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Abstract. Photoreactive composite thin layers with tunable wetting properties from superhydrophilic to superhydrophobic
nature were prepared. To achieve extreme wetting properties, the adequate surface roughness is a crucial factor, which was
achieved by the incorporation of plasmonic Ag-TiO; particles, as polymer filler, into the smooth polymer film with adjusted
hydrophilicity. The initial copolymer films were synthesized from hydrophilic 2-hydroxyethyl-acrylate (HEA) and hydropho-
bic perfluorodecyl-acrylate (PFDAc) monomers. In the case of hydrophobic PFDAc, the photocatalyst- roughened thin films
displayed superhydrophobic behavior (v ~2.3£1.7 mJ/m?, ® > 150°), while the roughened hydrophilic pHEA layers pos-
sessed superhydrophilicity (vt ~ 72.1£0.2 mJ/m?, ® ~ 0°). The photoactivity of the composites was presented both in solid/
gas (S/G) and solid/ liquid (S/L) interfaces. According to the light-emitting diode (LED) light photodegradation tests on
ethanol (EtOH) as volatile organic compound (VOC) model- molecules at the S/L interface, the superhydrophobic hybrid
layer was photooxidized 88.3% of the initial EtOH (0.36 mM). At S/L interface the photocatalytic efficiency was depended
on the polarity of the model pollutant molecules: the photooxidation of hydrophobic SUDAN 1V (¢p = 0.25 mg/mL) dye
reached 80%, while in the case of the hydrophilic Methylene Blue dye (cy = 0.002 mg/mL) it was only 17.3% after 90 min

blue LED light (A = 405 nm) illumination.
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1. Introduction photofunctional materials that have self-cleaning

The superhydrophobic and superhydrophilic behav-
iors of different surfaces have attracted much atten-
tion in industrial fields as well as scientific research
[1, 2]. The superhydrophilic coating material leads
to a water contact angle (®) lower than 5° on solid
surface. These materials are already commercially
used for antifogging glasses, mirrors and outward
walls of buildings. [1, 2]. After the discovery of the
photo- induced superhydrophilicity of photocatalyst
(TiO,) layers in 1997 [3], commercially applicable
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properties were synthetized with the use of pure TiO,
particles and composite thin films [4]. The ultravio-
let (UV) light — excitable TiO, is also well-known
as an effective photocatalyst material in the field of
environmental remediation or different energy relat-
ed topics [5, 6]. It is possible to extend the absorption
spectrum of the semiconductor photocatalysts by, for
example, modifying the catalyst particles with dif-
ferent metallic or non-metallic elements. The syn-
thetized functionalized catalysts can be excited by
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the near-UV or visible (VIS) light due to the absorp-
tion of metal nanoparticles at lower energy wave-
lengths [5, 6].

The incorporation of semiconductor photocatalystic
particles in an appropriate polymer-based support or
binder material is expected to create antimicrobial
and self- cleaning properties, which would extend its
field of application. The state-of-the-art materials in
the area of photocatalyst/ polymer composite layers
are the functional surfaces, which are gaining atten-
tion for different practical applications, such as self-
cleaning superhydrophobic coating [7] and food
packing materials with antibacterial behaviors [8].
Polymers are often used as photocatalyst binders due
to their low weight, flexibility, low cost and impact
resistance. Moreover, the adjustable properties and
easy modification of different polymers are also well
known from literature [9]. For example, the wetting
properties of a polymer surface can be easily adjust-
ed with the monomer composition using hydrophilic
and hydrophobic monomers in an adequate ratio
[10]. So, if we use polymeric material for the photo-
catalyst immobilization, a very useful composite sur-
face can be obtained with adjustable properties.
Surfaces with ® values higher than 150° (superhy-
drophobicity) can exhibit water repellent self-clean-
ing effects, as found in lotus leaves in nature [11].
For preparing superhydrophobic coating materials,
hydrophobic surface functionality as well as surface
roughness on two different scales are required: sim-
ilarly to the surface of the lotus leaf, microstructure
is superimposed by nanostructures, and this unique
structure, referred to as dual-roughness, can reduce
the contact area of water droplets with a surface, re-
sulting in the emergence of water repellent behav-
iors. The dependence of the ® on the surface rough-
ness has been described by Wenzel’s or Cassie-Bax-
ter’s models [11]. These models can be applied under
the assumption that the water droplet is sufficiently
larger than the surface roughness. In the past, much
effort has been made for preparing superhydropho-
bic surfaces with high stability [12].

The aforementioned adequate surface roughness
necessary for the superhydrophobic nature can be
also achieved by the incorporation of photocatalyst
particles into a low energy polymer matrix and thus,
the study of superhydrophobic photocatalyst/poly-
mer nanocomposite surface is not novel, because
many authors reported similar results [13—18]. Nev-
ertheless, these layers were synthetized with difficult

preparation techniques such as radio frequency-mag-
netron sputtering [ 13], electron beam treatment [14],
spin- coating in an inert atmosphere (argon gas) [15],
deposition technic in closed chamber and elevated
(300°C) temperature [16, 18] or dip- coating process
[17] and the obtained coating provides only super-
hydrophobic properties beside the photoactivity. In
our previous work we successfully prepared inorgan-
ic/ organic photoreactive composite layers that have
also superhydrophobic properties [7]. However, to
the best of my knowledge, no studies have been per-
formed yet concerning the adjustable wetting of a
photoreactive hybrid layer from superhydrophobic
to superhydrophilic properties. In this paper, we
present a simple, inexpensive and large scale thin
film forming technique for fabricating VIS-light ac-
tive Ag-TiO, plasmonic photocatalyst containing
composite surfaces that exhibit adjustable wetting
features.

