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a  b  s  t  r  a  c  t

The  widely  used  photocatalytic  self-cleaning  coating  materials  are  often  made  of polymers  and  polymer
based  composites,  where  the  photocatalyst  immobilization  occurs  with  macromolecules.  However,  these
organic  polymers  are  often  unstable  under  exposure  to  UV irradiation  and  easily  degraded  by  reactive
radicals  produced  in  the photocatalytic  reaction.  In  order to solve  this  problem,  in  this  paper,  we present
the  facile  preparation  of  a multifunctional  coating  with  dual  superhydrophobic  and  photocatalytic  prop-
erties,  where  the  fixation  and  the  hydrophobization  of  the  plasmonic  Ag-TiO2 photocatalyst  particles
with  visible  light  activity  was  performed  with  non-water  soluble  sulfur,  which  is a  cheap  and  easily
available  material.  The  resulted  novel  nanocomposite  with  rough  and  nano-tructured  surface  roughness

2

etting

otus-type structure
isible light photocatalyst

(1.25–2.45  nm  determined  by  small-angle  X-ray  scattering)  has  sufficient  low  surface  energy  (3.3  mJ/m )
for superhydrophobic  (� =  151.1◦)  properties.  Moreover,  in  contrast  of  the organic  and  expensive  fluo-
ropolymer  based  composites,  this  non-wetting  nature  was durable,  because  the  measured  � was  higher
than 150◦ during  the  long-  term  LED  (�max = 405  nm)  light  irradiation.

y  Els
©  2019  Published  b

. Introduction

Photocatalyst-based functional surfaces are one of the state-of-
he-art materials that are commercially applied in several fields,
ncluding wastewater and air treatment or even food-packing.
fter the discovery of the photo-induced superhydrophilicity
f photocatalyst (e.g., TiO2) layers [1], commercially applicable
hotofunctional materials with self-cleaning properties were syn-
hesized using TiO2 particles and composite thin films. Since the
and gap of TiO2 falls within the UV A range, it is possible to
xtend the absorption spectrum of the semiconductor photocata-
ysts by modifying the catalyst particles with, for example, different

etallic or non-metallic elements [2–4]. The functionalized cata-
ysts can be excited by the UV A or visible (VIS) light due to the
urface plasmon resonance effect: the metal nanoparticles absorb
lectromagnetic radiation at lower energy wavelengths [4,5].
The incorporation of semiconductor photocatalyst particles
n an appropriate polymer-ased support or binder material is
xpected to create antimicrobial and self-cleaning properties,

∗ Corresponding author.
E-mail address: janovakl@chem.u-szeged.hu (L. Janovák).

ttps://doi.org/10.1016/j.jmst.2019.04.046
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
evier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.

which would extend its field of application. The state-of-the-art
materials at the area of photocatalyst/polymer composite layers
are the functional surfaces, which are gaining attention for different
practical fields of application, such as food packing materials with
antibacterial behaviours [6] and self-cleaning superhydrophobic
coating [7,8].

Since their discovery, superhydrophobic surfaces (�≥150◦, low
contact angle hysteresis) are in focus owing to their low surface free
energy and beneficial self-cleaning nature. Besides the originally
hydrophobic nature of the material, a surface has to be textured
in both the micro-, and nano-scale to possess superhydrophobic
characteristics [9]. There are numerous reported ways to produce
morphologically proper surfaces, including lithographic, chemi-
cal etching, templates and even spray-coating methods, which is
cheap, scaleable, and easily implementable. In this case, particulate
material (e.g., a photocatalyst) gets sprayed on a substrate, forming
the desired surficial structures with adequate surface roughness.
If hydrophobized photocatalysts are used as roughness enhancer
particulate materials, it results in the formation of bifunctional

composite surfaces with dual photocatalytic and extreme wetting
properties [10–13].

