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ABSTRACT: Multifunctional surfaces with reversible characteristics have
gained great attention due to their various envisioned applications. We
report on the development of surfaces exhibiting both photocatalytic
activity and reversible wettability. Initially, irradiation of silicon wafers
with femtosecond laser pulses produces a surface with dual-scale
roughness in the micro- and nanoscale. Subsequently, the hierarchically
roughened silicon surfaces are coated with ZnO following a simple sol—
gel process. The manufactured artificial surfaces exhibit reversible
wettability from superhydrophilic (upon UV irradiation) to super-
hydrophobic (upon heating), while the specimens reveal high photo-
catalytic activity as illustrated by the decolorization of methylene blue
utilized as a model dye. The surfaces exhibit reproducibility and stability

over a number of cycles.

I. INTRODUCTION

Self-cleaning surfaces have gained the focus of considerable
research due to their strong potential for exploitation in a
number of industrial applications." Superhydrophobic materials
can be widely used in outdoor weather-proof paints, easy-to-
clean textiles, microfluidics, lab-on-chip devices, low friction
coatings (e.g., for ships), and solar panels. In most cases, when
superhydrophobicity is discussed, one means surfaces with high
contact angles (>150°) and low contact angle hysteresis (or
sliding angles) with water droplets being able to roll off easily
from the surfaces;” ° in those cases, the surfaces exhibit water
repellency’ >~ and are frequently described as super-
hydrophobic with low adhesion. However, there are many
naturally occurring surfaces that exhibit high contact angles
(>150°) together with high contact angle hysteresis (>90°);
these surfaces are called superhydrophobic with high
adhesion.'”™"* As the flip side of the coin, superhydrophilic
surfaces are used in the cleaning of roof tiles and windows, in
mist-free mirrors, and in photochemical degradation, to name
but a few applications."”” The inspiration for designing and
developing new self-cleaning materials comes from nature;’ the
Lotus effect, which results in superhydrophobicity and very
high water repellency, as exhibited by the leaves of sacred Lotus
(Nelumbo nucifera), was first reported by Barthlott and
Neinhuis.'" "> Apart from this, there is a wide variety of
biological species exhibiting amazing properties, like rice leaves,
rose petals, the strider’s legs, gecko feet, shark skin, mosquito
compound eye, spider silks, and cicada and butterfly wings."®
The most common way to generate effective super-
hydrophobic surfaces is to build multiscale hierarchical
roughness. One way this can be achieved is by micro/
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nanostructruring a surface utilizing ultrafast lasers, which
creates dual scale roughness in a one-step process.”’’ The
first conical microstructures with multiscale roughness were
reported by Her and Mazur'® in 1998. Since then, femtosecond
laser has proven to be a promising method for fabricating
hierarchical structures with multiscale roughness.19 For
example, Zorba et al. produced artificially structured surfaces
possessing controlled dual-scale roughness, which exhibited the
water repellent characteristics of the natural Lotus leaf.”*"*"

Moreover, there is a continuously increasing demand for
multifunctional surfaces with reversible characteristics. This can
be achieved by using “smart” coatings, which can respond to
external stimuli, such as light,zz_26 temperatu1‘e,22‘27_29 electric
field, ™" pH,*»*7*" or solvent selectivity.””** Among
them, the wetting properties of ZnO have been widely studied,
since it can reversibly switch from superhydrophilic to
superhydrophobic in response to UV irradiation and heating
or dark storage, respectively.” >’ For example, Papadopoulou
et al. reported the preparation of photoreversible ZnO
hierarchical surfaces prepared by irradiating Si substrates with
femtosecond laser and decorating them with ZnO nano-
protrusions using pulsed laser deposition.”

Furthermore, ZnO is a well-known photocatalyst. In order to
enhance its photocatalytic activity, research efforts have focused
on the development of ZnO surfaces with a high surface to
volume ratio. Among those, ZnO nanorods,””*® nanoflowers,*’
nanobelts, and nanowires*® have been reported, which can be
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Figure 1. AFM image (scan size 1 ym X 1 ym; z-range ~62 nm) (a) and X-ray diffractogram (b) of a ~80-nm-thick ZnO film on a flat silicon

substrate.

easily produced by a simple sol—gel method followed by
hydrothermal synthesis or other approaches.””*' However,
most of the work cited above suffers from the disadvantage of
producing low stability specimens, which cannot be easily
adopted for large-scale synthesis and, thus, for industrial
applications.