2. Materials and methods
2.1. Preparation of the Ag-TiO,/polyacrylate
hybrid layers
The Ag-TiO, plasmonic photocatalyst as polymer
filler with 0.5 wt% silver nanoparticles content was
synthesized through the direct functionalization of
TiO, particles. The process is detailed in our previ-
ous publications [5, 6].
Aqueous fluorochemical cationic dispersion (pPF-
DAc) fluropolymer — produced by DuPont — (Cap-
stone ST-110, active solid content: 25 wt%, pH =
4-6) was used as the hydrophobic binder. The hy-
drophilic polyacrylate was synthesized by the free-
radical UV polymerization of 2-hydroxyethyl acry-
late (HEA, purchased from Fluka) in aqueous medi-
um. During the synthesis, 2,2-dimethoxy-2-pheny-
lacetophenone (Irgacure 651, purchased from Aldrich
Chemicals) photoinitiator was added in the amount
of 0.57 wt% of the monomer. The mixture was ex-
posed to UV light (light source: Q81 type lamp, Her-
acus Gmbh, Hanau, Germany; power: 70 W; Apax =
265 nm) for 30 minutes. After the polymerization
process, the resulting aqueous poly-2-hydroxyethyl
acrylate (pHEA) solution (nominal polymer content:
50.0 mg/mL) was used in further synthetic steps.
The 5%5 cm? photoreactive hybrid layers consist of
Ag-TiO, photocatalysts and polyacrylate binder and
2x2 cm? smooth polyacrylate layers were prepared
by applying the spray-coating technique on glass
plate sample holders. The gravimetrically measured

1062



Meérai et al. — eXPRESS Polymer Letters Vol.12, No.12 (2018) 1061-1071

amounts of material deposited on the glass plates
were 5.3£0.5 mg/cm®. The contents of the photocat-
alyst in the polyacrylate-based hybrid layers was
systematically set to 80.00+ 0.11 wt% to achieve the
desired surface roughness, indicated in a previous
publication [7]. During the preparation process, aque-
ous suspensions were prepared with varied pHEA/
pPFDAc content (the pHEA/pPFDAc weight-to-
weight ratios were 1:0, 8:2, 6:4, 4:6, 2:8 and 0:1, re-
spectively) and evenly sprayed on 4 and 25 cm?
glass substrates from a distance of 15 cm using a
type R180 Airbrush spray gun at an operating pres-
sure of 3 bar.

2.2. Methods of characterization

The surface structure, morphology and roughness of
the prepared hybrid thin layers with different pHEA/
pPFDACc contents were examined applying a SEM—
Hitachi S-4700 field emission scanning electron mi-
croscope (secondary electron detector, acceleration
voltage: 10 or 20 kV), and a Form Talysurf Series 2
mechanical profilometer (TaylorHobson Ltd., Leices-
ter, Great Britain) at resolutions of 0.25, 1 pm and
3 nm in x, y and z directions, respectively. The thick-
ness of the thin composite layers was measured using
an Elcometer 224 type digital profile gauge. For op-
tical characterization, diffuse reflectance UV-VIS
spectra were recorded via CHEM2000 UV-VIS
(USB2000+UV-VIS, Ocean Optics Inc., Dunedin,
FL) spectrophotometer, equipped with an integrating
sphere [6].

The initial contact angles (®) on Ag-TiO,/polymer
layers were measured according to the sessile drop
technique [7] at 25.0+0.5 °C under atmospheric pres-
sure, applying an EasyDrop drop shape analysis sys-
tem (Kriiss GmbH, Hamburg, Germany) equipped
with DSA100 software, a Peltier temperature cham-
ber and a steel syringe needle of 0.5 mm diameter
and using distilled water as a test liquid. The initial
® were measured after 15 min contact time. During
these measurements only the initial ® after deposi-
tion of water droplet was determined in each case
[19]. In the case of the smooth and photocatalyst par-
ticles roughened superhydrophobic (r-pPFDAc) and
superhydrophilic (r-pHEA) photoreactive thin films
the advancing (®,4,) and receding (®,..) contact an-
gles were also measured according to the protocol
of Drelich [20]. According to the theory of Drelich
and Chibowski [21] the obtained ®,4, and receding
Or, are also suitable for the estimation of the total

apparent surface free energy (y!*') of the layer, know-
ing the surface tension of the probe liquid, (v,
72.1 mN/m in the case of distilled water at 25 °C)
and its contact angle hysteresis, which is defined as
the difference between the ®,4, and O , as shown
by Equation (1):

2
tot _ Y1 (1 + cos 6adV) (1)
1" = 2% cos 0, T cosO,,

The apparent dynamic ® of the hybrid layers were
also determined by the Wilhelmy plate method. A
digital surface tensiometer was applied (Force ten-
siometer — K100, Kriiss GmbH, Hamburg, Germany).
The 19.5x12.8%0.3 cm? steel plates coated with hy-
brid layers (5.3+0.5 mg/cm? on both sides) were im-
mersed into distilled water with a rate of 6 mm/min,
while the changes in apparent 0,4, and ®,. were cal-
culated online by LabDesk 3.2 Software. The meas-
urements were run at 25.0+0.5 °C.