When polymer immobilized photoreactive hybrid surfaces are
prepared, the photodegradation of the matrix also has to be taken
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nto consideration, so the reportedly applied hydrophobic organic
olymers (e.g. perfluorynated polyacrylates, or PTFE) may  be inap-
ropriate for long term uses. Because of this, the demand is high for
urable matrix materials. To satisfy the needs for increased dura-
ility, sulfur also can be applied as an inert, non-photodegradable
nd insoluble inorganic hydrophobizing agent. There are various
pplication of elemental sulfur and sulfur nanoparticles nowadays
uch as agrochemical industries [14] fungicides in agriculture fields
15], modification of carbon nano-tubes [16], antibacterial mate-
ial [17], and synthesis of nano composites for lithium batteries
18]. However, according to our best of knowledge, this is the first
emonstration of utilizing sulfur nanoparticles as inert hydropho-
izing agent for creation of superhydrophobic and photoreactive
unctional surface.

Thus, in this paper, we present a simple and cheap spray-
oating method to prepare non-photodegradable VIS light-active
nd micro/nanostructured superhydrophobic surfaces on inorganic
ulfur basis: the VIS light-activity owes to the 10 wt% plasmonic Ag-
iO2 photocatayst content, while the durable superhydrophobic
ature is attributed to sulfur-nanoparticles, prepared by a sim-
le precipitation method in aqueous medium. These bifunctional

norganic composite layers with long-term durability showed con-
iderable photocatalytic efficiency during EtOH (g) degradation
ests at solid/ gas interface.

. Materials and methods

.1. Preparation of the sulfur hydropobized Ag-TiO2 layers

The VIS light-active plasmonic Ag-TiO2 photocatalyst with
.5 wt% surface silver nanoparticle content was synthesized via
he direct functionalization of TiO2 particles. The synthetic method
nd the optical characterization of the catalyst are detailed in our
revious publication [4,5].

To obtain sulfur nanoparticles, 0.03 g of sulfur powder (Sigma
ldrich) was dissolved in 4 ml  of 10 M aqueous NaOH-solution

pH = 14.15) at a temperature of 80 ◦C. Afterwards, the liquid was
tirred then diluted with 1 ml  of 10 M NaOH solution, then 4.65 ml
f 2.5 M H2SO4 solution was added drop wise until the dispersion
ecame turbid (pH = 13.95 at precipitation) due to the formed sulfur
anoparticles (c≈0.09 g/100 ml).

The resulting precipitated sulfur was centrifuged (8000 rpm,
 min), thoroughly washed with distilled water and dried overnight

n a drying cabinet at 60 ◦C. The mixing of the obtained sulfur
anoparticles and the previously synthetized Ag-TiO2 photocata-

yst occurred in aqueous dispersion (c = 0.01 g/100 ml). The sulfur/
hotocatalyst ratio (0, 40, 60, 80, 85, 90 and 100 wt%  S-content) was
ystematically changed during the preparation.

To prepare 5 cm × 5 cm photoreactive inorganic layers con-
isting of 10 wt% Ag-TiO2 photocatalyst and 90 wt% sulfur
anoparticles, the aqueous dispersions were evenly sprayed on
lass substrates, using an R180-type airbrush spray gun at an oper-
ting pressure of 3 bar.

.2. Methods of sample characterization

The size distribution and morphology of the prepared sulfur, and
he Ag-TiO2/S composite nanoparticles were characterized during
igh resolution transmission electron microscopy (HRTEM). The
pplied FEI Tecnai G2 20 X-TWIN microscope, is equipped with a
ungsten cathode (200 kV acceleration voltage).
Surface morphology of the Ag-TiO2/S layers was examined with
 scanning electron microscope (SEM, Hitachi S-4700, secondary
lectron detector, acceleration voltage: 10 or 20 kV), while the sur-
cial composition was studied using a Röntec EDS detector.
e & Technology 41 (2020) 159–167

Optical characterization by diffuse reflectance UV–VIS spectra
were recorded via using a CHEM2000 UV–VIS (USB2000+UV-VIS,
Ocean Optics Inc., Dunedin, FL) spectrophotometer, equipped with
an integrated sphere.

