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e |he plasma process allows the controlled deposition on complex 3D porous materials
e The plasma-coated materials present good photocatalytic activity and reusability

e The evolution of the photocatalytic materials upon use in photocatalysis is studied
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ABSTRACT
An aerosol-assisted plasma process was used to deposit, at low temperature and atmospheric

pressure, photocatalytic hydrocarbon polymer/TiO, nanoparticles nanocomposite coatings onto
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potn Tlat glass sliaes ana open-cell polyurethane roams. Vvarious characterization techniques
were used to demonstrate the potential of the developed process for the controlled deposition
of TiO,-based coatings on the different supporting substrates, with special attention to the foams
due to their complex three-dimensional porous structure.

The photocatalytic activity of the plasma-coated materials was evaluated by the decomposition
of methyl orange in aqueous solution under UV irradiation, using a purposely designed
recirculating batch photoreactor. The comparative study revealed that greater photocatalytic
activity can be achieved with the open-cell foams, pointing to the beneficial properties of
macroporous photocatalyst supports in comparison with conventional flat ones.

The prepared photocatalytic materials presented remarkable reusability and maintained good
activity after prolonged operation (40 h) corresponding to 20 consecutive reaction runs. Results
on the evolution of the photocatalytic performance of the plasma-coated samples over multiple
runs were correlated with those obtained from the detailed characterization of their surface
chemical composition, morphology and wettability as a function of the operation time in

photocatalytic water treatment.
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1. INTRODUCTION

The design and preparation of photocatalytic materials for the degradation of organic pollutants
in water has attracted considerable interest during the last decades [1,2]. Research in this field

has long been dominated by the use of freely suspended nano- and microparticles of



semiconauctor metal 0x1aes, aue 1o the nign surrace-to-volume ratios and mass transier rates
offered by well-mixed slurry photocatalytic systems [1-5]. However, over the years, ever-
increasing efforts have been devoted to achieve the permanent and efficient immobilization of
photocatalysts onto suitable supports [2,4-8]. Interestingly, photocatalyst immobilization not
only facilitates the separation and recovery of the catalyst from the treated solution, but can also
enable the operation of continuous-flow photocatalytic reactors [2,4-8]. Therefore, numerous
studies have been focused, for instance, on the deposition of TiO,-based thin films [6—7,9-20]
(e.g., TiO, thin films and TiO,-containing nanocomposite coatings) on many different
immobilization supports, which include both inorganic and polymeric materials (e.g., glass,
silica, carbon black, ceramics, natural and synthetic polymers) in various forms, such as plates,
beads, granules, fibers, fabrics, membranes, foams, scaffolds, etc. [5,6,16,17,20-22]. Among
others, three-dimensional (3D) macroporous supports (average pore size ranging from 50 nm
to a few millimeters) have gained attention because they enable the development of
photocatalytic materials with high active surface area per unit of photoreactor volume and low
flow resistance [22-31]. For instance, it has been found that, due to their highly interconnected
porous structure, photocatalyst-coated open-cell foams (e.g., ceramic, metal, or polymer foams
coated with photocatalytic thin films) exhibit large interface for reaction and superior light-
harnessing capabilities, while allowing polluted water to flow through efficiently [22-37]. As
a consequence, they are able to significantly exceed the overall photocatalytic performances
obtained by using conventional flat supports (often referred to as two-dimensional supports)
[27,28]. Indeed, with proper selection of the photoreactor architecture and operating conditions,
photocatalyst-coated open-cell foams can even approximate the degradation efficiency of
suspended photocatalyst nanopowders [23,27,28,32,38]. However, despite the above
mentioned performances, it is widely acknowledged that the uniform and well-controlled
deposition of photocatalytic thin films over the entire 3D structure of macroporous supports is

a challenging task. Wet impregnation represents the most used strategy for such purpose. It



generally 1nVOIVes alpping the porous supstrate 1Nto a nanocatalyst suspension, Iollowea by
drying at room or moderate temperature (commonly less than 150°C) and, in some cases, also
by high-temperature calcination (400-900°C) [23-29,31-35]. Although impregnation is simple
and inexpensive to implement, it does not allow a fine control of the growth of the
photocatalytic layer. Moreover, when carried out in combination with heat treatments, it is not
compatible with thermolabile supporting substrates (e.g., polymeric foams and scaffolds). The
scientific literature also reports on the use of gas-phase techniques, such as atomic layer
deposition (ALD) [30]. ALD offers tunable thin film composition, precise thickness control and
exceptional conformality on both inorganic and polymeric substrates of complex geometry;
however, it is characterized by low deposition rates [20,30]. Therefore, the development of
novel strategies for the high-throughput controlled deposition of photocatalytic coatings on
macroporous supports is highly desirable.

Recently, various atmospheric pressure (AP) low-temperature plasma processes have been
optimized for the facile and efficient deposition of TiO,-based thin films [9,14,39-44].
Proposed approaches include both classical plasma-enhanced chemical vapor deposition
(PECVD) processes [9,14,41] and innovative aerosol-assisted plasma deposition (AAPD)
strategies [40,42—44]. They exploit different direct [40,42,43] and remote [9,14,44] AP plasma
sources operating close to room temperature and, therefore, suitable for the surface modification
of both inorganic and polymeric materials. Various studies have demonstrated that the chemical
composition and morphology of the deposited coatings can be easily adjusted by changing
process parameters such as the plasma excitation conditions, the feed mixture composition and
the deposition time [9,14,39—44]. However, a few papers have been published so far on the
photocatalytic performances of the deposited coatings [9,41]. Moreover, to date, published
studies have been mainly limited to the use of flat substrates and, therefore, additional efforts
are still needed to achieve the deposition of well-structured TiO,-based films on complex-

geometry supports. Interestingly, in the last few years, AP low-temperature plasmas have been



successTully proposea Ior the surrace modairication or 3L porous materials [43—>1]. 1t has been
shown that, for instance, the careful optimization of the plasma reactor configuration and
operating conditions can lead to the deposition of a thin film on both the outer and inner surfaces
of the treated samples. Importantly, the overall uniformity of the plasma process over the entire
sample can be remarkably improved by promoting plasma ignition or penetration throughout
its porous structure [45—47].

In this work, an aerosol-assisted non-equilibrium plasma process was used to deposit, at low
temperature and atmospheric pressure, TiO,-containing thin films on both open-cell
polyurethane (PU) foams and flat glass slides with the aim of developing novel photocatalytic
materials. The choice of the PU foams was dictated by the fact that they are low-cost
macroporous polymeric materials with good chemical and thermal resistance [5,35-37,52]. In
addition, they present adequate mechanical strength and elasticity, which allow them to be
easily shaped according to the photoreactor geometry [5,52].

