuum after 
UV irradiation [23, 46, 47]. Indeed, repeating a second cycle 
of annealing/irradiation, a reversible wetting behavior is 
observed for the ZnO nanorods, switching between hydro-
philicity and hydrophobicity (Fig. 2a).

Images of a water droplet on ZnO nanorods at 0°, 90°, 
and at a random tilting angle, measured after annealing in 
vacuum at 300 °C, are presented in Fig. 2b. On the annealed 
hydrophobic ZnO surface, the water droplet did not slide 
even when the samples were turned upside down at 180°, 
indicating a sticky hydrophobic ZnO surface (tilting the ZnO 
surface from 0° to 90° in video S1, Supplementary Informa-
tion). Such a behavior can be attributed to a “petal surface”, 
as described in the Introduction, where the nano-rough 
surface is getting wet, providing extended contact between 
water and the ZnO nanorods, and thus increased adhesion 
and roll-off absence.

As a next step, we developed hierarchical surfaces, 
combining micro- and nano-morphology, by growing 
ZnO nanorods on laser-processed silicon microstructures, 

Fig. 3  SEM images of ZnO nanorods grown on microstructured sili-
con at a, side (45°) b, c, cross section, and d top view

▸
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as shown in Fig. 3. The silicon surface is covered by coni-
cal microstructures with a mean half-height diameter of 
15 ± 2 μm, a mean height of 65 ± 5 μm, and a mean dis-
tance between neighboring microstructures of 16 ± 3 μm 
center-to-center (Fig. 3a). Nanosecond laser irradiation of 
silicon in  SF6 environment results in the formation of such 
microstructures due to melting and interference effects [5]. 
Tuning the fabrication parameters, such as the laser wave-
length, pulse duration, fluence (J/cm2), number of pulses, 
the gas or liquid environment, and its pressure, we are 
able to control the surface morphology [48, 49]. The ZnO 
nanorods were grown on microstructured silicon, covering 
entirely the microstructures (Fig. 3b). Although it is dif-
ficult to measure the dimensions of ZnO nanorods grown 
on this substrate, we observe that ZnO nanorods were 
grown vertically to the non-planar substrate (Figs. 3c,d) 
similar to the growth direction of ZnO nanorods on flat 
silicon (Fig. 1b). To verify the spatial distribution of ZnO 
nanorods on the microstructured silicon substrate, an EDS 
elemental analysis is presented in Fig. 4. The EDS spec-
trum of ZnO nanorods on microstructured silicon shows 
Zn, Si, and O peaks (Fig. 4a). Mapping analysis and lay-
ered images show the detected elements and their distri-
bution on the surface (Fig. 4b). The elements of zinc and 
oxygen correspond to the presence of ZnO nanorods and 
they are detected on the entire surface, verifying that ZnO 
nanorods cover the silicon microstructures, as well as the 
valleys between them.

In Fig. 5, we study the effect of annealing temperature 
on the wetting behavior of ZnO nanorods on flat and micro-
structured silicon. Contact angle measurements are pre-
sented for as-grown samples and samples annealed for 2 h 
in vacuum at three different temperatures (200, 300, and 

Fig. 4  a EDS analysis of ZnO 
nanorods grown on micro-
structured silicon substrate 
and b mapping distribution of 
elements

Fig. 5  Water contact angle measurements on ZnO nanorods, grown 
on flat and microstructured silicon, as-grown and after annealing 
for 2 h in vacuum at three different temperatures. The contact angle 
of ZnO/micro-Si annealed at 400  °C is only indicatively shown 
as ~ 180°, because in reality this surface is completely water-repellent
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400 °C). As-grown ZnO nanorods present a similar superhy-
drophilic behavior either on flat or microstructured silicon. 
After annealing in vacuum, all samples present an increase 
in their contact angle, switching to hydrophobicity. How-
ever, the hierarchical surfaces (ZnO nanorods/micro-Si) pre-
sent a higher increase of the contact angle for all annealing 
temperatures, resulting in a pronounced hydrophobic state. 
Especially for the samples annealed at 400 °C, the water 
droplet was completely repelled from the surface, prefer-
ring the pipette surface (Fig. 6b and video S4b in Supple-
mentary Information). Therefore, the contact angle of these 
samples is only indicatively shown as ~ 180° in Fig. 5. There 

are several scenarios that describe the wetting of a surface 
with hierarchical roughness, which is quite complex [31, 43, 
50]. Microstructuring of silicon enhances the ZnO nanorod 
responsiveness to annealing due to the large specific area 
of the hierarchical surface, which allows extended contact 
between water and the ZnO nanorods. Thus, the wetting 
behavior of ZnO nanorods grown on microstructured sili-
con is described by the Wenzel model. The temperature of 
thermal annealing is a crucial factor for ZnO wettability 
and several studies have focused on the temperature range 
200–800  °C in vacuum or air, reporting a hydrophobic 
state up to a certain temperature, which then switches to a 