The surface fractal dimensions (DS) and surface roughness (SR)
of the samples were investigated by small-angle X-ray scattering
(SAXS) technique. SAXS curves were recorded with a slit collimated
Kratky compact small-angle system (KCEC/3 Anton-Paar KG, Graz,
Austria) equipped with a position-sensitive detector (PSD 50 M
from M.  Braun AG. Munich, Germany) containing 1024 channels,
54 �m in width. CuK  ̨ radiation was  generated by using a Philips
PW1830 X-ray generator operating at 40 kV and 30 mA. The Kratky
camera was  calibrated using silver behenate with a well-defined
lamellar structure (d = 5.848 nm).

Surface charge values of the photocatalyst and the sulfur
suspensions were measured by means of a particle charge detec-
tor (PCD-04 Particle Charge Detector; Mütek Analytic GmbH,
Germany) with manual titration. Under a titration process the pos-
itive surface charge of the Ag-TiO2 photocatalysts particles (in 0.01
% aqueous medium, pH = 5.0 set by HCl) will be compensated with
negatively charged sulfur nanoparticles (in 0.09% aqueous medium,
pH = 5.0 set by HCl) with concomitant streaming potential mea-
surements.

Composition-dependent crystalline properties were studied
using a Philips powder X-ray diffractometer (PW 1830 generator,
PW 1820 goniometer, CuK˛: � = 0.1542 nm,  40–50 kV, 30–40 mA,
2�: 2◦–70◦, 25.0 ± 0.5 ◦C).

The Raman spectra were recorded with 1.5 cm−1 interferometric
resolution applying a Senterra (Bruker) Raman microscope under
50x magnification with 2.50 mW output power of the � = 532 nm
He–Ne laser light source and 3000 ms  integration time. The pre-
sented spectra are the coadditions of 5 single spectra in all cases,
recorded at different spots of the sample.

The apparent static contact angles on Ag-TiO2/S layers were
measured according to the sessile drop technique at 25.0 ± 0.5 ◦C
under atmospheric pressure, applying an EasyDrop drop shape
analysis system (Krüss GmbH, Hamburg, Germany) equipped with
DSA100 software, a Peltier temperature chamber and a steel syringe
needle of 0.5 mm diameter, and using distilled water as a test liquid.

Beside the static contact angles the dynamic wetting of the
composites was  also measured because according to the theory of
Drelich and Chibowski [13,19] the measured advancing (�adv) and
receding (�rec) contact angles are suitable for the estimation of the
total apparent surface free energy (�s

tot) of the layer, knowing the
surface tension of the probe liquid, (� l = 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 �adv and �rec, as shown by
Eq. (1):

� tot
s =

�1
(

1+cos�adv

)2

2+cos�rec + cos�adv
(1)

To study the photocatalytic properties of the Ag-TiO2/S layers,
ethanol (EtOH) degradation tests were run under blue LED light
(General Electric’s, Veresegyház, Hungary, � = 405 nm)  illumination
at solid/gas interface, while gas chromatographic measurements
were carried out (Shimadzu GC-14B) to quantify the rate of EtOH
degradation. During the measurements, 5 �l of EtOH (abs., Molac
Chemicals, Hungary) was  injected into the reaction chamber con-
taining 25 cm2 (25.0 ± 0.5 ◦C) hybrid layers (5 mg/cm2), fixed at a
5 cm distance from the light source. The c/c0 values calculated from
peak areas were determined as the function of illumination time,

where c is the concentration of EtOH at time (t) and c0 is the initial
concentration (c0 = 0.36 mM).  The apparent reaction rate constants
(k′, min−1) were calculated for first-order decay as shown by the
equation: ln(c/c0)=−k′t.
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ig. 1. TEM-micrographs of precipitated sulfur nanoparticles and wetting of spray-
f  prepared sulfur nanoparticles upon precipitation and 24 h later (b), size-distribu

During the stability tests, photoreactive composite layers of
 mg/cm2 specific mass were illuminated for 14 days by the same
lue LED-light (� = 405 nm)  placed at a 5 cm distance from the sam-
les, under ambient atmosphere. The changes in water contact
ngle of the layers was measured daily during the experiment. Poly-
er  based composite thin films with 60 wt% incorporated Ag-TiO2

articles were used as reference.
Similar to previous work [4], the adhesive tape test was  used to

nvestigate the mechanical properties of the prepared composite
lms. Briefly, the double-sided adhesive foam tape (1.6 mm thick)
as adhered to the films firstly, and a 100 g weight was rolled over

he tape to ensure consistency. The tape was then peeled back at
n angle of approximately 45◦.