The research efforts up to now have focused on either
superhydrophobic photocatalytic ZnO surfaces or super-
hydrophilic photocatalytic self-cleaning surfaces. The combina-
tion of surfaces exhibiting reversible wettability behavior (from
superhydrophobic to superhydrophilic) together with excellent
photocatalytic activity is an innovative point of view, since such
smart surfaces can reduce the maintenance costs and save time.
In this work, we report the development of ZnO coatings
exhibiting reversible wettability and photocatalytic activity.
These are prepared following a two-step fabrication process.
First, silicon (Si) wafers are irradiated with femtosecond (fs)
laser pulses in order to produce Si surfaces with dual scale
roughness (Si spikes).”*>*" Then, the rough Si samples are
coated with a ZnO film prepared by a simple sol—gel
process.”' =" The artificial surfaces exhibit reversible wettability
from superhydrophilic (upon UV irradiation) to super-
hydrophobic (upon heating), while the as-grown samples
revealed high photocatalytic activity investigated by means of
the decolorization of methylene blue as a model dye. The
reproducibility and sustainability of the system is thoroughly
studied. To the best of our knowledge, this is the first
investigation referring to ZnO surfaces on Si spikes, which
illustrate both high photocatalytic activity and reversible
wettability from superhydrophobic to superhydrophilic.

Il. EXPERIMENTAL SECTION

Surface Manufacturing. The fabrication of Si spikes with a
ZnO coating was achieved following a two-step process: First,
single crystal n-type Si (100) wafers with a resistivity of p = 2—8
Q-cm were placed in a vacuum chamber under a pressure of
107> mbar (which is drained with a reactive gas (SFg)
atmosphere at a pressure of 500 Torr) and irradiated using a
Yb:KGW laser with a repetition rate of 1 kHz and a pulse
duration of 170 fs at a wavelength of 1026 nm, while the laser
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pulse fluence was maintained at 0.65 J/cm” The chamber was
mounted on a high precision XY translational stage and the
sample surface was kept perpendicular to the incident laser
beam. The stage motion was synchronized with a mechanical
shutter in order to provide a uniform exposure of a 100 mm?>
area to an average of 500 laser pulses per spot. After that, the
samples were cleaned with a 10% HF aqueous solutions in
order to remove the silicon oxide grown on the surface.”***'

After rinsing several times with ethanol and bidistilled water
in order to remove any remains, the surfaces were coated by a
ZnO film using a simple sol—gel process.*' ~** For this purpose,
Zinc acetate dihydrate [(Zn(CH,COO),2H,0), Sigma-
Aldrich, 99.99%] was dissolved in 2-methoxy ethanol
[(CH;0CH,CH,0H), Sigma-Aldrich, >99.55%] at a concen-
tration of 0.75 mol/L. Monoethanolamine
[(HOCH,CH,NH,), Sigma-Aldrich, >99.0%] was also added
as a stabilizer and the molar ratio of zinc acetate to
ethanolamine was kept at 1:1. The resultant solution was
stirred for 1 h at 60 °C in order to become homogeneous.
Subsequently, 30 yL of the solution were dropped on the laser
irradiated Si samples, which were rotated at 3000 rpm for 20 s.
After coating, the samples were heated at 350 °C for 10 min to
evaporate the solvent and remove any organic residue. This
procedure was repeated four (4X) times. Finally, the samples
were annealed in air at 500 °C for 1 h. In parallel with the
deposition of the ZnO coatings on Si spikes, ZnO films on flat
silicon wafers were grown as well. This way, reference
specimens of ZnO on flat silicon were created for reference
and comparison reasons.