Fig. 6  Images of a water droplet 
deposited on ZnO nanorods, 
grown on a flat and b micro-
structured silicon and annealed 
for 2 h in vacuum at 200 °C, 
300 °C, and 400 oC, tilted at 0° 
and 90°. Sequence of images of 
water droplet deposition on ZnO 
nanorods on microstructured 
silicon, annealed at 400 °C, 
demonstrates that the surface is 
completely water-repellent
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hydrophilic state when the temperature is further increased 
[23, 25, 46, 51]. The effect of annealing persists for days, as 
shown in Fig. S5 in Supplementary Information. We meas-
ured the contact angle on hierarchical ZnO nanorod/micro-Si 
samples, annealed for 2 h in vacuum at 200 and 300 °C, for 
a time interval of 7 days. We observe that the contact angle 
remains practically the same for both samples, indicating 
that surface oxidation does not produce observable effects 
during this interval.

Images of a water droplet on ZnO nanorods, grown on 
flat and microstructured silicon (tilted at 0° and 90°), are 
shown in Fig. 6a, b, respectively. The samples are annealed 
for 2 h in vacuum at 200, 300, and 400 °C. All ZnO surfaces 
are sticky with a high contact angle and the water droplet 
preserves its shape even when tilted at 90° (more pictures 
of samples tilted at random angles are shown in Figs. S3 
and S4). This behavior can be explained by the “rose petal 
effect”, according to which extended contact area between 
water and the ZnO nanorods leads to increased water adhe-
sion on the surface [29–31]. The conical shape and the size 
of the silicon microstructure and the shape and size of the 
ZnO nanorods render this surface a “rose petal” one, instead 
of a “lotus” one, which typically has a columnar microstruc-
ture and a needle-shaped nanostructure with smaller sizes 
[43, 50]. No water droplet images exist at  90o for the ZnO 
nanorod/micro-Si surface annealed at 400 °C, because it is 
not possible to deposit a water droplet on this surface on a 
typical attempt of 1.2 s duration (Fig. 6b). During this time, 
the ZnO/Si hierarchical surface is not impregnated with the 
water droplet probably due to lack of residence time [50]. 
Despite numerous studies, the adhesion mechanisms of 
hydrophobic surfaces and the wetting mechanisms of hierar-
chical surfaces are not yet completely understood; thus, there 
are several hypotheses to comprehend these mechanisms [3].

To investigate the reversibility of the wetting state of the 
hierarchical surfaces, ZnO nanorods on microstructured 
silicon were irradiated for 6 and 12 h with UV light after 
annealing and their contact angles are presented in Fig. 7, 
in comparison with the contact angles of ZnO nanorods 
grown on flat silicon. After 6 continuous hours of UV irra-
diation, ZnO nanorods grown on flat silicon reverse their 
wetting behavior to the initial state of super-hydrophilicity, 
while the ZnO nanorods grown on microstructured silicon 
remain hydrophobic, even though they present a decrease 
in their contact angles. Specifically, ZnO/Si hierarchical 
surfaces, previously annealed at 200 °C and 400 °C, pre-
sent a decrease in contact angle of ~ 30° after 6 h of UV 
irradiation, preserving contact angles > 90°. Only for ZnO/
Si hierarchical surfaces previously annealed at 300 °C, a 
decrease in contact angle of ~ 40° is present after 6 h of UV 
irradiation, approaching a contact angle of ~ 90°, close to 
a reversal of the wetting behavior towards hydrophilicity. 
Instead, the ZnO/Si hierarchical surfaces require more time 

(12 h) of UV irradiation to reverse their wetting behavior to 
the initial superhydrophilic state. This fact is attributed to the 
higher contact angles that are measured on ZnO nanorods 
grown on microstructured silicon after annealing. The hier-
archical ZnO/Si surfaces are more hydrophobic than the 
surfaces of ZnO nanorods on flat silicon after annealing; 
thus, the hierarchical surfaces require longer UV irradia-
tion to switch to the hydrophilic state. A similar reversible 
wetting behavior has been reported for other hierarchical 
ZnO structures, however, without reaching a completely 
water-repellent state [12, 28, 29, 52]. Table 1 summarizes 
the results of this work in comparison with other ZnO micro/
nano-structures on various substrates, showing a reversible 
wettability. The high contact angles obtained in this work 
are usually obtained only after chemical modification of the 
ZnO surface with organic coatings. However, the hierarchi-
cal structure developed here induces similarly high contact 
angles after annealing, without chemical modification, and 
reaches a completely water-repellent state, which is rarely 
reported.