In particular, in this work, hydrocarbon polymer/TiO, nanoparticles nanocomposite (NC)
coatings were prepared by using a parallel-plate dielectric barrier discharge (DBD) fed with
helium and the aerosol of dispersion of oleate-capped TiO, nanoparticles (NPs) in a
hydrocarbon solvent mixture. During deposition, samples were placed in the middle of the
discharge region, so that plasma ignition could be achieved also inside the porous structure of
the foams [45]. The chemical composition and morphology of the plasma-coated materials were
investigated by means of X-ray photoelectron spectroscopy (XPS), attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR) and scanning electron microscopy
(SEM), as a function of the process parameters, such as the deposition time and the NPs
concentration in the starting dispersion. Among others, XPS and SEM analyses allowed
assessing the overall uniformity of the deposition process on the 3D porous samples. The
photocatalytic activity of plasma-coated glass slides and PU foams was compared by

investigating the degradation of a model dye molecule (i.e., methyl orange, MO) in aqueous



solution, under UV 1rradiauon. rnotocatalytic €xXperiments were carried out by using a
recirculating flow reactor purposely designed for proper integration of the photocatalytic
materials developed in this work. Finally, the recyclability of the best-performing samples was
examined over 20 successive reaction runs. Findings were correlated with results from an in-
depth investigation of the changes in the surface chemical composition, morphology and

wettability as a function of the operation time in photocatalytic water treatment.

2. EXPERIMENTAL

2.1 Thin film deposition

Nanocomposite films were deposited by using a home-made atmospheric pressure dielectric
barrier discharge (DBD) reactor, as previously described [53,54]. The apparatus consists of a
parallel plate DBD cell, placed into an airtight Plexiglass chamber (Figs. 1 and S1). The plasma
was generated between two dielectric-covered electrodes (50x50 mm? area, 4 mm gap) by
applying a 22 kHz sinusoidal high voltage of 2.6 kV s in pulsed mode at modulation frequency
and duty cycle of 50 Hz and 65%, respectively [53—54]. During the deposition processes, the
plasma was fed with helium (Air Liquide, 99.999% purity) and the aerosol of a dispersion of
oleate-capped TiO, NPs in a hydrocarbon solvent mixture of n-octane (Sigma-Aldrich, purity
> 99.0%,) and 1,7-octadiene (Sigma-Aldrich, 98% purity). The aerosol was generated using a
TSI pneumatic atomizer (TSI, model 3076). The helium and dispersion flow rates were kept
fixed at 8 slm and 0.22 + 0.2 g-min"!, respectively. The above mentioned electrical and feed
mixture conditions led to the ignition of a filamentary DBD with average specific power of 1.3
+ 0.1 W-cm?2. In particular, in this work, commercial Aeroxide® P25 TiO, NPs (Evonik
Degussa GmbH, >99.5% purity) were utilized. They present an average particle size of about
30 nm and an anatase-to-rutile ratio of about 80:20 [55]. The NPs were first capped with oleate

using a previously reported wet chemistry procedure [53], to obtain a stable dispersion in
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nyarocaroon solvents. 1he concentration oI INFS 1n the starting aispersion (| INFs|) was varied
from 3 to 8 wt%, keeping constant the composition of the n-octane/1,7-octadiene mixture (i.e.,
1,7-octadiene concentration of 0.5 vol%). The process duration (i.e., the deposition time, ty)
was varied in the range 10-60 min.

Thin films were deposited on (i) flat supports, i.e., round borosilicate glass slides (Agar) with
diameter and thickness of 22 mm and 0.2 mm, respectively (Fig. 1b), and (i1) 3D macroporous
supports, consisting of 4 mm thick round samples (22 mm diameter) of a commercial open-cell
foam (Angst + Pfister) with polyester polyol-based polyurethane structure, pore density of 45
pores per inch (ppi) and porosity of ca. 97% (Fig. 1c). The flat and porous supports used in this
work present significantly different surface area, which here is meant to indicate the surface
area of the support available for coating deposition. Specifically, as discussed in the Supporting
Information, the surface area of the foam samples (8400 mm?) is about 22 times greater than
that of the flat glass slides (380 mm?)[28,56].

Deposition processes on the flat supports were carried out by placing two samples in the middle
of the DBD region onto the dielectric plate covering the lower electrode. In case of the porous
substrates, two foam samples were placed in the center of the discharge region and sandwiched
between the two alumina plates covering the electrodes as shown in Fig. S1b. Using this
arrangement, the feed mixture was forced to flow through the samples and plasma ignition was

also obtained inside their porous structure (Fig. S1c).

2.2 Material characterization

X-ray photoelectron spectroscopy (XPS) analyses were performed by means of a PHI P5000
VersaProbe II scanning XPS microprobe spectrometer, while attenuate total reflectance-Fourier
transform infrared (ATR-FTIR) spectra were collected using a vacuum Bruker Vertex 70v FTIR
spectrometer. Details on measurements and data processing are provided in the Supporting

Information.



A-ray airrracuon (AKLD) analyses OI pristine 11U, NFPS, oleate-capped 11U, NFS ana NC
coatings were performed on a PANalytical X’Pert MPD X-Ray diffractometer using a Cu Ka
anode.

The weight of the coating deposited onto the various supporting substrates was measured by a
Mettler Toledo XS205 analytical balance. The coating surface density, expressed in units of
mass per unit area (ug-mm-2), was calculated by dividing the weight of the coating deposited
onto the support by the support surface area. In addition, the mass deposition rate (ug-mm-
2-min’!) was determined by dividing the coating surface density by the deposition time.

The morphology of the plasma-coated samples was investigated by a Zeiss SUPRA™ 40 field
emission scanning electron microscope (FESEM) as described in the Supporting Information.
Samples wettability was evaluated by measuring the static water contact angle (WCA) with a
KSV CAM 200 Instrument. Each WCA value is the average of measurements performed on
three different samples (five measurements per sample), using distilled water droplets of 2 pL

(glass slides) and 5 pL (foam samples).