. Results and discussion

.1. Structural characterization of composite nanoparticles
According to the Wenzel and Cassie-Baxter models [20], to reach
he superhydrophobic extreme wetting character, the provision of
ierarchical roughness to a naturally hydrophobic surface is crucial.
 S-nanoparticle layers with deionized water as a test liquid (a), aqueous dispersion
 precipitated sulfur nanoparticles (c).

To achieve this goal, sulfur nanoparticles with a maximum diam-
eter of 40 nm were synthesized by applying a simple precipitation
method. Hence there are many reported bottom-up ways to pre-
pare sulfur nanoparticles, including the sulfur vapour deposition
on cold water [21] or the Weimarn- [22], and Raffo-methods [23],
only the last one offers particle yields higher enough (∼600 g/l) in
aqueous media to be industrially profitable [24]. Our version of the
applied Raffo-method is based on the following chemical reactions
[25]:

S + 6NaOH = Na2S2O3+2Na2S + 3H2O (2)

Na2S2O3+H2SO4= H2S2O3+Na2SO4 (3)

xH2S2O3=yH2O+zSO2+H2SmO6 (4)

H2SmO6= H2Sm-nO6+Sn(n> 5) (5)

Upon the acidification of S2O3
2−-containing solutions with

sulfuric acid, SO2 and colloidal S forms. We  obtained S2O3
2−-
containing solution as a result of dissolving elemental S in
pH = 14.15 NaOH-solution at 80 ◦C, then S-nanoparticles with a
maximum mean diameter of 40 nm formed upon the following
addition of 2.5 M H2SO4 solution, which is the core step of the
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ig. 2. Measured streaming potential values of the 0.01% Ag-TiO2 photocatalyst su
f  5.00 (a) and the recorded Raman spectra of Ag-TiO2 photocatalyst, sulfur nanopa

lassical Raffo-method. According to Eqs. (2–5), the dissolution of
ulfur in such media is a disproportionation reaction, while the
everse precipitation reaction is synproportionation. As our process
equires both elemental and processed S (H2SO4) and offers good
ields its industrial application could be beneficial in the elimina-
ion of residual S as a by-product of the petrol industry.

As shown in Fig. 1(a), the size distribution of the obtained
pherical sulfur nanoparticles is relatively polydisperse. The mean
iameters range between 1 and 40 nm,  which is comparable to
he size of the applied VIS light-active plasmonic Ag-TiO2 photo-
atalyst particles (dprim.∼ 25 nm)  [4,5]. Because the hydrophobic
ature of the sulfur particles, the stability of the obtained aqueous
uspension was very low.

The sulfur nanoparticles also show superhydrophobic character
� = 151.0◦) as they are evenly dispersed on plain surfaces (Fig. 1(b)),
ecause the formed sulfur layer consists of hydrophobic non-
ater-soluble nanoparticles with rough surface in the nanometer

cale. The fixation of the plasmonic Ag-TiO2 photocatalyst parti-
les on the surface of the sulfur particles was executed through
lectrostatic interaction because the pH-dependent surface charge
f TiO2 and Ag-TiO2 is well-known in the literature and it has pos-
tively charged below pH = 6 (point of zero charge) [25], while the
harge of the sulfur nanoparticles was slightly negative (point of
ero charge at pH = 2 [24]). Thus, the surface fixation was carried
ut at pH = 5 because at this value the components have oppo-
ite charge and the obtained charge titration curve achieved at
his pH is presented on Fig. 2(a). It can be seen that the positive
harge of the Ag-TiO2 particles was continuously decreased dur-
ng the addition of the negatively charged sulfur suspension. The
nserted photos also show that at the charge compensation point
streaming potential = 0) the stability of the initial Ag-TiO2 and sul-
ur suspension was drastically decreased because of the lost (i.e.,
ompensated) charge of the components and the formation of the
eterocoagulated S/Ag-TiO2 system.