Surface Characterization. The surface morphology of flat
Si substrates coated with ZnO films was investigated using an
atomic force microscope (AFM) in tapping mode (Digital
instruments - Nanoscope Illa). The grain size and the
roughness (rms) of the ZnO films on flat Si wafers were
determined using the scanning probe image processing software
(SPIP, v 3.3.5.0, Image Metrology) for nano- and microscale
microscopy, while the thickness of the ZnO film was measured
with a stylus profilometer (alpha-step 100, Tencor). The
morphology of laser irradiated Si surfaces, with and without the
ZnO coating, was studied using a field emission scanning
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Figure 2. FE-SEM micrographs of bare Si spikes prepared by femtosecond laser irradiation on silicon (a) and coated with ZnO by the sol—gel/spin-

coating process (b).
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Figure 3. (a) UV—vis absorption spectra of aqueous solution of methylene blue in contact with a surface with a ZnO coating on top of silicon spikes
following UV irradiation for various times. (b) Normalized absorption of aqueous solutions of methylene blue at 4,,,, = 665 nm under UV light
irradiation, for flat Si substrate (triangles), Si spikes (circles), 4X ZnO coating on flat silicon (squares), and 4X ZnO coating on silicon spikes

(diamonds), respectively.

electron microscope (FE-SEM, JEOL JSM-7000F), while the
crystalline structure of all samples was determined by X-ray
diffraction (XRD) utilizing a Rigaku (RINT 2000) diffrac-
tometer with Cu Ka radiation with a wavelength 4 = 1.54 A.
Photocatalysis. The photocatalytic activity of the samples
was quantified by means of the decolorization of methylene
blue (MB) in aqueous solution at an initial concentration of 5.4
X 1077 mol/L (20 ppm), which is a typical potent cationic dye
that has been widely used as a model organic Erobe to test the
photocatalytic performance of photocatalysts.”*~*" The studied
samples (both ZnO coated and bare Si spikes) were placed in a
custom-made quartz cell, and the whole setup was illuminated
for up to 60 min using a UV lamp centered at 365 nm (Philips
HPK 125 W) with a light intensity of ~10 mW/cm? The MB
concentration was monitored during decolorization by UV—vis
spectroscopy in absorption mode, using a PerkinElmer
(Lambda 950) spectrophotometer over the wavelength range
of 250—1100 nm. In addition, an apparent rate constant (k) has
been calculated as the basic kinetic parameter for the
comparison of the photocatalytic activities. The rate constant
k was obtained by fitting the concentration data to an equation

In(C,/C,) = —kt

where k is apparent rate constant, C, is the actual concentration
at time t, and C, the initial concentration of MB. Since
methylene blue has a strong absorption peak at 4., = 665 nm,
a series of MB aqueous solutions of known concentration were
prepared first in order to build a calibration curve. Photolysis
experiments were also performed using bare Si substrates and
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bare Si spikes, under exactly the same conditions applied for the
ZnO coated surfaces.

Wettability. Wettability tests were performed using a
surface tensiometer (OCA-40, Dataphysics) utilizing the sessile
drop method.” A drop of 5 uL was deposited on the surface of
each substrate after exposure to the UV lamp or heating at 200
°C and the contact angle was measured in each case. Digital
images of the water droplets were taken and the water contact
angle was calculated by fitting the whole drop profile using
Bashforth-Adams equation, thus evaluating both the contact
angle and the surface tension of the fluid.

lll. RESULTS AND DISCUSSION

Artificial Surface Characterization. An AFM image of a
4X layered ZnO film on a flat Si wafer is shown in Figure 1a,
with a scanned surface area of 1 ym?* The thickness of the film
was ~80 nm estimated with the stylus profilometer. The
determined rms roughness of the film is ~9.5 nm while the
grain size is estimated as ~36.5 + 2 nm. Figure 1b depicts a
typical X-ray diffraction pattern of the ZnO thin films deposited
on silicon by the sol—gel/spin-coating technique after 4
spinning cycles and annealing at 500 °C. XRD pattern reveals
a strong (002) peak at a diffraction angle of 20 = 34.42° and
two more at 31.78° and 16.20°, which correspond to the (100)
and (101) planes, respectively, in good agreement with the
JCPDS card (No. 36—1451) for a typical hexagonal wurtzite
type ZnO crystal. No other characteristic peaks corresponding
to possible impurities, such as zinc nitrate or zinc hydroxide, are
observed in the XRD patterns.
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Figure 2 shows the SEM micrographs of the laser irradiated
Si substrates before and after the ZnO coating. Careful
examination of Figure 2a and b makes clear that the ZnO
coating did not affect the hierarchical micro- and nanostructure
of the artificial surface; in both images, silicon spikes are clearly
visible and distinct. This is reasonable since the roughness
introduced by the ZnO layer is on the order of a few tens of
nanometers while the spike dimensions are on the order of tens
of microns (the peak of the spikes alone is close to 1 ym wide)
and their nanoroughness is on the order of 100 nm. Therefore,
the quantity of ZnO used is sufficient to create a very thin film
on the surface of each spike but not in excess that would
submerge them and make the roughness inefficient.