3.1 Photocatalytic experiments

The photocatalytic properties of the plasma-coated samples were studied by evaluating their
ability to degrade methyl orange in aqueous solution under UV irradiation. The experiments
were carried out by using a small recirculating batch photoreactor purposely designed for the
present study (Fig. 2). The experimental apparatus runs under controlled flow and irradiance
conditions, and specifically consists of a Plexiglass photocatalytic cell connected to a peristaltic
pump and an optical detector. The photocatalytic cell presents a cylindrical compartment (22
mm diameter, 4 mm height) where the photocatalytic materials to test (i.e., glass slides and PU
foam samples) were placed. A quartz window (22 mm diameter) was located on the top of the
cylindrical compartment, to close the photocatalytic cell and allow the UV irradiation of the

sample. It is worth specifying that the volume of the photocatalytic cell (V. [ 1.5 mL) was
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about 4U%o OT the Total volume 0T the experimental Set-up (Vo L/ 3.0 ML ). 10 Iavor the contact
between the photocatalytic material and the recirculating methyl orange solution, the latter was
introduced in the cell through four thin slits and forced to exit through other four slits located
on the opposite side (Fig. 2). The solution flowed on the surface of the glass slides and through
the porous structure of the foam samples (Fig. S2) at a constant flow rate of 50 ml-min’!, as
regulated by the peristaltic pump. UV irradiation was provided by a Vilbert Lourmat lamp
(model VL-330) emitting in the 300-400 nm spectral range (maximum at 365 nm), and
irradiance was kept fixed at 38 Wyy'm=2. In each photocatalytic experiment (hereafter, also
referred to as photocatalytic reaction run or cycle), the cell containing the plasma-coated
samples was irradiated for 120 min to treat 3.6 + 0.1 mL of a 10 mg-L-" MO solution under
recirculating flow conditions. The change in concentration of MO in the aqueous solution was
followed by monitoring the MO UV-vis absorption spectra as a function of time. Spectra were
acquired in-line every 10 min using an Avantes Optical spectrometer. Before starting the UV
irradiation and absorbance measurements, the sample was placed in the photocatalytic cell, the
target solution was introduced through the connector and allowed to flow in the closed circuit
for 15 min under dark conditions. For each experiment, the recorded spectra were baseline
corrected, smoothed and normalized using the Matlab software. Then, for each spectrum, the
maximum absorbance value was extracted (in the wavelength range 420-464 nm) and the MO

concentration was determined.

3. RESULTS AND DISCUSSION

3.1 Material characterization

Table 1 summarizes the processing conditions used in this work for the aerosol-assisted plasma
deposition of TiO,-containing nanocomposite coatings on the selected supporting substrates,

i.e., the flat glass slides (Fig. 1b) and 3D porous PU foam samples (Fig. 1c). In particular, the
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mruence of the aeposition tme and of the oleate-capped 11U, INPS concentration 1n the starting
dispersion was investigated, keeping fixed the electrical conditions used for DBD generation
as well as the helium and dispersion flow rates.

Plasma processes were first carried out using the flat supporting samples which, among others,
can facilitate the investigation of the structural and morphological properties of the
nanocomposite coatings. In particular, the TiO,-containing thin films were deposited on the
glass slides from a 3 wt% oleate-capped TiO, NPs dispersion in a n-octane/l,7-octadiene
mixture, by increasing the deposition time from 10 to 60 min (Table 1). Fig. 3 provides an
overview of results from the ATR-FTIR, XPS and SEM characterization. The representative
ATR-FTIR spectrum (Fig. 3a) shows the characteristic absorption bands associated with both
the oleate-capped TiO, NPs and the hydrocarbon polymer formed by plasma polymerization of
n-octane and 1,7-octadiene (Fig. S3) [54,57]. In particular, the spectrum displays the intense
absorption band due to the Ti-O stretching vibrations (maximum at about 420 cm") [58] and
the oleate COO asymmetric and symmetric stretching signals (1300-1600 cm™") ascribed to the
oleate-capped TiO, NPs (Fig. S3) [58-59]. Moreover, the typical absorption features of a
plasma-deposited hydrocarbon polymer layer are also present, i.e., the CH, and CHj stretching
and bending signals in the 2800-3000 cm! and 1300-1600 cm™! regions, respectively (Fig. S3)
[53,54,57]. It was found that the increase of the deposition time does not produce appreciable
changes in the intensity ratio between the TiO, and the CH, FTIR absorption bands and,
therefore, in the chemical composition of the hybrid layers.

XPS analyses revealed that the surface atomic concentrations of carbon, oxygen and titanium
are about 87, 10 and 3%, respectively, and remain invariant with the deposition time (Table
S1). Fig. 3b presents the high-resolution XPS C 1s, O 1s and Ti 2p spectra of the NC coating
deposited on a glass slide from a 3 wt% NPs dispersion for 60 min. The C 1s spectrum is
dominated by the hydrocarbon component (284.8 + 0.2 eV, 96%) and presents a very weak

peak due to C-O groups (288.5 + 0.2 eV, 4%). The high-resolution O 1s signal can be curve-
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TITlea W1th TWO peaks that can be ascriped to lattice oXygen 1n 11U, (329./ £ U.Z, /0%) ana 1o
oxygen in OH, C-O and COO groups (531.9 £ 0.2, 24%) [60,61]. The position (464.2 0.2 eV
and 458.6 eV + 0.2 ¢V) and separation (5.6 e¢V) of the Ti 2p;, and Ti 2p;3,, signals are in
agreement with previous literature on anatase-rutile TiO, [60,61]. XRD investigation pointed
out that TiO, NPs crystallinity was not affected by the deposition process, since both anatase
and rutile typical reflections were observed in the diffraction patterns of the NC coating and of
the pristine and oleate-capped P25 TiO, NPs (Fig. S4) [55].

SEM images in Figs. 3c and S5a reveal the deposition of hierarchical micro/nanostructured thin
films. In particular, as already reported in the literature on the aerosol-assisted plasma
deposition from NPs dispersions [43,53,54,57], the NC coatings consist of quasi-spherical NPs
agglomerates coated by a thin polymeric layer (Figs. 3¢ and S5a). NPs agglomerates have mean
size of about 700 nm (minimum and maximum size of ca. 100 and 2000 nm, respectively) and
nearly log-normal size distribution with geometric standard deviation (cg) of about 1.6 (Fig.
S6). The obtained distribution is in good agreement with typical size distributions of
polydisperse aerosols produced with pneumatic atomizers [53]. The morphological features of
the NC coatings well correlate with the above described XPS results and, specifically, with the
fact that the surface chemical composition is dominated by the hydrocarbon polymer
[43,53,54,57]. Interestingly, the organic component seems to play a twofold role: holding
together the NPs agglomerates in the 3D network of the nanocomposite and ensuring the
adhesion of the hybrid layer to the supporting substrate (Fig. S5a). The coexistence of a
hierarchical multiscale surface texture and of the low surface energy hydrocarbon polymer
explains the superhydrophobic behavior of the coatings which exhibit a water contact angle
greater than 150° [43,53,54,57].

As estimated by the cross-sectional SEM observations (Fig. S5b), the maximum thickness of
the thin films is 3.8 + 0.5 um, 6.7 £ 0.5 pm and 12.8 £ 1.0 pm for deposition times of 10, 30

and 60 min, respectively. In agreement with this trend, by increasing t4 from 10 to 60 min, the
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We1gnt oI the coating aeposited on the selected glass slaes Increases rrom 3uU = 30U 10 210U
300 pg, and the coating surface density increases from 0.79 = 0.08 to 5.5 + 0.8 ug-mm (Table
1). Hence, it can be concluded that, under the investigated process condition, the mass
deposition rate of the NC coating is about 9-10-2 pg-mm-2-min-!.