The photocatalytic properties of the Ag-TiO,/poly-
acrylate hybrid layers were studied during ethanol
degradation tests under blue LED light (General
Electric’s, Hungary, A =405 nm) illumination at S/G
interface. To quantify the degradation of EtOH test
molecules, gas chromatographic (GC) measurements
were carried out (Shimadzu GC-14B, Kyoto, Japan).
During the measurements, 5 pL. of EtOH (abs., Molar
Chemicals, Hungary) was injected into the reaction
chamber containing 25 cm? (25.0+0.5°C) hybrid
layers, fixed at 5 cm distance from the light source.
The ¢/c( values calculated from peak areas were de-
termined as the function of illumination time, where
c is the concentration of EtOH at time (¢) and ¢y is
the initial concentration (cy = 0.36 mM). The appar-
ent reaction rate constants (k' [min~'] were calculated
for first-order decay as shown by Equation (2) [7]:

1ncc—0 =—k't 2)
The photocatalytic activity of the hybrid layers was
also measured at S/L interface. During these meas-
urements hydrophilic Methylene Blue (Reanal, Hun-
gary) in aqueous medium (distilled water) and hy-
drophobic SUDAN IV (Reanal, Hungary) dye in
organic medium (ethanol with 5 v/v% water content)
were chosen as model pollutants to evaluate the pho-
tocatalytic activity of the hybrid layers. The photocat-
alytic activity, i.e. the decreasing concentration of the
dyes were measured with a spectrophotometer and
the tests were carried out directly in a quartz cuvette
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containing the superhydrophobic photoreactive thin
film (3%0.9 cm?) and the dye solutions (3 mL). The
absorbance spectra were taken after 0, 10, 20, 30, 40,
50, 60, 75 and 90 min of LED light illumination. The
concentration of the dyes were 0.25 mg/mL and
0.002 mg/mL in the case of hydrophobic SUDAN IV
and hydrophilic Methylene Blue, respectively.

3. Results and discussion

In our previous work, UV- excitable ZnO containing
photocatalyst particles with primer mean particle di-
ameter of 20 um were immobilized in a low energy
fluoropolymer binder to obtain bifunctional thin lay-
ers: besides the photocatalytic activity, lotus leaf-like
wettability was achieved due to the incorporated
photocatalyst particles enhanced surface roughness
[7]. To achieve such wetting properties, the amount
of the immobilized photocatalyst was proven to be
at least 80 wt.%. At this composition the measured
surface roughness value of the hybrid layer was
15.2 pm and this rough, thin film exhibits water re-
pellent superhydropobic properties. In this work, the
wetting properties of layers with adequate surface
roughness were modified via the systematic adjust-
ment of hydrophilic pHEA and hydrophobic pPF-
DAc besides keeping the previously determined
photocatalyst-to-polymer ratio (8:2) to achieve a
wide range of wettability, from superhidrophylicity
to superhydrophobicity.

3.1. Wetting properties of thin films and the
determined surface energy values

The wetting properties of the smooth polymer thin
films with varied composition and the corresponding
roughened hybrid layers was determined by static/
initial ® measurements. The ® values were measured
after 15 min of contact time. Figure 1 shows the
measured initial ® as a function of polymer compo-
sition. The increasing hydrophobic fluoropolymer
content (from left to right) was increased the meas-
ured O values, i.e. decreased the wettability of the
polymer layer. The initial pHEA layer has a relative
low ® value (27.4°) indicating the hydrophilic nature
of the polymer. However, at 20 wt% of fluoropoly-
mer-content in the binder the measured ® value was
achieved the 60° and gradually increased to 105° with
the increasing pPFDAc content. Results of static con-
tact angle measurements were also confirmed, that
the composite films roughened by Ag-TiO, photocat-
alyst particles showed highlighted wetting properties

160 150.95
Polymer + 80 wi% photocataIg_@_t______‘_______,....---v---v--------"
140 P ) B
i Photocatalyst particles T
— 120 4 e enhanced surface j_
o /"" H roughness a 3
2 100{ / p1£oso
f T ure polymer
& 80 .- ¢
£
(=]
° 60 e L4
= /
£ an "ilz"/
$ 2740
20 -
" 0.0°
0 Zb 4:0 GIO 8I0 100

pPFDAc content of binder [wt%)]

Figure 1. Measured apparent static initial water contact an-
gles on pure polyacrylate thin films and Ag-TiO,
photocatalyst particle roughened polyacrylate
hybrid layers as a function of the hydrophobic
pPFDAc content of the copolymer binder (I'=
25+0.5°C).

compared to the pure polymer thin layers, and even
superhydrophilic characteristic (® = 0°) could be
achieved at 100 wt% pHEA content in the copoly-
mer. The results showed that the measured © values
of polymer films with flat surfaces were varied be-
tween 27.4 and 105.0°, however, the wetting prop-
erties of the photocatalyst- roughened surfaces can
be adjusted from superhydrophilic (pHEA; ® = ~0°)
to superhydrophobic (pPFDAc; ® = 150.9°). So, the
initial wetting character of smooth thin layers was
highlighted by the increased surface roughness caused
by the photocatalyst incorporation into the polymer
matrix.