Fig. 2(b) shows the recorded Raman spectra of or S, Ag-TiO2, and
g-TiO /S composite nanoparticles. Hence the P25 TiO used dur-
2 2

ng the synthesis of the plasmonic photocatalyst consist of 75 wt%
natase and 25 wt% rutile, only the characteristic peaks of anatase
t 144 cm−1 (Eg), 397.5 cm−1 (B1g), 517.5 cm-1 (B1g) and 637.5 cm-1
ion during the addition of the 0.09% suspension of the sulfur nanoparticles at a pH
, and Ag-TiO2/S composite sample with superhydrophobic wetting properties (b).

(Eg) could be detected upon � = 532 nm laser-light illumination
[26].

The presence of silver is undetectable at these experimental
conditions, due to its low concentration (0.5 wt%). In the case of
sulfur samples, peaks (with the corresponding molecular vibra-
tional modes) at 82.5 cm−1 (B2g), 153 cm−1 (Eg), 187.5 cm−1 (Eu),
219 cm−1 (A1g), 244.5 cm−1 (A1g), 435 cm−1 (B2g) and 472.5 cm−1

(A1g and Eg) are characteristics to the vibrational bonds of S8-
molecules [27,28], while the peak at 51 cm−1 belongs to the ag

lattice-vibrational mode. Fig. 2(b) also shows, that if we  form
superhydrophobic composite from the initial sulfur, and Ag-TiO2
nanoparticles, the intensity of sulfur peaks increases, while at
90 wt% S-content, the characteristic peaks of rutile almost dis-
appear, indicating the decreased surface concentration of the
photocatalyst. However, no chemical interaction was identified
between the sulpur and the Ag-TiO2 particles evidenced by Raman
measurements.

Fig. 3 shows the powder X-ray diffractograms of the resulting
composites: as the sulfur-content increases, the characteristic peak
of the anatase structure of TiO2 at 2� = 25.32◦ decrease in intensity,
while other peaks appear, attributed to the orthorhombic �-sulfur
(with higher intensities: 23.10◦, 25.88◦, 26.76◦, 27.76◦, 28.96◦) [29],
making the identification of the photocatalyst more difficult due to
convolution.

Moreover, some peaks are characteristics to monoclinic �-sulfur
(27.74◦, 31.08◦, 37.84◦) [30]. The observations indicate the crys-
talline nature of the precipitated sulfur-nanoparticles, since no
broad band of amorphous phase were detected. As can be seen in
the inserted pictures of Fig. 3, the two components powder samples
have high dispersibility in aqueous media under 90 wt% sulfur-
content, but this water dispersibility drastically drops at higher
sulfur contents. This indicates an optimally hydrophobic nature and
low surface free energy to be applied in surface hydrophobization.

Beside the above presented X-ray diffractograms results, the
composites were also characterized by small-angle X-ray scatter-
ing (SAXS) method because the fractal plot of these scattering

curves gives reliable information about the quality of the surface
roughness (SR) with a quantitative information based on the sur-
face fractal dimensions. The double logarithmic (fractal) plot of
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Fig. 3. Powder X-ray diffractograms and aqueous dispersions of Ag-TiO , S and Ag-
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Fig. 5. Apparent static water contact angles on Ag-TiO2/S composite surfaces as a
function of S-content. The photograph illustrates the water-repellent behaviour of

◦

2

iO2/S.

