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a  b  s  t  r  a  c  t

Ultraviolet  (UV)  radiation  responsive  surfaces,  with  tunable  wetting  properties,  are fabricated  by  spin
casting  polystyrene/titania  nanocomposite  dispersion  in  tetrahydrofuran  on  silicon  substrates.  The
prepared  samples  are  found  hydrophilic  due  to the  presence  of  the water  miscible  solvent.  Upon  anneal-
ing,  as  the  solvent  evaporates,  samples  become  superhydrophobic  due  to  presence  of  hydrophobic
polystyrene  and  formation  of nano  and  micro  scale  surface  roughness  due  to  titania  nanoparticles.  Effect
eywords:
unable wetting
urface modification
uperhydrophobic
itania
hoto-responsive

of different  annealing  temperatures  and  time  on  resulting  wettability  is investigated.  Photocatalytic
property  of titania  is exploited  to make  transition  from  superhydrophobic  to hydrophilic  state  upon
UV  exposure.  Subsequently,  upon  annealing  again  at elevated  temperatures  for  sufficient  time,  the UV
exposed  hydrophilic  samples  recover  their  superhydrophobicity  showing  transition  from  hydrophilic
to  superhydrophobic  state.  Detailed  static and  dynamic  study  of  these  reversible  transitions,  between
superhydrophobic  and  hydrophilic  states,  due  to UV  exposure  and  annealing  is  presented  in this  article.
. Introduction

Smart surfaces with tunable wetting properties have recently
ained considerable attention from fundamental as well as appli-
ation point of view. Various research groups have shown different
pplications of such tunable wetting surfaces in areas includ-
ng microfluidic devices, biosensors, drug delivery, bio-separation,
nti-adhesive coatings, self-cleaning surfaces etc [1–6]. Significant
mount of work has been done in recent time to fabricate such
mart surfaces with tunable wettability based on different exter-
al stimulus e.g. electric field, temperature, light, pH, humidity,
echanical strain, gas, redox electrochemistry etc [7–14]. Among

hese techniques, the light (specifically UV radiation) responsive
pproach has received special attention because of its simplicity in
abrication as well as the cost effectiveness. UV responsive tunable
etting surfaces are used in wide range of applications as there is no

pecific requirement for substrates and liquids which is essentially
equired for most other responsive techniques.

It has been well understood that the wettability of a surface
an be tuned either by controlling its surface chemistry or sur-

ace topography or combination of both [15–17]. On homogeneous
chemically as well as topographically) surfaces, the equilibrium
ontact angle (�) are given by the Young’s equation [18]. Whereas
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on rough and/or heterogeneous surfaces, the apparent contact
angle can be described by the Wenzel or the Cassie–Baxter model
depending upon the heterogeneity [19,20]. Many research groups
have successfully attempted to fabricate superhydrophobic sur-
faces (with water contact angle >150◦) exploiting combination of
chemical and topographical heterogeneities [21–24]. To fabricate
smart surfaces with tunable wetting property, one needs to use
a coating that responds to a particular external stimulus. Various
research groups have fabricated UV responsive tunable wetting
surfaces based on different transition metal oxides, such as ZnO,
TiO2, WO3, SnO2, Fe2O3, and V2O5 [25–28]. These transition metal
oxides exhibit photoinduced hydrophilicity when exposed to UV
radiation. Among these transition metal oxides, titania (TiO2) is
an important material which is widely used in many industrial
applications including photo catalysis, photovoltaic devices, photo
splitting of water, sunscreens etc. Due to photo catalytic property
of titania, it is widely used as light-induced hydrophilic surfaces
[5,29,30]. It has been demonstrated with fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)
studies that, upon UV exposure of TiO2 surfaces, the equilibrium
Ti4+ ions are converted into Ti3+ defect states accompanying oxy-
gen vacancy [5,31,32]. Therefore, Ti3+ defect sites have the affinity
to chemisorb water molecules making the surface hydrophilic. The
photo catalytic phenomenon of titania upon UV exposure can be

summarized by following reactions [33]:

TiO2 + hv → h+
valenceband + e−

conductionband
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ig. 1. SEM micrographs of PS/TiO2 nanocomposite films of (a) as prepared sample,
ar  in the image correspond to 5 �m and is same for all three images.