The wetting properties of the smooth and Ag-TiO,
particles roughened (r-pPFDAc) and (r-pHEA) com-
posite layers were also studied by dynamic advancing
(©,4v) and receding (®,e.) contact angles measure-
ments (Figure 2a). These were carried out according
to the protocol of Drelich [20]. In the case of super-
hydrophobic r-pPFDAc layer, increasing the volume
of the water drop leads to reduction of the ®,4, from
@754 = 165.2° t0 @39 . =150.6°. Note, that this lat-
ter value is very close to the initial ® value (150.9°),
which was measured after 15 min contact time, indi-
cating the steady state condition of the initial/ static
water contact angle (Figure 1.). The ©,.. were gradu-
ally decreasing as the volume of the drop was de-
creasing and the final value was much lower (125.0°)
than the static contact angle (150.9°). This is maybe
due to the presence of surface hydrophilic photocat-
alyst particles, which caused that it is difficult to re-
move liquid from surfaces during the measurements
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Figure 2. Evolution of advancing and receding contact angles on smooth and roughened (r-) pPFDAc and pHEA hybrid lay-
ers (a), as well as the determined total apparent surface free energy (y:') values of initial (smooth) and roughened

polyacrylate thin layers (b).

of Opec. In the case of the smooth hydrophobic pPF-
DAc polymer layer the obtained ®,4, and @, values
were ~110 and ~45°, respectively, while in the case
of hydrophilic smoot pHEA film these values were
~35 and ~24°, respectively. As regards the superhy-
drophilic r-pHEA hybrid layer, it was impossible to
adequately measure the dynamic contact angle be-
cause even the smallest drop tended to spread very
rapidly. A gradual increase of the drop volume led
to further spreading and the contact angles were far
too small to be measured accurately. This is also in-
dicating the very well wetting, superhydrophilic na-
ture of the film.

According to the theory of Chibowski and cowork-
ers [21, 22] the obtained ®,4, and @, are also suit-
able for the estimation of the total apparent surface
free energy (ystot) of the layer (see Equation (1)).
The determined ystot values of the pure hydrophobic
pPFDAc and hydrophilic pHEA thin layers were
19.8+5.2 and 55.7+2.3 mJ/m? respectively. This re-
sult agrees with our previous measurements and the
previously-reported surface energy values of the
low-energy flat Teflon-like surfaces [7]. The rough-
ening-induced changes in y{*' values are represented
in Figure 2b. The enhanced surface roughness of a
hybrid layer containing 80 wt% Ag-TiO, caused a
drastic change in the measured ystot value: in the

case of high energy (hydrophilic) pHEA polymer
binder the measured value of roughened surface was
increased up to 72.1+0.2 mJ/m?, while in the case of
low energy pPFDAc polymer the value was de-
creased to 2.3£1.7 mJ/m2. In other words, the hy-
drophilic/hydrophobic nature of the initial smooth
surface was enhanced with the surface roughness, the
hydrophilic surface becomes more hydrophilic or su-
perhydrophilic, while the low energy hydrophobic
hybrid layer showed superhydrophobic properties
after the roughening process.

Dynamic contact angles were also determined ap-
plying the Wilhelmy plate method [23]. The plots in-
Figure 3 represent online contact angle data calcu-
lated during the measurements. It should be noted,
however, that dynamic contact angle measurements
have been made for a wide variety of different lig-
uids and surfaces [24, 25], the dynamic wetting char-
acterization of superhydrophobic surfaces is difficult
and can easily misinterpreted, because a reliable dy-
namic measurement requires homogenous sample,
relative smooth surface and symmetric shape [26].
In this case a good run will show the slope of the ad-
vancing and receding portions of the plot, which is
constant in the mean and equal for both stages of the
measurement: the two lines must be parallel, a very
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Figure 3. Directly measured apparent dynamic water contact angles on polyacrylate-based thin films (the r-stands for rough-
ened) as a function of the immersion depth of the coated Wilhelmy-plate (7= 25+0.5°C) (a), as well as the photos
of the r-pPFDAc and r-pHEA coated plates during the immersion process in distilled water (coloured with meth-
ylene blue for better imagine) determined average dynamic contact angles on polyacrylate-based thin films as a

function of the binder composition (b).

simple trick which may also work as an internal
quality check of the run [29].

In the case of flat fluoropolymer (pPFDAc) coating
this tendency can be observed (O,qy = ~118°; O =
~33°), however, the roughened composite layer
(r-pPFDACc) has shown disturbed and non-parallel
lines. This is obviously due to the rough and hetero-
geneous surface and the obtained 180° advancing con-
tact angle is also should be handle with care because
there is no justification for experimental contact angle
of 180° unless liquid if floating above the surface
like in the case water droplet placed on a hot plate.
However, the non-wetting nature of the r-pPFDAc
layer is clearly indicated the inserted photo in Fig-
ure 3. The immersion of plate with superhydropho-
bic coating resulted in dented water surface during the
measurement, while in the case of superhydrophilic
coating (r-pHEA) the meniscus climbed up due to
the capillary forces (O,qy = ~20°; Opec = ~17°).

The results of the dynamic contact angle measure-
ments also prove the expanded wetting range of the
polyacrylate-based layers and it can be seen that the
wetting properties of the composite layers could be
tailored by the hydrophilicity of the polymer matrix.