Photocatalytic Behavior. The photocatalytic mechanism
of ZnO has been reported in previous works.””*"*" UV—vis
spectroscopy was utilized to evaluate the photocatalytic
behavior of the rough surfaces with the ZnO film coating as
well as of the various controls. A custom-made cuvette was used
that brought into contact the aqueous solution of methylene
blue and the coated or noncoated surfaces during UV
illumination. The absorbance as a function of wavelength for
various UV illumination time intervals was monitored for each
specimen; Figure 3a shows the absorption spectra for the
specimen with the ZnO coating on top of the silicon spikes.
The normalized integrated areas were calculated below such
absorbance curves at the peak wavelength and the data are
shown in Figure 3b as a function of the UV illumination time.
Figure 3b illustrates the photocatalytic behavior of flat Si
substrates, both bare and with a ZnO coating, along with the
hierarchical surfaces (silicon spikes) both bare and with a ZnO
coating.

The ZnO coated silicon spikes exhibit high photocatalytic
activity when compared to a ZnO film on flat silicon. For the
ZnO on the spikes, the degradation of MB reaches about 90%
in only 60 min (even ~70% degradation in only 30 min), while
for a ZnO on flat silicon the degradation is only ~30% after 60
min. This can be attributed to the high surface-to-volume ratio
of the ZnO coated on the silicon spikes, in agreement with
research results reported in the literature.*>>" The integrated
area is proportional to the MB concentration; thus, analysis of
the data of Figure 3b with the equation

In(1,/1,) = In(C,/C,) = —kt

(see Experimental Section) can be used to extract an apparent
rate constant. The data in Figure 3b (especially for the ZnO
film on silicon spikes) give a good linear fit, thus confirming
that the photodegradation of MB over the studied photo-
catalysts follows first-order kinetics. The calculated apparent
rate constant for the ZnO coated silicon spikes was 0.016
min~!, which is close to the values recorded in the
literature.*”>> Reference samples (flat Si substrate and Si
spikes) without ZnO coatings were also characterized in terms
of MB decolorization by means of UV—vis absorption and
showed that their photocatalytic activity was negligible.
Reversible Wettability Behavior. Figure 4 shows
representative water drop images for the specimen with a
ZnO coating onto a flat silicon surface (Figure 4a) and onto a
micro/nanostructured surface of silicon spikes (Figure 4b)
following a cycle of UV irradiation and of subsequent heating. It
can be clearly seen that, as the samples are exposed to UV
illumination, they both become hydrophilic, while when the
same samples are heated at 200 °C for 3 h, an increase in their
contact angle is recorded. It should be noted that the

(@)
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(b)

Heating/Dark storage

- 30°

Figure 4. Photographs of representative water drops and the
respective equilibrium contact angles on specimens with (a) ZnO
coating onto a flat Si substrate and (b) ZnO coating onto a surface
with silicon spikes. Drops are shown for the specimens following UV
irradiation (on the right) and after thermal treatment at 200 °C (on
the left).

157°

hydrophobic behavior of the specimens can also be achieved
by storing them in the dark, although this process requires time
on the order of days.”**° The contact angle of water on the
ZnO coated flat silicon surfaces is measured at ~70° after
heating while that on the ZnO coated silicon spikes gives values
of ~157° illustrating their superhydrophobic behavior. The
difference in the contact angle measurements between these
two ZnO surfaces is due to the enhanced hierarchical roughness
in the latter case. To the best of our knowledge, this is the first
study presenting a superhydrophobic ZnO surface with a
contact angle more than 150°. It is noted that our hierarchical
surfaces did not exhibit low contact angle hysteresis (or,
equivalently low sliding angle; data not shown). Water droplets
stayed attached onto the surfaces even for angles as high as 90°.
It is noted that the pinning force per unit length for a droplet
on a surface is F = y;(cos 6, — cos 0,) = yyA(cos 0), with y1y
the water surface tension and 6, and 6, the advancing and
receding contact angles, respectively; the energy dissipated will,
thus, scale as y;yR*A(cos 6), with R the droplet radius.® Thus,
our surfaces are superhydrophobic with high water adhesion,
similar to a number of biosurfaces like, e.g, the Rosa, cv.
Bairage.'” This behavior indicates that the Si irradiated surfaces
were not fully covered by the ZnO layers, which potentially
could give space to the formation of hydrophilic defects that
prevent droplets from rolling off." '