−
conductionband + Ti4+ → Ti3+

trappedelectron

+
valenceband + O2− → O−

trappedhole

h+
valenceband + 2O2− → O2

It has also been reported that annealing titania at tempera-
ures higher than 250 ◦C causes hydrophilicity due to desorption
f surface oxygen, producing oxygen vacancies. One missing oxy-
en atom at the bridging-O site leaves two subsurface Ti3+ sites
xposed thus making the surface hydrophilic [34].

Inspired by the photo catalytic property of titania, many
esearchers have fabricated nanostructured titania films to exhibit
V tunable superhydrophobic behavior [25,31,32,35]. Due to the
anostructuring of titania films, these methods are neither very
onvenient nor cost effective. Alternatively, Hou et al. demon-
trated mixing of titania nanoparticles with a hydrophobic polymer
roviding similar results with much simpler fabrication recipe [7].
imilar phenomenon may  also be observed when polystyrene or
ome other hydrophobic polymer is mixed with the above men-
ioned metal oxides. The combination of hydrophobic polystyrene
nd photo catalytic titania nanoparticles provide easy fabrication
ecipe without any need of nanostructuring or nanopatterning and
lso better control over reversible switching of wettability. They
emonstrated tunable wettability upon UV exposure and subse-
uent annealing, but their study lacked detailed investigation of the
etting transitions. For any tunable wetting surfaces, knowledge

f static and dynamic wetting transitions is important as it pro-
ides characteristic information of the surface as well as its dynamic
uning [36–39]. In this paper, we present detailed analysis of static
nd dynamics of both wetting transitions (superhydrophobic to
ydrophilic and vice versa) for many repeat cycles.

. Experimental section

Single side polished silicon (Si) wafers cut into square pieces
2 cm × 2 cm)  were used as substrates. The substrates were
horoughly cleaned by ultrasonicating in ethanol, acetone, and
oluene followed by plasma cleaning (Harrick Plasma, USA). 2 wt.%
olystyrene (PS) (Polymer Standards Service Germany, 100 kg/mol)
as dissolved in tetrahydrofuran (THF) and ultrasonicated for
0 min  to prepare homogeneous solution. 5 wt.% titania nanoparti-
les (mean diameter ∼21 nm,  Aldrich) were mixed in the prepared
S/THF solution and the mixture was ultrasonicated for 1 h to
repare a good dispersion. The PS/THF/TiO2 dispersion was then
mple annealed at 180 ◦C, and (c) sample exposed to UV radiation for 150 min. Scale

spin coated (RPM 1000, acceleration time 25 s, spin time 90 s) on
pre-cleaned Si substrates. The resulting film thickness was found
to be 35(±4)�m.  Films with different thickness were prepared by
varying the concentration of the dispersion and changing the spin
coating parameters These samples were subsequently annealed at
different temperatures for different time and their resulting sur-
face roughness and wettability were characterized as a function
of annealing temperature and time. Surface roughness measure-
ments were carried out by an atomic force microscope (AFM)
(PicoSPM, Non-contact mode, Molecular Imaging Corporation) over
3 �m × 3 �m surface area. Wettability measurements were carried
out using an optical contact angle goniometer (OCA35, Dataphysics
Germany) using sessile drop (of de-ionized water) method with
fixed drop volume of 2 �l. Later the annealed samples were exposed
to UV radiation (wavelength 254 nm,  power output 350 �W/cm2)
and their wettability and surface roughness were characterized as a
function of increasing UV exposure time. Since the bulk band gap of
the TiO2 is 3.2 eV, and as the crystallite size decreases, the band gap
increases reaching up to 3.4 eV for crystallite size of 20 nm [40]. We
initially exposed the PS/TiO2 nanocomposite films to 364 nm UV
radiation, but failed to see any wettability change. Subsequently
we exposed with 254 nm UV radiation which gave the desired
result. After UV exposure, samples were again annealed at different
temperatures for different time to study their superhydrophobic
recovery. This whole analysis was repeated for many cycles to
study the reversible wetting transition and possible contact angle
hysteresis.

3. Results and discussion

After spin casting PS/TiO2/THF dispersion on silicon substrates,
the as prepared samples were found hydrophilic (water contact
angle � ∼ 42 (±2)◦) due to presence of the solvent THF in thin films
which is water miscible. Samples with different film thicknesses
didn’t show any significant difference in the resulting wetting
behavior due to the fact that wetting is a surface phenomenon and
depends only upon chemistry and topography of the top surface.
Fig. 1(a) shows the scanning electron microscope (SEM) image of
an as prepared sample which had rms  roughness of 95 nm as ana-
lyzed by the AFM. This surface roughness could be mainly due to
agglomerated titania nanoparticles at the surface.