Considering that the aim of the present work is to explore the use of the plasma-coated samples
as photocatalytic materials for polluted water treatment, preliminary investigations were carried
out to assess their stability upon water immersion for 24 h. Negligible changes were observed
in the chemical composition, morphology and wettability of the NC films after water
immersion, as assessed by ATR-FTIR, XPS and SEM as well as by WCA measurements. It is
worth specifying that additional experiments were carried out to deposit NC coatings from more
concentrated NPs dispersions (i.e., 5 wt%) with the objective of increasing the amount of NC
coating deposited per sample as well as its overall mass deposition rate [54]. However, the thus-
obtained plasma-coated samples underwent severe NPs detachment and coating delamination
during water immersion. This drawback precluded their use in the photocatalytic tests.

Thin film deposition on the PU foam samples was investigated at two different deposition times
(i.e., 30 and 60 min), by increasing the NPs concentration in the starting dispersion from 3 to 8
wt% (Table 1). Overall, it was found that the explored conditions allow varying the weight of
the coating deposited per sample from 650 = 60 to 2300 + 300 ug and the coating surface
density from 0.077 = 0.007 to 0.27 + 0.04 pg-mm-2 (Table 1). In particular, the mass deposition
rate of the coating increases linearly from ~2.6-10-3 to ~4.5 -10- ug-mm=2-min’! by increasing
the NPs concentration in the starting dispersion from 3 to 8 wt%.

XPS and SEM investigations were carried out to assess the uniformity of the NC coating over
the entire 3D porous structure of the foam samples as well as to compare results obtained under
different processing conditions. Table 2 reports the XPS surface atomic concentrations of the
inner (i.e., cross section) and outer (i.e., top side) surfaces of all samples prepared in this work.

It is worth specifying that XPS analyses were carried out on both the top and bottom sides of
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tne Toam samples, NOwWever, SINCe these twWo s1des exnIbited very similar surrface composition,
Table 2 only displays the surface atomic percentages of the sample top. In case of the pristine
foam, XPS analyses revealed the presence of carbon, oxygen, nitrogen and silicon at atomic
concentrations of about 74, 20.5, 4.5 and 1%, respectively. After plasma deposition, it was
possible to observe the remarkable increase of the C atomic percentage, the decrease of the O
atomic concentration, the appearance of Ti, and the disappearance of N and Si contributions
from the pristine sample (Table 2). Moreover, Table 2 shows that with increasing the NPs
concentration in the starting dispersion, the surface atomic concentrations of Ti and O increase,
while the C atomic percentage decreases (Table 2). On the other hand, as also observed for the
plasma-coated flat samples, the surface chemistry does not vary appreciably with deposition
time, keeping fixed NPs concentration in the starting dispersion. It can also be appreciated that
generally the cross-section and top side of the samples exhibit very similar XPS atomic
percentages, revealing remarkable uniformity in surface composition. However, when
deposition processes are carried out using an 8 wt% NPs dispersion, the Ti and O atomic
percentages appear to be greater on the sample top than on the cross-section. As expected, the
high-resolution XPS Cls, O 1s and Ti 2p spectra of the plasma-coated foam samples (Fig. 4a)
are very similar to those observed for NC thin films deposited on the flat glass slides (Fig. 3b).
It is worth noting that the typical C 1s spectrum of a plasma-coated foam presents only two
components ascribed to aliphatic carbon and C-O moieties (Fig. 4a, Table S2); in contrast, the
pristine foam is characterized by a very different C Is lineshape (Fig. S7) that can be curve-
fitted with four peaks centered at 284.8 = 0.2 eV (C-C/C-H, 60%), 285.6 £ 0.2 eV (C-N, 5.5%),
286.4 + 0.2 eV (C-0, 26.5%), 288.8 + 0.2 eV (N-COO/COO, 8%) [45,47].

Fig. 5 displays representative SEM images of the pristine and plasma-coated foams. First of all,
the low-magnification images (Figs. 5a,b) demonstrate that plasma ignition into the foam
interior does not alter its porous structure. On the other hand, the high-magnification images

(Figs. 5c-f) clearly evidence that the deposition strategy optimized in this work leads to the
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complete coverage or the Toam surraces with the micro/nanostructured NC Iiim. uverall, the
plasma process enables the transition from the smooth surface of the pristine foam to the rough
surface of the hydrocarbon polymer/TiO, NPs NC coating. In addition, as it can be appreciated
in Fig. 6, the coverage level of the substrate and the surface density of the quasi-spherical NPs
agglomerates immobilized on the foam surfaces increase with increasing both the deposition
time and the oleate-capped TiO, NPs concentration in the starting dispersion. SEM observation
of cross-sectioned ligaments of the plasma-coated foam allows roughly estimating the thickness
of the NC coatings. For instance, Fig. 5f shows that the NC coating deposited on the foam
sample for 60 min using a 3 wt% oleate-capped NPs dispersion has a maximum thickness of a
few um, considerably smaller than the one obtained on the glass slide under identical processing
conditions (Fig. 3c). In agreement, Table 1 allows appreciating that, using a 3 wt% oleate-
capped NPs dispersion and a deposition time of 60 min, the surface density of the coating on
the glass slide (5.5 pg'mm2) is about 35 times greater than that on the foam sample (0.155
ug-mm-2). This can be attributed to the combination of two factors: (i) the PU foam support
has a surface area considerably larger than the glass slide (~22 times), (i1) the weight of the
deposited coating is greater on the flat substrate than on the porous sample (~1.5 times) under
the same plasma processing conditions (Table 1). This difference in coating weight could be
explained considering that, when the foam is located in the DBD cell, the discharge develops
in a series of volumes smaller than the total gas gap. This could reduce the gas bulk ionization
degree. This effect could be further enhanced by the fact that the PU foam is made of an
insulating material that is charged by the electrons or ions, reducing the local electric field.
Thus, the field distribution is different in the foam and the gas ionization is probably lower,
leading to a lower electron density. The observed phenomenon could be therefore explained as
follows: in case of the foam, a lower density of electrons induces both (i) lower NPs charging
and thus reduced transfer of the NPs to the foam surface [42,53] and (ii) lower dissociation of
the organic precursors and thus reduced polymerization. At this stage this is a hypothesis. A
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aeaicatea stuay 1S needaea to clearly explain the lower coating weignt and growin rate on tne
foam samples.

As observed for the glass slides, also the foam samples exhibited a superhydrophobic wetting
behavior after thin film deposition (WCA > 150°). Interestingly, all plasma-coated porous
samples prepared in this work showed remarkable chemical and morphological stability upon

water immersion and were, therefore, tested in photocatalysis.

3.2 Photocatalytic performance

The photocatalytic activity of the plasma-coated samples listed in Table 1 was evaluated by the
degradation of methyl orange in aqueous solution under UV light irradiation.