he scattering curves of Ag-TiO2 and Ag-TiO2/S powder samples
ith 60 wt% S-content shows that the samples have a rather rough

urface, indicated by the DS = 2.8 (Fig. 4(a)).
Furthermore, the h3I(h) vs. h2 plot of the curves shows a positive

eviation from the asymptotic behaviour (see Fig. 4(a)), mainly in
he case of the initial Ag-TiO2 sample which indicates a significant
nterfacial electron density inhomogeneity, i.e. surface roughness.
he calculated values are SR = 2.45 and 1.25 nm in the case of Ag-
iO2 and 40% Ag-TiO2/60% S samples, respectively (see Eq. E(6) in

upplementary Information): the surface roughness of the sam-
les did not decreased significantly during the addition of sulfur.
ecause the surface roughness is a crucial factor of the superhy-

Fig. 4. I(h) vs. h (a) and h3I( h) vs. h2 (b) plots of the scattering curves o
90  wt%  S-containing composite powder film with water drop coloured with methy-
lene blue dye.

drophobic coatings, a more detailed description of the composites
structure can be found in Supplementary Information (Figs. S1–S3).

3.2. Wetting and morphological properties and surface free
energy determination

The above presented results indicated that the presence of the
sulfur nanoparticles changed the wetting and structural proper-
ties of the Ag-TiO2, which was also evidenced by contact angle
measurements (Fig. 5).

As the sulfur content increases, the composite-covered sur-
faces (spray-coated, with 1 ± 0.5 mg/cm2 specific layer mass)
changed their wetting character from superhydrophilic (�≈0◦) to

superhydrophobic (�>150 ). This sulfur induced superhydrophobic
character of the composite layer also can be seen on the inserted
photograph in Fig. 5. The water drops coloured with methylene blue

f Ag-TiO2 and Ag-TiO2/S powder samples with 60 wt% S-content.
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Fig. 6. Evolution of advancing and receding contact angles on spray-coated 90 wt%
sulfur-hydrophobized photoreactive Ag-TiO2 layers, as well as the determined total
a
i

d
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t
p
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e

→
a
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a
p
s

pparent surface free energy (�s
tot) values before and after 180 min  blue LED light

llumination (� = 405 nm).

ye were rolled down from the surface of the superhydrophobic
omposite film.

Advancing and receding contact angles were also measured on
he superhydrophobic film with 90 wt% S-content, according to the
rotocol of Drelich [13]. The data was analysed according to Eq. (1)
f Chibowsky [19] to obtain the corresponding total surface free
nergy values.

Fig. 6 shows a large contact angle hysteresis (�adv = 146.8◦±3.0◦

 �rec = 30.1◦±0.6◦), indicating the Wenzel-type roughness char-
cteristics of the surface [19]. However, this superhydrophobic
ature with high contact angle and low surface energy was  durable

nd resistance for irradiation, because after illuminating the sam-
le with �max = 405 nm blue LED-light for 180 min, the �rec values
howed a moderate decrease (�rec = 19.4◦±2.0◦), while the �adv val-

Fig. 7. SEM micrographs and EDX-mapping of Ag-TiO2/S 
Fig. 8. UV-VIS diffuse-reflectance spectra and photographs of Ag-TiO2,  S nanopar-
ticles and Ag-TiO2/S composites with the corresponding S-content (given in wt%).

ues remained almost the same (148.2◦±2.5◦), and the calculated
total surface free-energy values of the surfaces decreased upon
illumination from 3.3 mJ/m2 to 2.3 mJ/m2.

As evidenced by SEM-images and EDX-measurements, the
surface of the spray-coated layers of 90 wt%  sulfur-hydrophized
Ag-TiO2 photocatalyst has cauliflower-like aggregates (Fig. 7) with
relatively homogenous and even distribution of the two compo-
nents. The presence of both components on the surface of the
rough composite film is advantageous because the sulfur nanopar-
ticles are responsible for the superhydrophobic nature, while the
presence of free photocatalyst particles ensures the photocatalytic
activity. This means that photocatalytic reactions could take place
all over the prepared surfaces.