As prepared samples were annealed at different temperatures

for different time and their surface roughness as well as surface
wettability were characterized. Fig. 2(a) shows the plot of rms sur-
face roughness (left Y-axis) of an as prepared sample as a function of
annealing temperature as well as the corresponding water contact
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that the surface roughness of the samples was  not affected by UV
exposure. The surface roughness of all UV exposed samples was
found about 380 nm.  So the decrease in contact angle can solely be
ig. 2. (a) rms  surface roughness and resulting contact angle of PS/TiO2 nanocompos
nnealed at 180 ◦C for different time.

ngles (right Y-axis). It is clear from the graph that as the anneal-
ng temperature increases, the surface roughness also increases
hus increasing the apparent contact angle. Initially, till temper-
ture close to the boiling point of THF (66 ◦C), the solvent THF
tarts to boil and molecular reordering takes place at the surface
hich increases the surface roughness. As a result, the apparent

ontact angle is also increased. We  calculated the apparent contact
ngle via Wenzel model for smaller surface roughness (typically
250 nm,  obtained from Fig. 2(a)) and found the apparent con-
act angle values in agreement with experimental observations.
t higher temperatures (>100 ◦C), THF vapors trapped underneath

he surface starts escaping, creating big micron size cracks at the
urface as confirmed by SEM images. The phenomenon of cracks
ormation due to solvent evaporation has been demonstrated for
rying soils and clay [41,42]. Therefore the sudden increase in the
urface roughness is observed.

For temperatures more than 110 ◦C, PS undergoes glass tran-
ition (Tg ∼ 110 ◦C) and TiO2 nanoparticles agglomerates more to
urther increase the roughness slightly. The rms  roughness of sam-
les annealed at 180 ◦C was found as large as 380 nm.  Fig. 1(b)
hows the SEM image of a sample annealed at 180 ◦C for 60 min. The
mage clearly indicates presence of dual scale roughness: micro-
cale roughness due to cracks and nano-scale roughness due to
gglomerated TiO2 nanoparticles. Due to the dual scale roughness,
he sample showed superhydrophobic behavior with water con-
act angle as high as 157(±2)◦. In this case also we  calculated the
pparent contact angle via Cassie–Baxter model and found the con-
act angle value in agreement with the experimental one. We  found
hat below rms  surface roughness of 350 nm,  liquid drops were in

enzel state whereas above it they were in Cassie–Baxter state. We
lso studied the effect of annealing time (dynamics) on the result-
ng wettability. For this, the as prepared samples were annealed at
80 ◦C for different times and the result is shown in Fig. 2(b).

It is clear from the plot that the samples became superhydropho-
ic in first few minutes of annealing. This is due to the fact that
HF boils and evaporates very quickly and the dual scale roughness
s created in first few minutes of the annealing showing superhy-
rophobic behavior. Fig. 3 shows AFM images of as prepared and
nnealed samples which clearly shows increase in roughness which
s the main cause of the superhydrophobicity.

The superhydrophobic samples, obtained by annealing the as
repared samples at 180 ◦C for 60 min, were exposed to UV radia-
ion and their wettability was analyzed as a function of UV exposure

ime. As discussed earlier, UV radiation induces photo catalytic
ecomposition in TiO2.

The equilibrium electronic state of Ti in TiO2 is Ti4+ which is
onverted into Ti3+ upon UV exposure. These Ti3+ states are defects
ples as a function of annealing temperature. (b) Contact angle variation of samples

sites and acts as thermodynamically favorable centers to accommo-
date water molecules thus making the surface hydrophilic. Fig. 4
shows the plot of apparent contact angle of the superhydropho-
bic samples annealed at 180 ◦C for 60 min  upon UV exposure. It is
clear from the plot that the rate of decrement of contact angle is
smaller in the beginning but increases with increase in UV  expo-
sure time. This is due to the fact that larger number of Ti3+ defect
states is produced with increasing UV exposure time making the
surface hydrophilic at faster rate. Samples exposed to UV for about
135 min  become completely hydrophilic with complete spreading
of water drops (� ∼ 0◦). We  confirmed with AFM measurements
Fig. 3. AFM micrographs of (a) as prepared and (b) annealed at 180 ◦C samples
clearly indicating the increase in roughness after annealing.
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Fig. 5. Static and dynamic study of superhydrophobic recovery of UV exposed sam-
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ig. 4. Variation of water contact angle of annealed superhydrophobic samples as
 function of UV exposure time.