3.2. Surface morphology and porosity of the
composites

The dependence of surface roughness on the wetting

properties (i.e. the measured liquid contact angle)

has been described by Wenzel’s or Cassie-Baxter’s

models [11]. A low surface free energy flat surface
must be roughened to get superhydrophobic surfaces
with high (® > 150°) water contact angle [7]. The
captured SEM images (Figure 4a—4c) show the rel-
ative smooth surface of the initial, Ag-TiO, photo-
catalyst-free pure fluoropolymer layer. The prospect-
ed flat surface was also evidenced by mechanical
profilometric measurements (Figure 5). The meas-
ured R, values of the initial pHEA and pPFDAc
polymer surfaces were 2.1+£0.8 and 3.7+0.9 um, re-
spectively. However, in the case of the photocatalyst
nanoparticles roughened hybrid layers quasi-spher-
ical microscale-aggregates of the primer photocata-
lyst particles can be observed on the composite sur-
face with diameters ranging from 5 to 40 um (Fig-
ure 4d—4f). Accordingly, the determined R, values
of the roughened r-pHEA and r-pPFDAc hybrid sur-
faces were 11.742.2 and 15.2+1.2 um, respectively.
Moreover, according to the SEM pictures, at in-
creased magnifications, nanostructures could be
identified superposed on the microscale structure.

This is due to the nanoparticles aggregation during
the composite film forming process: the initial Ag-
TiO, photocatalyst particles with ~50 nm primary
(nominal) particle size were aggregated into 5—40 um
microparticles. This structure ensures high porosity
and accessibility which is advantageous for photocat-
alytic process. However, it is also worth to note, that
the reported penetration depth of UV light (254 nm)
into porous TiO; film is just a few micrometer [27],
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200 um

d)

50.0 um

Figure 4. SEM images of the prepared smooth pPFDAc polymer layer (a—c) and the 80 wt% Ag-TiO, containing pPFDAc (d—
f) thin layers with different magnifications: 200x (a, d), 1000x (b, e), 10000 (c, ).

thus photooxidation actually take place only at surface
of'the 100 um porous film. Due to this phenomenon
the photoreactive hybrid layers were shown rough
surface both in micro- and nanoscale. The average
thickness of the composite layers was measured by
Elcometer 224 type digital profile gauge and found
to be 91.3+£10.4 pm. Beside this measured layer thick-
ness value, the calculated film thickness was also de-
termined from the specific surface amount of hybrid
layers (5.3 £0.5 mg/cm?) and the previously deter-
mined density of the components (pag-Tio,:
4.32 g/cm?; polymer: 1.10 g/cm?). According to the
calculation, the average layer thickness of the hybrid

E_ 1 r-pPFDAc
Py R,=15.2+1.2 um
o~
E
=
]
£
o
+
w
w
2
=
o
2 pPFDAc
2 3 R =37+0.9um
pHEA
4 R_=2.1+0.
%, 0.8 um ym

0 250 500 750 1000 1250 1500 1750 2000
Horisontal distance [um]
Figure 5. Measured profilometer data for the prepared pure

polymer thin layers and the corresponding photo-
catalyst roughened photoreactive hybrid films.

layers was 19.343.2 um. The difference between the
measured and calculated values are referred to the
film porosity [7]. The results revealed that the calcu-
lated average porosity value was 78.1%.

3.3. Characterization of optical and
photocatalytic properties of thin films

The optical parameters of polyacrylate binder and
polyarcrylate/Ag-TiO; hybrid layers were studied
and compared applying UV-VIS diffuse reflectance
spectroscopy (Figure 6). The absorption spectrum of
the initial plasmonic Ag-TiO, photocatalyst sample
was also presented for reference. As demonstrated
in our previous papers, the presence of silver nan-
odots on the surface of semiconductor TiO, photo-
catalysts, resulted in a plasmonic peak in the visible-
light region with a wavelength maximum of 450 nm
[5, 6]. It was also proven that these plasmonic pho-
tocatalysts presented increased photocatalytic activ-
ity under blue (405 nm) LED light illumination com-
pared to the initial P25 TiO, [5, 6]. In this noble
metal-semiconductor composite photocatalyst, vis-
ible light is harvested due to the surface plasmon res-
onance of the AgNPs, while the metal-semiconduc-
tor interface separates the generated electrons and
holes. The emission spectra of the used LED were
also presented in Figure 6 (grey dashed line). The
plasmonic peak and the well- known UV- light ab-
sorbance edge of TiO, were also presented in the
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Figure 6. Diffuse reflectance spectra of the prepared hybrid
thin layers and the initial plasmonic Ag-TiO; pho-
tocatalyst, as well as the emission spectrum of the
LED lamp used in photodegradation tests (dashed
line).

case of the roughened hybrid films containing 80 wt%
plasmonic photocatalyst particles.

However, the absorbance spectra of the initial hy-
drophilic pHEA and hydrophobic pPFDAc binders
indicate the transparent nature of the polymer thin
films. So, the transparent polymer binder material
with adjustable wetting properties serve as support
material for the attached plasmonic photocatalyst
nanoparticles and ensure high photocatalyst dis-
persibility and mechanical stability. The improved
mechanical stability of the polymer binder based
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photoreactive hybrid thin films was reported else-
where using the adhesive tape test method [5].