The mechanisms that lead to the photodegradation of molecules involve multiple processes
such as charge generation, charge transfer, oxidation-reduction reactions on the catalyst surface,
radical reaction. Many empirical laws have been proposed to describe these phenomena and to
develop more or less advanced formalisms depending on the subject addressed [62,63]. When
the objective is simply to evaluate or compare the photocatalytic ability of different materials
[64,65], it is commonly acknowledged that the entire photodegradation process can be
approximately described by a pseudo first-order kinetic model. In particular, taking into
consideration the recirculating batch photoreactor used in this work, the photodegradation

kinetics can be described by Eq. (1):

Veell dC(t)
Vo at = -o-1-S-C(t) (1).

where C is the concentration of the target molecule (kg'm), a is the energy constant (s-J!), S
is the irradiation area of the cell (m?) and I is the flux density (W-m?2). From Eq. (1), it is

possible to obtain the following expression for the concentration:

C(t) = Co-exp

V(:ell
wrs (v o
where C, is the initial concentration.
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>INCe 1n tnis WOrk experimental aata were obtained under constant irradiation conaitions ana

for the same cell irradiation area, it is possible to introduce the apparent kinetic constant (Kapyp):
Kapp = a-1-S (3).

In addition, as reported in the literature [65], when a recirculating photoreactor is used, it is

more appropriate to report the photodegradation kinetics as a function of the effective

irradiation time (t;,), which corresponds to the residence time of the MO solution in the

photocatalytic cell. The effective irradiation time depends on the ratio between the cell volume

and the total volume of experimental set-up, and can be calculated from Eq. (4):

Vcell
tir =t - Viot (4)
Eq. (2) can be therefore rewritten as:
C(tirr) = Co - exp[ - kapp : tirr] (5

By determining the apparent kinetic constant of MO photodegradation using the different
plasma-coated samples (Table 1), it is possible to compare (i) the photocatalytic activity of
samples produced under different deposition conditions, in order to find the optimal preparation
parameters, and (ii) the photocatalytic performance obtained with the two different supporting
substrates, in order to highlight the potential benefits of using macroporous supports rather than
conventional flat ones.

Figs. 7a,b display the evolution of the MO residual concentration ratio C/C, as a function of
the effective irradiation time (where C, is the initial MO concentration and C the MO
concentration at effective irradiation time t;;) using two different plasma-coated samples: (i) a
glass slide plasma-processed for 60 min using a 3 wt% NPs dispersion (Fig. 7a) and (ii) a
foam sample processed for 60 min using an 8 wt% NPs dispersion (Fig. 7b).  In particular,
for both plasma-coated samples results from different consecutive reaction runs (i.e., cycles of
use) are reported (runs 1, 3, 5, 20) along with methyl orange C/C, profiles obtained during blank
experiments performed using the untreated samples (i.e., no TiO,-containing coating) under

both UV irradiation and dark conditions. First of all, results from blank experiments
18



aemonstrate that negligiole or modaerate changes in ViU concentration 0ccur when tne untreated
samples are used. Secondly, Figs. 7a,b allow appreciating an evolution of the photocatalytic
efficiency of the plasma-coated samples over the first three reaction runs. In particular, the first
and second runs are characterized by slower photodegradation kinetics compared to the third
one (Figs. 7a,b). It seems therefore that conditioning of the photocatalytic materials is needed
to attain the best photocatalytic performance (i.e., two photocatalytic runs). The maximum
photocatalyst efficiency is therefore reached at the 3™ run. Then, it remains unchanged for
various consecutive runs (Figs. 7a,b show for instance the C/C profiles for the 5% run). It is
worthy to note that an analogous evolution of the photocatalytic efficiency was observed for all
plasma-coated materials prepared in this work (Table 1).

To evaluate the influence of the supporting substrate and of the plasma deposition conditions
on the photocatalytic activity, all plasma-coated samples were compared by determining the
apparent kinetic constant for MO photocatalytic degradation at the 3™ cycle of use (Fig. 8). As
far as the flat samples are concerned, results reveal that by increasing the DBD process duration
from 10 to 60 min, i.e., by increasing both the thickness and weight of the deposited coatings,
the apparent kinetic constant (and thus the catalytic efficiency) increases. The slight
improvement in k,,,, value observed when t4 is increased from 30 to 60 min seems to point out
that a plateau is reached. Various kinetic studies demonstrated that the photodegradation
efficiency of TiO,-based thin films increases with the film thickness up to a threshold value,
above which the catalytic performance stabilizes [66,67]. This trend can be explained
considering that, in principle, with increasing the coating thickness, the amount of photocatalyst
available for reaction increases and, thus, the photodegradation performance is improved.
However, when the thickness becomes too high, two phenomena could prevent the further
increase of the photocatalytic efficiency: transfer limitation and UV light attenuation. It is in

fact acknowledged that slow diffusion could limit the number of target molecules reaching the
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INterior Or tNICK catalytlc layers. VIoreover, strong UV 11gnt atienuation could consiaeraoly

reduce light penetration through the entire layer thickness.

Fig. 8 shows also that, in case of the foam samples, by increasing both the deposition time and

NPs concentration in the starting dispersion, the apparent kinetic constant for MO degradation

increases and, therefore, the photocatalytic efficiency increases. Overall, with the foam samples

it is possible to achieve greater values of k,,, than with the flat ones (Fig. 8).

It is difficult to compare the results obtained using the flat and macroporous samples. The

photocatalytic performances can be compared, for instance, on the basis of two different

criteria:

e If samples prepared under the same deposition condition are considered (i.e., 3 wt% NPs
dispersion, 60 min), it can be observed that the apparent kinetic constant obtained with the
flat support (110.045 min-') is significantly higher than with the macroporous one (710.035
min'). This is likely due to the remarkably greater amount of photocatalytic coating
deposited on the flat support (Table 1). On the basis of this evidence, it could be concluded
that, if the deposition conditions are kept fixed, the use of flat supports allows achieving
superior photocatalytic activity. However, in this work, it was found that a narrow range
of deposition conditions can be employed for the flat glass slides. For instance, as shown
in the previous section, when dispersions with NPs concentration greater than 3 wt% were
used, the plasma-coated glass slides were unstable in water and cannot be tested in
photocatalytic experiments. In contrast, in the case of the foam supports, it was possible to
increase the NPs concentration, eventually reaching greater values of k,,, as compared to
the flat slides (Fig. 8).