By taking advantage of the reversible wettability of 
the surfaces, we are able to locally modify their wetting 
state for directed liquid motion. To this end, we irradi-
ated annealed hydrophobic ZnO nanorod surfaces, either 
on flat or microstructured silicon, by UV light using a 
mask, to create a UV-irradiated area only on half of the 
surface (as indicated in Fig. 8). Both wetting states of the 
ZnO surface, the hydrophobic and hydrophilic one, can 
be observed in Fig. 8a. An image of two water droplets, 
one on the irradiated and one on the non-irradiated area 
of annealed ZnO nanorods grown on flat silicon, shows 

Fig. 7  Water contact angle measurements on ZnO nanorods, as-
grown on flat and microstructured silicon substrates, after annealing 
for 2 h in vacuum, and after 6 and 12 h of UV irradiation. The contact 
angle of the ZnO/micro-Si sample annealed at 400 °C is only indica-
tively shown as ~ 180°, because in reality, this surface is completely 
water-repellent
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that the non-irradiated area remains hydrophobic, while 
the UV-irradiated area has become hydrophilic. Therefore, 
we can create a smart surface with areas of different wet-
ting states that can be controlled by the stimulus of UV 
light. Following a similar procedure, a hierarchical surface 
of ZnO nanorods on microstructured silicon, annealed in 
vacuum for 2 h at 300 °C, was half-irradiated by UV light 
using a mask (as indicated in Fig. 8b). A water droplet was 
deposited on the border between the irradiated and non-
irradiated areas. Figure 8b shows images of the droplet 
at the moment of deposition (t = 0) and 3 s later (video 
S6 in Supplementary Information). Although the water 
droplet was initially deposited on the border between the 
two areas, it moved towards the UV-irradiated area after 

3 s, where it spread. This is attributed to the hydrophilic 
state of the UV-irradiated area, which is preferable for the 
water droplet, compared to the hydrophobic non-irradiated 
area. Therefore, we can direct the motion of a water drop-
let by controlling the wetting state of a surface locally via 
UV irradiation. Such effective anisotropic wetting and the 
resulting spontaneous motion of liquids can be useful for 
microfluidic applications [40–42, 53, 54].

4  Conclusions

We developed hierarchical surfaces of ZnO nanorods 
grown on laser-microstructured silicon with photo-induced 
and heat-induced wettability. The as-prepared surfaces are 
superhydrophilic and become hydrophobic after annealing in 
vacuum. The wetting state of ZnO nanorods switches revers-
ibly to a hydrophilic one upon UV irradiation due to elec-
tron–hole pairs formed in the lattice of ZnO. The annealing 
effect is significantly more pronounced on the hierarchical 
ZnO nanorod/micro-Si surfaces, compared with control sur-
faces of ZnO nanorods grown on flat silicon, due to the large 
specific area of the hierarchical structure, which enhances 
the sample responsiveness to temperature. Especially when 
annealed at 400 °C, the hierarchical ZnO/Si surface becomes 
completely water repellent, which is useful for frictionless 
liquid transport in microfluidic and other devices. The hier-
archical surfaces require longer UV exposure to switch back 
to the hydrophilic state after annealing, compared with the 
control surfaces. Even though the annealed surfaces show 
high contact angles, they are very adhesive and water drop-
lets do not roll off even when tilted at 90° or 180°, which is 
explained by the “rose petal” effect. Such surfaces can be 
used as “mechanical hands” for no-loss transport of small 
liquid volumes, precision coatings, spectroscopy, etc. Local 
modification of the wetting state is achieved using a mask 
during UV irradiation to expose only parts of the surface to 
UV light. This way, we develop smart surfaces, which can 
direct the motion of liquids from hydrophobic to hydrophilic 
areas of the surface. Furthermore, the effect is reversible as 
we can “erase” the hydrophilic areas by annealing the sam-
ples and create new ones by local UV irradiation, rendering 
these surfaces reusable for various applications. Such smart 
surfaces that respond to external stimuli reversing their wet-
ting behavior pave the way for applications that require wet-
tability control and manipulation of liquid mobility using 
advanced materials with novel properties at the micro- and 
nanoscale.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00339- 023- 06529-w.

Fig. 8  a Image of two water droplets, on the non-irradiated area (left) 
and the UV-irradiated area (right) of ZnO nanorods grown on flat 
silicon, annealed for 2 h in vacuum at 300 °C. b Images of a water 
droplet deposited on ZnO nanorods grown on microstructured silicon, 
annealed for 2 h at 300 °C, at t = 0 and t = 3 s. The dashed line indi-
cates the border between the irradiated and non-irradiated areas. The 
cross indicates the mass center of the water droplet

https://doi.org/10.1007/s00339-023-06529-w
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