After the wetting, morphological and optical prop-
erties of the hybrid layers the photocatalytic behav-
ior was also measured. The photocatalytic properties
of the composite thin films were studied both at S/G
and S/L interface, as well. As a result of 90 min of
blue LED light (Figure 6) illumination of the sam-
ples (Amax =405 nm), the layers consist of pure pho-
tocatalyst decomposed approximately the whole
amount of the model compound at the solid-gas in-
terface (the initial EtOH concentration was 0.36 mM),
while the immobilized catalyst showed moderate re-
action rates (Figure 7a), furthermore, an unambigu-
ous growth-tendency was observed considering the
decomposition rate constants (k') as the fluoropoly-
mer content increased (Figure 7b). The data points la-
belled as ‘control’ in Figure 7a represent the photo-
degradation of EtOH in the absence of photoreactive
thin layers (glass slide sample holder). It can be seen,
that the degree of photolysis was ca. 12%, however,
in the presence of photocatalysts, the films exhibited
much higher photooxidation rate. In the case of the
r-pPFDAc layer the amount of decomposed EtOH
(88.3% decrease in the 0.36 mM initial concentra-
tion) was comparable with the efficiency experi-
enced in the case of pure Ag-TiO; films (99.4%).
So the photocatalytic activity of this layers were
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Figure 7. Characterization of EtOH decomposition on Ag-TiO,/polyarcrylate hybrid layers under LED light illumination
(A =405 nm) as the function of illumination time (the legends refer to the composition of the polymer binder) (a)
and the determined apparent photocatalytic oxidation rate constants for first-order decay as a function of pPDAc

content of the binder (In(c/cy) = —k't) (b).
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evidenced at S/G interface using ethanol test mole-
cules as model VOC.

Next the photoactivity of the hybrid layers was also
presented at the S/L interface. The superhydrophilic
nature of an irradiated semiconductor surface is not
unusual, because under UV- irradiation TiO, ac-
quires superhydrophilic properties [1]. However, the
photocatalytic activity of a photoreactive and even
superhydrophobic coating is not yet reported in the
literature. Thus, the photocatalytic behavior of the
superhydrophobic layer was also demonstrated and
studied in the case of hydrophilic and hydrophobic
model pollutants (Figure 8). According to the results
the hydrophilic aqueous Methylene Blue solution did
not wet the surface of the hybrid film (see inserted
photo inFigure 8b with blue aqueous liquid drop)
and therefor the ratio of the photodegraded Methyl-
ene Blue dye (co = 0.002 mg/mL) was only 17.3%
after 90 min blue LED light (A =405 nm) irradiation.
However, the photooxidation of hydrophobic SUDAN
IV solutions (cp = 0.25 mg/mL) almost reached the
80%. This is because the adequate wetting of the su-
perhydrophobic film surface by hydrophobic medi-
um (see the red dye stain in Figure 8b), which means
high contact area between the surface photocatalyst
particles and the model pollutants molecules. When

0.7
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the hydrophobic surface, contacted earlier with air,
is immersed into water then air can stay attached to
the surface [28]. This air film also can be seen on the
surface of the film in aqueous medium at = 0 min
irradiation (Figure 8a).

Finally, it is also should be noted that self-photo-
degradation of the polymer binder could cause prob-
lem during long term irradiation time as reported in
our previous paper [5]. The reason for this is that the
light induced reactive oxygen species also can de-
stroy the organic polymer matrix. However, we have
reported that this undesired photodedradation can be
avoided by the application of appropriate composite
catalyst [29]. Hydroxyapatite (HAp)/TiO, composite
catalyst was synthetized by co-precipitation method,
where the HAp microlamellae serve as support ma-
terial for the surface attached TiO, particles. Thus,
HAp serves as a spacer to prevent direct contact poly-
mer and TiO,, so the photodegradation of polymer
was significantly reduced [29].

4. Conclusions

Photoreactive hybrid layers with adjustable wetting
properties were prepared with micro- and nanosized
dual-scale surface roughness. The films with com-
position- dependent wetting properties consist of
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Figure 8. The effect of LED light (A =405 nm) irradiation on the absorbance spectra of the hydrophobic SUDAN IV and
aqueous Methylene Blue solutions (a) and the corresponding normalized concentration changes (b) of dyes. The
inserted images show the photos of dye solutions before and after irradiation (a) and the aqueous and hydrophobic
liquid drops on the surface of the superhydrophobic hybrid film (b).
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plasmonic Ag-TiO; photocatalyst particles (80 wt%)
and transparent copolymer binder (20 wt%) with tai-
lored hydrophilicity. Thus, the initial wetting prop-
erties of high energy pHEA (O = 27.4°, yP'=
55.7+2.3 mJ/m?) and low energy pPFDAc (® =
105.0°, y = y'°t = 19.4£5.2 mJ/m?) flat polymer films
were increased with the photocatalyst enhanced sur-
face roughness. In the case of roughened pHEA and
pPFDAC layers superhydrophilic (® = 0°, y >yt =
72.1£02 mJ/m?) and superhydrophobic (@ = 150.9°,
vt = 2.3+£1.7 mJ/m?) characters were experienced,
respectively. The photocatalytic properties of the thin
layers were first measured at S/G interface using
ethanol as model VOC test molecules and the photo-
degraded percentage amount of the initial 0.36 mM
EtOH varied between 51.3 and 88.3%. This is due to
the porous structure of the thin films with high inner
surfaces. However, at S/L interface the photocatalyt-
ic efficiency was depend on the polarity of the used
model pollutants: the superhydrophobic rough thin
film was photodegraded only the hydrophobic
SUDAN IV dye solution. The advantage of this cur-
rent surface compared to previous photoreactive
composite coatings is the monomer composition de-
pendent wetting properties. These dual photocatalyt-
ic and adjustable wetting properties of the prepared
composite layers could be interesting at the area of
water treatment, where the polarity of the pollutants
varies on a wide scale.