3.3. Optical and photocatalytic properties
The optical properties of the hydrophobized photocatalyst sam-
ples were slightly changed upon sulfur-addition, which can be seen
in the UV-VIS diffuse-reflectance spectra on Fig. 8. The absorption

superhydrophobic surfaces with 90 wt% S-content.
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Fig. 9. Characterization of EtOH decomposition (c0 = 0.36 mM)  on pure Ag-TiO2 and sulphur layers, and on Ag-TiO2/S composite film (90 wt% S) under LED light illumination
(�  = 405 nm)  as the function of illumination time. The composite layer was  also measured under dark condition for reference (a). EtOH concentration change on Ag-TiO2/S
film  after 0, 24, 48, 72, 96 and 168 h continuous LED light irradiation (b).
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Fig. 10. Effect of long-term UV-A (blue LED) irradiation on the wetting properties
avelength maxima gradually increase from 349 to 401 nm as the
ulfur content is increased from 0 to 100 wt%, while the initial pale
rown colour of the Ag-TiO2 gradually turned to yellow. The plas-
onic absorbance peak at around 450 nm is due to the presence

f AgNPs on TiO2 photocatalyst particles as demonstrated in our
revious papers [4,5]. In this plasmonic photocatalyst, visible light

s harvested because the surface plasmon resonance, attributed to
he AgNPs, while the metal–semiconductor interface takes part in
he separation of the generated holes and electrons [4].

It was also presented earlier that the used blue LED light source
ith 405 nm emission maximum is sufficient for excitation of the
g-TiO2 catalyst [31,32]. In this work the photocatalytic efficiency
f the sulfur hydrophobized composite photocatalyst layers were
tudied using the same blue LED lamp and ethanol as model volatile
rganic compound (Fig. 9(a)). As a result of 90 min  illumination, the
ure Ag-TiO2 photocatalyst film decomposed approximately the
hole amount (c0 = 0.36 mM)  of the EtOH, while the photocatalytic

ffectiveness of the sulfur containing superhydrophobic layer were
ower, but it was shown significant photocatalytic activity com-
ared to the reference sample (photolysis without photocatalyst
nd S/Ag-TiO2 sample in dark condition). This decreased photo-
atalytic activity is because of the lower Ag-TiO2 photocatalyst
ontent (only 10% in 90% non-photoreactive sulfur) but according
o the wetting (Figs. 5 and 6) and photocatalytic results (Fig. 9),
t can be clearly stated that at a composition of 90% sulfur and
0 wt% Ag-TiO2 photocatalyst the composite layer was  shown not
nly superhydrophobic but also photocatalytic properties. In order
o prove the long-term photoactivity of the composite sample,
he EtOH concentration change was measured occasionally on
/Ag-TiO2 film after 0, 24, 48, 72, 96 and 168 h continuous LED
ight irradiation. The obtained results in Fig. 9(b) represent that
he initial (c0 = 0.36 mM)  concentration of EtOH was decreased to
.26 ± 0.015 mM  after 30 min  adsorption time on the surface of
5 cm2 composite film with 5 mg/cm2 specific surface mass. After
his adsorption equilibrium the EtOH concentration was continu-

usly decreased during the LED light irradiation and the calculated
’ values (0.0090–0.0132 1/min) indicate the almost unchanged
hotocatalytic activity of the composite during the studied time

nterval.
of  the organic polymer-based and inorganic sulfur-containing superhydrophobic
composite coatings.

In our previous work it was reported that this dual super-
hydrophobic and photocatalytic properties of the spray coated
composites surfaces could be very useful in various applications,
however, the undesired self-photodegradation of the earlier used
organic (fluoro)polymer binder could hinder the application of this
coating materials [4,33]. In this work, the hydrophobization of
the Ag-TiO2 photocatalyst particles was  achieved by the applica-
tion of inorganic sulfur in order to avoid its self-photodegradation.
Fig. 10 shows that the measured contact angle values of the sulfur
hydrophobized AgTiO2 was unchanged (∼150◦) during the studied

time interval (14 days of continuous LED light irradiation).