e If samples coated with similar amounts of photocatalytic film are considered, it can be
observed that the macroporous samples are more efficient than the flat ones. This can be
appreciated, for instance, by comparing the best-performing flat sample (resulting from

plasma deposition for 60 min using a 3 wt% NPs dispersion) and the best-performing foam
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sample (resulting rrom plasma aeposition Ior ou min using an ¥ witvoe INFS aiSpersion),
which are loaded with very similar amounts of photocatalytic coating (i.e., 2100 = 300 pg
and 2300 + 300 pg, respectively, Table 1). Fig. 8 clearly shows that the k,,, of the foam
sample is [10.09 min-!' and, thus, significantly greater than that of the flat sample (110.045
min!). This finding points to the benefits of using macroporous supports for photocatalyst
immobilization. Macroporous supports allow obtaining a high active surface area per unit
of photoreactor volume [22-31,38], with two main advantages as compared with
conventional flat supports: (i) the first is that the photooxidation rate is greater because of
the larger surface area available for light capture; (ii) the second is that mass transfer
limitations are minimized because the effective surface area available for reaction is larger.
For the above mentioned best-performing flat and macroporous samples, recyclability was
evaluated over 20 cycles of use, which correspond to a total operation time in photocatalysis of
40 h. It was found that the plasma-coated glass slide maintains high photocatalytic activity after
prolonged use, without appreciable loss of efficiency. After twenty cycles of use, negligible
changes were observed in methyl orange C/C, profile (Fig. 7a) and, consequently, in kg,
(~0.045 min'). In contrast, the plasma-coated foam sample starts to lose efficiency after seven
photocatalytic cycles. Fig. 7b reports the MO C/C, profile of the 20™ reaction run, from which
it was possible to obtain that the k,,, for MO degradation is ~0.04 min‘!, less than half that of
the 3™ run. To compare the reusability of the best-performing flat and porous samples, Fig. 7¢
reports the MO removal determined for each reaction run at the 75% of the total run duration.
Specifically, the MO removal was calculated as the percentage ratio between the MO amount
removed at the 75% of the run duration and the initial MO amount. In case of the plasma-coated
glass slide MO removal reaches ~85% at the 3" run and remains unchanged even after 20
consecutive runs. On the other hand, in case of the foam sample, the MO removal is almost

complete (~95-100%) for the runs from 2 to 9, then it slightly decreases to 85% after 20 runs.
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1T €an be nus concluaca tnat botn samples present rémarkaple reusanility and maintamea gooa

activity after prolonged operation (40 h).

3.3 Evolution of the plasma-coated samples upon use in photocatalytic water treatment

To gain insights into the evolution of the photocatalytic activity of the plasma-coated materials

over multiple reaction runs, the chemical composition, morphology and wettability of the best-

performing glass slide (i.e., plasma-coated in a DBD for 60 min using a 3 wt% NPs dispersion)
and PU foam sample (i.e., plasma-coated in a DBD for 60 min using an 8 wt% NPs dispersion)
was investigated as a function of the operation time in photocatalytic water treatment.

Specifically, XPS analyses, SEM observations, and WCA measurements were performed on:

(i) the as deposited samples;

(i1) the plasma-coated samples after two photocatalytic reaction runs (i.e., after 4 h of operation
under UV light irradiation), considering that, as previously shown, two runs seem to be
needed to obtain the maximum photocatalytic performance (Figs. 7a,b);

(ii1) the plasma-coated samples, after twenty photocatalytic reaction runs, i.e., after 40 h of
operation under UV light irradiation.

It is relevant to remark that published studies reporting on the recyclability of novel

immobilized photocatalysts are very rarely accompanied by a detailed characterization of the

photocatalytic materials after use in wastewater treatment.

In case of the best-performing flat sample, XPS results reported in Table 3 show that, by

increasing the photocatalyst operation time from 0 to 4 h, a remarkable decrease of the C surface

atomic concentration is observed (from 87% to 56%), along with a concomitant increase of the

Ti and O percentages from 3% to 11% and from 10% to 33%, respectively. This variation in

surface chemical composition can be ascribed to the partial degradation of the organic

component of the NC by strong oxidants formed at the TiO, NPs surface during the

photocatalytic reaction, as reported in the literature on the use of organic polymer/TiO,
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composiies I0r photocatalytic water treatment [J,08,0Y|. Lhe partial aegragauon oI tne
hydrocarbon polymer leads to a greater exposure of the TiO, NPs immobilized on the sample
surface (increase of the Ti atomic surface concentration, Table 3) and could explain the typical
enhancement of the photocatalytic performance observed over the first three cycles of reaction
(Fig. 7a). By prolonging the catalyst operation up to 40 h, the C surface atomic concentration
further decreases down to 30%, while the Ti and O percentages increase up to 19% and 51%,
respectively. However, this further change in the surface composition seems not to lead to new
variations in the photocatalytic activity that remains stable from the 3™ to the 20™ reaction run
(Fig. 7a,c).

Table 4 and Fig. S8 clearly show that, after use in photocatalysis, the high-resolution XPS C 1s
spectrum of the plasma-coated flat sample displays new contributions from oxygen-containing
functionalities formed through polymer oxidation. The C 1s spectrum can be, in fact, curve-
fitted with four components ascribed to C-C/C-H (284.8 £+ 0.2 eV), C-O (286.4 = 0.2 eV),
C=0/0-C-0O (287.4 £ 0.2 eV) and COO (288.5 = 0.2 eV) functional groups (Table 4 and Fig.
S8). Interestingly, the peak area percentage of the C 1s aliphatic component, which is equal to
96% for the as-deposited flat sample, decreases to about 80% after 2 and 20 reaction runs. On
the other hand, the percentages of the components due to oxygen-containing functionalities
increase. For instance, the peak area percentage of the COO component (288.5 + 0.2 eV)
increases up to 8% after 20 runs. The high-resolution XPS O 1s signal can be curve-fitted with
two components ascribed to oxygen in TiO, and to oxygen in COO, OH and C-O groups (Fig.
S8). Fig. S8 shows that the O 1s lineshape changes slightly after 2 reaction runs, while after 20
runs it appears to be very similar to that of the TiO, nanoparticles (not shown). Finally, no
appreciable changes in the Ti 2p spectrum were observed after sample use in photocatalysis
(Fig. S8).

Cross-sectional SEM images of the plasma-coated glass slide in Fig. 9 reveal that after 2 cycles

of reaction a certain reorganization of the nanocomposite occurs (i.e., the NPs agglomerates
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seems 10 be more aensely packed In tne NCU) along with a moderate reauction 1n coatng
thickness (Fig. 9¢). This reduction becomes more evident after 20 runs. However, it is worth
highlighting that after prolonged use in photocatalysis (20 runs), both the NPs agglomerates
and the organic component are still visible in the coating (Fig. 9e and Fig. S9), whose thickness
remains as high as 8.2 + 0.8 um. Overall, after 20 reaction runs a thickness and weight loss of
1140% was detected. These evidences, in conjunction with results from XPS analyses, could
explain why the photocatalytic performance of the plasma-coated glass slide remains stable also
after 20 reaction runs (Fig.7a,c). The reduction of the coating thickness and weight upon
photocatalytic reaction could be due to the following causes: (i) the photocatalytic reaction itself
that can induce the degradation of the organic component [5,68,69], leading to NPs release in
water and reorganization of the NPs agglomerates in the coating; (ii) the mechanical stress due
to MO solution flow in the recirculating reactor (Fig. S2a), that could cause for instance NPs
detachment. It is worth noting that, considering the coating weight loss detected after 20
reaction cycles, the maximum expected concentration of TiO; in the treated solution is [112
mg/L. This concentration is in the range of the nanoscale TiO, toxicity thresholds currently
reported for aquatic organisms (threshold limits generally > 10 — 100 mg/L) [70,71]. Efforts
should be directed towards the improvement of the chemical durability of the deposited coatings
varying, for instance, the nature of the nanocomposite matrix (e.g., inorganic silica-like matrix,
organosilicon and/or fluorocarbon polymeric matrix).