Acknowledgements

The authors are very thankful for the financial support from
the Hungarian Scientific Research Fund (OTKA) K 116323,
PD 116224 and the project named GINOP-2.3.2-15-2016-
00013. D. Sebdk gratefully acknowledges the financial sup-
port of J. Bolyai research fellowship.This paper was support-
ed by the UNKP-17-4 New National Excellence Program of
the Ministry of Human Capacities (L. Janovak.).

References

[1] Fujishima A., Rao T. N., Tryk D. A.: Titanium dioxide
photocatalysis. Journal of Photochemistry and Photobi-
ology C: Photochemistry Reviews, 1, 1-21 (2000).
https://doi.org/10.1016/S1389-5567(00)00002-2

[2] Ma X., Shen B., Zhang L., Liu Y., Zhai W., Zheng W.:
Porous superhydrophobic polymer/carbon composites
for lightweight and self-cleaning EMI shielding appli-
cation. Composites Science and Technology, 158, 86—
93 (2012).
https://doi.org/10.1016/j.compscitech.2018.02.006

[3] Wang R., Hashimoto K., Fujishima A., Chikuni M., Ko-
jima E., Kitamura A., Shimohigoshi M., Watanabe T.:
Light-induced amphiphilic surfaces. Nature, 388, 431
432 (1997).
https://doi.org/10.1038/41233

[4] ChenZ.M.,Pan S.J.,Yin H. J., Zhang L. L., Ou E. C,,
Xiong Y. Q., Xu W. J.: Facile synthesis of superhy-
drophobic TiO,/polystyrene core-shell microspheres.
Express Polymer Letters, 5, 38-46 (2011).
https://doi.org/10.3144/expresspolymlett.2011.5

[5] Veres A., Ménesi J., Juhasz A., Berkesi O., Abraham N.,
Bohus G., Oszko A., Pétari G., Buzas N., Janovak L.,
Dékany I.: Photocatalytic performance of silver-modi-
fied TiO, embedded in poly(ethyl-acrylate-co-methyl
metacrylate) matrix. Colloid Polymer Science, 292,
207-217 (2014).
https://doi.org/10.1007/s00396-013-3063-1

[6] Veres A., Rica T., Janovék L., D6mok M., Buzas N.,
Zollmer V., Seemann T., Richardt A., Dékany I.: Silver
and gold modified plasmonic TiO; hybrid films for
photocatalytic decomposition of ethanol under visible
light. Catalysis Today, 181, 156-162 (2012).
https://doi.org/10.1016/j.cattod.2011.05.028

[7] Dedk A., Janovak L., Csap¢ E., Ungor D., Palinko 1.,
Puskas S., Ordog T., Ricza T., Dékany L.: Layered dou-
ble oxide (LDO) particle containing photoreactive hy-
brid layers with tunable superhydrophobic and photo-
catalytic properties. Applied Surface Science, 389, 294—
302 (2016).
https://doi.org/10.1016/j.apsusc.2016.07.127

[8] Zhang X., Xiao G., Wang Y., Zhao Y., Su H., Tan T.:
Preparation of chitosan-TiO, composite film with effi-
cient antimicrobial activities under visible light for food
packaging applications. Carbohydrate Polymers, 169,
101-107 (2017).
https://doi.org/10.1016/j.carbpol.2017.03.073

[9] Janovak L., Varga J., Kemény L., Dékany I.: Investiga-
tion of the structure and swelling of poly(/N-isopropyl-
acrylamide-acrylamide) and poly(N-isopropyl-acry-
lamide-acrylic acid) based copolymer and composite
hydrogels. Colloid and Polymer Science, 286, 1575—
1585 (2008).
https://doi.org/10.1007/s00396-008-1933-8

[10] Janovék L., Tallosy S. P., Sztaké M., Deak A, Bito T,
Buzas N., Bartfai G., Dékany I.: Synthesis of pH-sen-
sitive copolymer thin solid films embedded with silver
nanoparticles for controlled release and their fungicide
properties. Journal of Drug Delivery Science and Tech-
nology, 24, 628—636 (2014).
https://doi.org/10.1016/S1773-2247(14)50129-3

[11] Eduok U., Faye O., Szpunar J.: Recent developments
and applications of protective silicone coatings: A re-
view of PDMS functional materials. Progress in Organ-
ic Coatings, 111, 124-163 (2017).
https://doi.org/10.1016/j.porgcoat.2017.05.012

1070


https://doi.org/10.1016/S1389-5567(00)00002-2
https://doi.org/10.1016/S1773-2247(14)50129-3