ttributed to the change in electronic state (from equilibrium Ti4+

o defect Ti3+) of titanium atoms at the surface.
Subsequent to the UV exposure, the samples were annealed

gain and the static and dynamic analysis of their superhydropho-
ic recovery was performed. Static superhydrophobic recovery
xperiments were done by annealing the UV exposed hydrophilic
amples to different temperatures, starting from room tempera-
ure till 180 ◦C, for 60 min  whereas the dynamics experiments were
one by annealing the samples at 180 ◦C for different times. Fig. 5
hows the plot of contact angle as a function of annealing tem-
erature (bottom X-axis) and annealing time (top X-axis). As the
nnealing temperature increases, the defect Ti3+ ions gain energy
o go back to their equilibrium Ti4+ states and the samples slowly
ecover their superhydrophobicity. Here one should keep in mind
hat the phenomenon for 1st cycle of annealing (cf.  Fig. 2) is com-
letely different from the 2nd (and so forth) cycle of annealing.
During the 2nd cycle of annealing, the surface roughness does
ot change at all and the change in electronic states of titanium

ons (from defect Ti3+ to equilibrium Ti4+) is solely responsible

ig. 6. Optical contact angle images of a water droplet on (a) as prepared, (b) annealed, a
ydrophilic states can be obtained by annealing at 180 ◦C and UV exposure for 135 min. 

ransition cycles.
ples. Change of contact angle was  measured with changing annealing temperature
(bottom X-axis) and annealing time (top X-axis).

for superhydrophobic recovery. Presence of polystyrene enhances
the superhydrophobic recovery during the annealing because the
adsorbed hydroxyl groups at the defect Ti3+ sites are replaced by
oxygen atoms. The dynamics analysis also shows that the superhy-
drophobic recovery occurs in first few minutes very similar as in
the case of 1st cycle annealing. So even though the mechanism of
1st cycle and 2nd cycle heating is entirely different, qualitatively
the contact angle behavior looks similar. Subsequently the sam-
ples were further exposed to UV followed by annealing for several
cycles. Fig. 6 shows optical contact angle images, obtained from a
contact angle goniometer, for (a) as prepared sample with � = 40◦,
(b) annealed sample at 180 ◦C for 60 min  with � = 157◦, and (c)
UV exposed sample with � = 0◦ showing reversible transition from

superhydrophobic to hydrophilic. Fig. 6(d) shows plot of contact
angles upon annealing the samples at 180 ◦C and UV exposure for
three cycles. This experiment was  repeated over 50 cycles and no

nd (c) UV exposed samples. A reversible transition between superhydrophobic and
(d) Dynamics of contact angle variation with UV exposure and annealing for three
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ontact angle hysteresis was observed indicating the good stability
f the nanocomposite film. Thus PS/TiO2 nanocomposite films can
e used as UV responsive tunable wetting surfaces without the loss
f their characteristics over large time period.

. Conclusion

Polystyrene/titania nanocomposite samples were prepared by
pin coating PS/TiO2/THF dispersion. The as prepared samples were
nnealed at different temperatures for different time to analyze
he static (with temperature) and dynamic (with time) wetting
ransitions from hydrophilic to super hydrophobic states. In this
st cycle of annealing, samples became superhydrophobic due to
ormation of dual scale roughness (nano scale due to TiO2 nanopar-
icles and micro scale due to cracks created during THF vapors
scape). Surface roughness of these annealed samples analyzed by
n AFM confirmed that it increased with annealing temperature.
he apparent contact angles of the annealed samples were also
alculated theoretically using Wenzel and Cassie–Baxter model
epending upon the surface roughness. These superhydrophobic
amples were exposed to UV radiation for different times and it was
ound that the samples slowly became completely hydrophilic. This
as due to the fact that upon UV exposure, the equilibrium titanium

ons in TiO2, which were in Ti4+ states went into Ti3+ states which
ct as defect states and have affinity towards water molecules.
e also confirmed that the surface roughness for UV exposed

amples remains same during complete UV exposure cycle. Subse-
uently the UV exposed hydrophilic samples were annealed again
t 180 ◦C for 60 min  and they again became superhydrophobic with
lmost zero hysteresis. We also confirmed that in this case the
urface roughness again remains constant and the superhydropho-
ic recovery is solely due to conversion of Ti3+ defect states into
i4+ equilibrium states. This reversible transition between superhy-
rophobic to complete hydrophilic states was performed for more
han 50 cycles and no hysteresis was observed.
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