Further observations can be made regarding the evolution of the sample wettability. The as-
deposited glass slide was superhydrophobic and, in fact, exhibited a WCA of 160 + 3° (Table
3) [57,72]. The WCA value decreased to 140 + 3° after 2 reaction runs and to less than 5° after
20 runs (i.e., superhydrophilic character). The WCA decrease is, first of all, a consequence of
changes in the surface chemical composition of the sample (XPS data in Tables 3 and 4) which
is due, for instance, to the oxidation of the low-surface energy polymeric component of the NC.

On the other hand, the fact that a superhydrophilic surface is obtained after prolonged use in
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photocartalysis (4U h operation) could also be ascriped 1o pnenomena mnvolving the mteraction
between the UV light and TiO, NPs surface [73,74].

An analogous study was carried out for the best-performing foam sample resulting from a 60
min plasma deposition with an 8 wt% TiO, NPs dispersion. XPS results show that, with
increasing the operation time in photocatalysis from 0 to 4 h, the C atomic concentration
decreases, while the O and Ti percentages increase both on the exterior and interior surfaces of
the porous sample (Table 5). However, further increasing the operation time up to 40 h leads to
a slight decrease of the Ti percentages (8 and 3% for the sample top and cross-section,
respectively) with respect to the sample after 4 h of operation (10 and 4% for the sample top
and cross-section, respectively). This decrease, in conjunction with the appearance of the
nitrogen contribution ascribed to the pristine PU foam (Table 5), indicates the loss of a certain
amount of TiO, NPs and suggests that the coating thickness could be at some points smaller
than the sampling depth of XPS (~10 nm). As shown in Fig. 4 and Table S2, after use in
photocatalysis, the high-resolution XPS C 1s spectrum of the foam displays more intense
contributions ascribed to oxygen-containing functionalities (as observed for the flat samples).
Interestingly, after 20 reaction cycles, the appearance of the C-N component due to the
polyurethane foam (N-COO functionalities) is observed suggesting a decrease in film thickness.
A remarkable change of O Is spectrum can be also detected (Figure 4), due to the increased
contribution of the component ascribed to OH, C-O and COO groups (531.5 £ 0.2 eV) [60,61].
On the other hand, the shape and position of the Ti 2p signal does not appreciably change after
sample use in photocatalysis (Fig. 4).

The SEM images taken in the interior of the plasma-coated foam confirm the decrease of the
NC coating thickness and of the NPs agglomerates surface density upon use in photocatalysis
(Fig. 9). This evidence, together with XPS data, can justify the partial loss of the photocatalytic

efficiency over 20 reaction runs (Fig. 7b,c).
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Lhe use oI the Toam sample 1n pnotocatalysis aetermines tne aecrease o1 the WL A Irom 133 £
5° to 80 £ 20° after 20 reaction runs (Table 5). The WCA decrease can be reasonably ascribed
to the variation of the surface composition of the sample and in particular to the partial
degradation of the hydrocarbon polymer present in the NC coating. It is worth specifying that
the WCA of the pristine foam is 102 £ 5°.

Overall, the evolution of the best-performing foam sample upon use in photocatalysis is very
similar to that of the best-performing glass slide. The foam sample maintains remarkable
photocatalytic performance also after 20 reaction runs (Figs. 7b,c). However, a decrease in the
apparent kinetic constant for MO degradation is detected after prolonged use (Figs. 7b). This
could be mainly ascribed to decrease of the coating thickness and to partial loss of TiO, NPs as

a function of the operation time in photocatalysis (Figs. 9b,d,{).

4. CONCLUSION

In this work, an aerosol-assisted atmospheric pressure plasma process was used to deposit
photocatalytic hydrocarbon polymer/TiO, nanoparticles NC coatings onto different supporting
substrates, i.e., open-cell polyurethane foams and flat glass slides.

Plasma-coated materials prepared under different deposition conditions were characterized by
XPS, ATR-FTIR, SEM and WCA measurements. Obtained results revealed the potential of the
developed plasma process for the controlled deposition of TiO,-based coatings on complex 3D
macroporous substrates such as the PU foams. The photocatalytic activity of the plasma-coated
samples was assessed by the degradation of methyl orange in aqueous solution under UV
illumination, using a purposely designed recirculating batch photoreactor. The comparative
study showed that greater photocatalytic activity can be achieved using as supporting substrates
the PU foams rather than the glass slides. These findings confirmed the benefits of using
macroporous supports for photocatalyst immobilization rather than conventional flat ones. The

prepared photocatalytic materials presented remarkable reusability and maintained good
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actvity Over ZU reaction runs, corresponaing to 4U h oI photocatalyst operation in wastewater
treatment. However, while no changes in photocatalytic activity were observed in case of the
best-performing plasma-coated glass slide, a slight loss in activity (decrease of k,p,) was
detected for the best-performing foam sample. This loss seemed to be mainly ascribed to
decrease of the coating thickness and to partial detachment of TiO, NPs, as assessed through
the detailed characterization of the surface chemical composition and morphology of the
plasma-coated samples as a function of the operation time in photocatalytic water treatment.
Future work will be directed towards the improvement of the durability of the deposited

coatings by varying, for instance, the chemical nature of the nanocomposite film matrix.
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and macroporous PU foam samples (22 mm diameter, 4 mm thickness, Fig. 1c). For each set

of conditions, the weight of the coating deposited on the selected supporting substrate and the
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surrace aensity OI the coaling are proviaed. EIECIrical parameters usea 10r UBLD generation
were kept fixed for all experiments (i.e., 22 kHz excitation frequency, 2.6 kV.,s applied voltage,

50 Hz modulation frequency, 65% duty cycle).

Supporting  [NPs] in the starting Deposition Coating weight Coating surface
substrate dispersion (wt%) time (min) (ng) density (ug-mm-2)
Glass slide 3 10 300 +30 0.79 +£0.08

3 30 1000 + 100 2.6+0.3
3 60 2100 + 300 55+0.8
PU foam 3 30 650 + 60 0.077 +£0.007
3 60 1300 + 100 0.155+0.012
5 30 850 + 60 0.101 £0.007
5 60 1700 + 200 0.20 £ 0.02
8 30 1150 + 100 0.137+0.012
8 60 2300 + 300 0.27 +£0.04

Table 2. XPS surface atomic concentrations of PU foam samples plasma-coated for 30 and 60
min using dispersions of oleate-capped TiO, NPs in a n-octane/1,7-octadiene solvent mixture
at concentration of 3, 5 and 8 wt%. The XPS elemental composition of the pristine foam is as

follows: C (74 £ 4%), O (20.5 = 1.0%), N (4.5 + 0.5%), Si (1.0 + 0.2%).