Two  polymer based composites were chosen as reference:
the Ag-TiO2/ polyacrylate hybrid layer contains poly(ethyl-
acrylate-co-methyl methacrylate) copolymer [4], while the
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olymer component of the Ag-TiO2/fluoropolymer composite
as poly(perfluorodecyl acrylate) fluoropolymer [31,32,34]. As a

esults, the initial � of the Ag-TiO2/ polyacrylate hybrid layer was
5.2◦±1.75◦ which was drastically changed to 0◦ just after two
ays irradiation. The effect was slower in the case of the more
esistance fluoropolymer based binder with initial superhydropho-
ic (� = 151.1◦±5.4◦) properties. These decreasing � values are the
esults of the previously reported partial polymer photodegrada-
ion: the illumination changes in the ration of catalyst/polymer
omposition as the photocatalyst particles became uncoated
35]. This resulted in higher catalyst availability on the sur-
ace region. However, the sulfur hydrophobized photoreactive
hin composite film shows durable hydrophobicity during the
rradiation.

Finally the mechanical properties of the prepared S/Ag-TiO2
lm were also investigated and compared to the fluoropoly-
er  based superhydrophobic thin film. The adhesive tape test
as used to get information about the adhesion of the layers

4]. The tape was applied on the coating surface and subse-
uently was removed by a quick pull. As indicate in Fig. S4,
inor amount of superhydrophobic layer could be removed by

he tape from both surfaces. However, this mechanical dam-
ge caused that both the fluoropolymer and sulfur based layers
ere lost their superhydrophobicity (see inserted contact angle

alues) after the peeling. This vulnerability of superhydropho-
ic surfaces is well known in the literature and it originated
rom the rough surface and porous structure of these lotus-like
oatings [36,37]. However, in our previous paper we also pre-
ented that the nature inspired self-healing ability of the artificial
oatings could solve this problem, if we can achieve that the dam-
ged surface protrusions can regenerate itself [32]. In the future,
e try to implement this self-assembled mechanism (air humid-

ty catalysed syneresis of the hydrophobic dodecyltrichlorosilane
olecules) into the sulfur containing superhydrophobic layer

n order to get thin film with quick superhydrophobic recov-
ry.

. Conclusions

To satisfy the needs for superhydrophobic coatings with
ncreased durability, sulfur also can be applied as an inert, non-
hotodegradable and insoluble inorganic hydrophobizing agent.

n this paper we presented a simple method to utilize sulfur in
he area of functional surfaces: bifunctional, superhydrophobic
nd photocatalytic coatings were prepared of 90 wt% (d≤40 nm)
ulfur-nanoparticles and 10 wt% (d≈25 nm)  visible light-active
g-TiO2 photocatalyst. The surface fixation of sulfur on Ag-
iO2 particles occurred through electrostatic interaction and
lthough no chemical bond was identified between the compo-
ents, the initially superhydrophylic photocatalyst nanoparticles
�≈0.0◦) became superhydrophobic (� = 150.3◦±1.0◦) upon form-
ng composite particles. As evidenced by EDX-SEM, the extreme

etting properties are attributed to the multiscale surface rough-
ess: the spray-coated layers have cauliflower-like aggregates
ith relatively homogenous distribution of the two compo-
ents.

The photocatalytic activity of the sulfur containing superhy-
rophobic layer was lower than that of the pure Ag-TiO2 film
degraded 100% of c0 = 0.36 M EtOH in 180 min), still showing

ignificant photoreactivity (photocatalytc effectiveness: 68.9%)
ompared to the reference sample (photolysis without photocat-
lyst; effectiveness: 26.4%). This decreased photocatalytic activity
s because the lower photocatalyst content (only 10%) but accord-

[
[

[

e & Technology 41 (2020) 159–167

ing to the wetting and photocatalytic results it can be clearly stated
that at optimal composition the layer was  shown not only super-
hydrophobic but also photocatalytic properties.

As a main result, in contrast to the tested polymer-type
hydrophobizing agents, sulfur nanoparticles did not photodegrade
in the time interval of 14 days of continuous LED-light illumina-
tion (� = 405 nm), so the hydrophobized photocatalyst layers kept
their wetting properties (�≈150◦). In conclusion, as the expensive
fluoropolymer binders can be replaced with sulfur in self-cleaning
superhydrophobic surfaces.
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