Figure S shows the water contact angles as a function of time
of UV illumination (Figure Sa) and heating (Figure Sb),
respectively, for a specimen with a ZnO coating onto a micro/
nanostructured surface of silicon spikes. When the surface is
illuminated with UV, the contact angle decreases slowly with
time until it reaches the superhydrophilic regime after about 50
min. On the other hand, when the same surface is heated at 200
°C, an apparently two-stage process is observed. The contact
angle increases at a faster rate for early times reaching ~120°
after ~50 min whereas it, then, increases with a slower rate until
it reaches a superhydrophobic state after ~160 min of exposure
to heat. Other temperatures were also tested. Lower temper-
atures caused a rapid decrease in efficiency while higher
temperatures did not make the process much faster or more
efficient. This makes the whole process affordable in energy
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Figure 5. Dependence of the water contact angle on a surface with a ZnO coating on top of the silicon spikes following (a) UV irradiation and (b)

heating at 200 °C for various times.

cost and convenient since it does not require any sophisticated
equipment for heating.

Stability of the Behavior. In order to study the
reproducibility and the stability of the system, specimens
have been subjected to cycles of UV irradiation and thermal
heating and their wettability is investigated (Figure 6). The
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Figure 6. Average contact angle values of water droplets situated on
specimens with ZnO coating onto a flat Si substrate (squares) and
ZnO coating onto a surface with silicon spikes (diamonds) for five
irradiation cycles of UV irradiation and 3 h thermal heating at 200 °C.

water contact angle data are shown for the specimens with a
ZnO coating onto a surface with silicon spikes and the one with
a ZnO coating onto a flat silicon substrate for five cycles of UV
illumination and heating. A responsive behavior is observed for
the case of the ZnO coated flat specimen with contact angle
values fluctuating within a narrow region between 40° and 70°.
On the contrary, the ZnO coated hierarchically roughened
specimen exhibits a very wide range in responsiveness ranging
from around 20° to a region very close to 150°. Both
reversibility and reproducibility prove the efficiency and
endurance of the surfaces, which is very important for practical
applications.

It has been reported in the literature that there is a possibility
for photocorrosion under UV irradiation of the ZnO catalyst;"”
this is more prone to happen for ultrathin (20—70 nm) films of
ZnO. Thus, we have performed tests of the present system for
the stability and reproducibility of the photocatalytic behavior.
For that, cycles of both wettability and photocatalysis
measurements were performed and the performance is
illustrated in Table 1.

Table 1. Repeatability of the Specimen Performance

25405

wettability photocatalysis
% degradation of
methylene blue
after 20 after 60 reaction
after heating  after UV min min constant
in 200 °C  irradiation irradiation irradiation (k)
1st 157° 10° 22 86 0.016 s7!
cycle
2nd 151° 20° 21 84 0.016 s7*
cycle

According to the results the surface maintains the reversible
wettability behavior after photocatalysis as well as its super-
hydrophobic features. Furthermore, the second cycle of
photocatalysis proved to be as efficient as the first one, without
any reduction of the reaction rate constant. Therefore, the
system maintained its efficiency after repeated wettability—
photocatalysis cycles proving its reproducibility and stability.
Such a biresponsive structure could be the basis for a variety of
applications in the future.

IV. CONCLUSIONS

A multifunctional surface with a ZnO coating deposited onto a
hierarchically roughened surface has been fabricated with a two-
step process. The wettability and the photocatalytic activity of
the surfaces have been investigated in detail as a function of
time. High photocatalytic activity is achieved with a ~90%
decolorization of a model dye in ~60 min. The systems exhibit
a reversible wettability behavior from superhydrophilic (upon
UV irradiation) to superhydrophobic (upon heating). The
stability of the behavior is investigated extensively and the
system proves to be quite stable. To the best of our knowledge,
this is the first work on the development of surfaces with both
high photocatalytic activity and reversible wettability behavior
from superhydrophobic to superhydrophilic. The combination
of photocatalysis with reversible wettability with a single
coating makes the system appropriate for a variety of
applications, such as self-cleaning surfaces, air purification,
marine coatings, or fog-proofing.
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