Meérai et al. — eXPRESS Polymer Letters Vol.12, No.12 (2018) 1061-1071

[12] Levkin P. A., Svec F., Fréchet J. M. J.: Porous polymer
coatings: A versatile approach to superhydrophobic sur-
faces. Advanced Functional Materials, 19, 1993-1998
(2009).
https://doi.org/10.1002/adfm.200801916

[13] Kamegawa T., Shimizu Y., Yamashita H.: Superhy-
drophobic surfaces with photocatalytic self-cleaning
properties by nanocomposite coating of TiO; and poly-
tetrafluoroethylene. Advanced Materials, 24, 3697—
3700 (2012).
https://doi.org/10.1002/adma.201201037

[14] Kim K-D., Seo H. O., Sim C. W,, Jeong M-G., Kim Y.
D., Lim D. C.: Preparation of highly stable superhy-
drophobic TiO, surfaces with completely suppressed
photocatalytic activity. Progress in Organic Coatings,
76, 596-600 (2013).
https://doi.org/10.1016/j.porgcoat.2012.11.010

[15] Charpentier P. A., Burgess K., Wang L., Chowdhury R.
R., Lotus A. F., Moula G.: Nano-TiO,/polyurethane
composites for antibacterial and self-cleaning coatings.
Nanotechnology, 23, 425606/1-425606/9 (2012).
https://doi.org/10.1088/0957-4484/23/42/425606

[16] LeeJ. H., Park E. J., Kim D. H., Jeong M-G., Kim Y. D.:
Superhydrophobic surfaces with photocatalytic activity
under UV and visible light irradiation. Catalysis Today,
260, 32-38 (2016).
https://doi.org/10.1016/j.cattod.2015.05.020

[17] Zhang W., Lu X., Xin Z., Zhou C.: A self-cleaning poly-
benzoxazine/TiO; surface with superhydrophobicity
and superoleophilicity for oil/water separation. Nano-
scale, 7, 19476-19483 (2015).
https://doi.org/10.1039/c5nr06425b

[18] Park E. J., Yoon H. S., Kim D. H., Kim Y. H., Kim Y. D.:
Preparation of self-cleaning surfaces with a dual func-
tionality of superhydrophobicity and photocatalytic ac-
tivity. Applied Surface Science, 319, 367-371 (2014).
https://doi.org/10.1016/j.apsusc.2014.07.122

[19] Marmur A., Volpe C. D., Siboni S., Amirfazli A., Drelich
J. W.: Contact angles and wettability: Towards common
and accurate terminology. Surface Innovations, 5, 3—8
(2017).
https://doi.org/10.1680/jsuin.17.00002

[20] Drelich J.: Guidelines to measurements of reproducible
contact angles using a sessile-drop technique. Surface
Innovations, 1, 248-254 (2013).
https://doi.org/10.1680/si.13.00010

1071

[21] Chibowski E.: Surface free energy of a solid from con-
tact angle hysteresis. Advances in Colloid and Interface
Science, 103, 149-172 (2003).
https://doi.org/10.1016/S0001-8686(02)00093-3

[22] Drelich J., Chibowski E.: Superhydrophilic and super-
wetting surfaces: Definition and mechanisms of control.
Langmuir, 26, 18621-18623 (2010).
https://doi.org/10.1021/1a1039893

[23] Romanszki L., Mohos M., Telegdi J., Keresztes Z.,
Nyikos L.: A comparison of contact angle measurement
results obtained on bare, treated, and coated alloy sam-
ples by both dynamic sessile drop and Wilhelmy
method. Periodica Polytechnica Chemical Engineering,
58, 53-59 (2014).
https://doi.org/10.3311/PPch.7188

[24] Hoffman R.: A study of the advancing interface. I. In-
terface shape in liquid—gas systems. Journal of Colloid
and Interface Science, 50, 228-241 (1975).
https://doi.org/10.1016/0021-9797(75)90225-8

[25] Dussan E. B.: On the spreading of liquids on solid sur-
faces: Static and dynamic contact lines. Annual Review
of Fluid Mechanics, 11, 371-400 (1979).
https://doi.org/10.1146/annurev.f1.11.010179.002103

[26] Volpe C. D., Siboni S.: The Wilhelmy method: A critical
and practical review. Surface Innovations, 6, 120-132
(2018).
https://doi.org/10.1680/jsuin.17.00059

[27] Wahl A., Augustynski J.: Charge carrier transport in
nanostructured anatase TiO; films assisted by the self-
doping of nanoparticles. Journal of Physical Chemistry
B, 102, 7820-7828 (1998).
https://doi.org/10.1021/jp9814000

[28] Krasowska M., Zawala J., Malysa K.: Air at hydropho-
bic surfaces and kinetics of three phase contact forma-
tion. Advances in Colloid and Interface Science, 147—
148, 155-169 (2009).
https://doi.org/10.1016/j.cis.2008.10.003

[29] Janovék L., Dedk A., Tallosy Sz. P., Sebék D., Csapd
E., Bohinc K., Abram A., Palinko6 I., Dékany I.: Hy-
droxyapatite-enhanced structural, photocatalytic and
antibacterial properties of photoreactive TiO,/HAp/poly-
acrylate hybrid thin films. Surface and Coatings Tech-
nology, 326, 316-326 (2017).
https://doi.org/10.1016/j.surfcoat.2017.07.072



https://doi.org/10.1016/S0001-8686(02)00093-3
https://doi.org/10.1016/0021-9797(75)90225-8