Deposition conditions: Analyzed C (0] Ti
[NPs], t4 position (%) (%) (%)
3 wt%, 30 min Cross-section 97£2 25+£0.5 0.5+0.1
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Top 98+ 2 1.5+£0.5 0.5+0.1

3 wt%. 60 min Cross-section 98 +2 1.5+0.5 0.5+0.2
Top 97+2 2.5+0.5 0.5+0.2
5 wt%, 30 min Cross-section 94 £2 50+£1.0 1.0+£0.3
Top 94+ 4 50£1.0 1.0+0.5
5 wt%, 60 min Cross-section 95+4 40=+1.0 1.0£0.5
Top 93+3 55+1.0 1.5+£0.5
8 wt%, 30 min Cross-section 93£2 50+£1.0 20+£04
Top 81£5 14+2 50£1.0
8 wt%, 60 min Cross-section 93+2 50£1.0 2.0+0.5
Top 81+5 14+2 50£1.0

Table 3. XPS surface atomic concentrations and WCA values of the best-performing plasma-
coated glass slide as prepared and after two and twenty photocatalytic runs, corresponding
respectively to 4 h and 40 h of operation under UV light irradiation. The NC coating was
deposited on the supporting substrate for 60 min using a DBD fed with He and the aerosol of a

3 wt% oleate-capped TiO, NPs dispersion.
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riasma-coatea C v 11 WUCLA

glass slide (%) (%) (%) ©)
As deposited 87+ 4 10.0+ 1.0 30+£04 160 +3
After 2 reaction runs 56+2 33.0+1.0 11.0£0.5 140+ 3
After 20 reaction runs 30+3 51+2 19.0+1.0 <5

Table 4. Curve-fitting results of the high-resolution XPS C 1s spectra of the best-performing
plasma-coated glass slide as prepared and after two and twenty photocatalytic runs,
corresponding respectively to 4 h and 40 h of operation under UV light irradiation. The NC
coating was deposited on the supporting substrate for 60 min using a DBD fed with He and the

aerosol of a 3 wt% oleate-capped TiO, NPs dispersion.

Plasma-coated C-C/C-H C-0 C=0/0-C-O CO0O
glass slide (%) (%) (%) (%)
As deposited 96 +2 40+£04 - -
After 2 reaction runs 82+4 10.0+0.5 40+04 40+04
After 20 reaction runs 81+4 9.0+0.5 20+0.3 8.0+04

Table 5. XPS surface atomic concentrations and WCA values of the best-performing plasma-
coated foam sample as prepared and after two and twenty photocatalytic runs, corresponding
respectively to 4 h and 40 h of operation under UV light irradiation. The NC coating was
deposited on the supporting substrate for 60 min using a DBD fed with He and the aerosol of

an 8 wt% oleate-capped TiO, NPs dispersion.
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riasma-coated Analyzed C v 11 N WCA
PU foam sample position (%) (%) (%) (%) ©)
As deposited Cross-section 93£2 50£10 2005 -
Top 81+ 5 14+£2 50+1.0 — 155+5
After 2 reaction runs Cross-section 82+5 14+£2 4.0+0.8 ---
Top 57+3 32+£2 10,0+£0.5 1.0+0.2 120+ 10
After 20 reaction runs Cross-section 73+4 21+3 3.0+0.5 3.0+0.5
Top 57+2 3242 8.0+1.0 3.0+0.3 80 +20

Figure captions

Fig. 1. (a) Simplified scheme of the parallel plate DBD system used for the aerosol-assisted

deposition of nanocomposite coatings. Representative pictures of the supporting substrates used
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1n tnis wOork DeIore anad arter nin 1im acposition: (b) borosicate glass siac (L2 mm diameier,

0.2 mm thickness), (c) open-cell polyurethane foam (22 mm diameter, 4 mm thickness).

Fig. 2. (a) Schematic of the photocatalytic experimental set-up operating in recirculation batch
mode and consisting of a photocatalytic cell connected to a peristaltic pump and an optical
detector. (b) Photograph of the photocatalytic cell containing a PU foam sample during UV

light irradiation.

Fig. 3. (a) ATR-FTIR spectrum, (b) high-resolution XPS C 1s, O 1s and Ti 2p spectra, (c) top-
view (left) and cross-sectional (right) SEM images of the NC coating deposited on flat
supporting substrates for 60 min in a DBD fed with He and the aerosol of a 3 wt% oleate-capped

TiO, NPs dispersion in n-octane/1,7-octadiene mixture.

Fig. 4. High-resolution XPS C 1s, O 1s and Ti 2p spectra of the best-performing plasma-coated
foam sample (sample interior) before and after use in photocatalytic water treatment under UV
light irradiation: (a) as deposited sample, (b) sample after two reaction runs, (c) sample after
twenty reaction runs. The NC coating was deposited on the supporting substrate for 60 min

using a DBD fed with He and the aerosol of an 8 wt% oleate-capped TiO, NPs dispersion.

Fig. 5. Representative SEM images of PU foam samples: (a,c,e) pristine sample, (b,d,f) foam
sample coated with a NC thin film deposited by DBD using a 3 wt% oleate-capped TiO, NPs
dispersion and a deposition time of 60 min. Images of the plasma-coated foam are taken in the

sample interior (i.e., cross-section).

Fig. 6. SEM images taken in the interior (i.e., cross-section) of the plasma-coated foam samples

prepared using different oleate-capped TiO, NPs concentrations in the starting dispersion and
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aeposition umes: (a,0) |INFS| = 3 Wi, Iy = 3U min, (C,d) [INFS] = & Wi%o, Iy = 3U min, (&,I)

[NPs] = 8 wt%, tg = 60 min.

Fig. 7. Residual concentration ratio of methyl orange as a function of the irradiation time using
the following samples: (a) pristine glass slide in dark conditions and under UV irradiation
(blank experiments), plasma-coated glass slide under UV irradiation ([NPs] in the starting
dispersion = 3 wt%, deposition time = 60 min); (b) pristine foam sample in dark conditions and
under UV irradiation (blank experiments), plasma-coated foam sample under UV irradiation
([NPs] in the starting dispersion = 8 wt%, deposition time = 60 min). For the plasma-coated
samples results from successive photocatalytic runs are reported. (c) Evolution of the MO
removal (determined at 75% of the photocatalytic run duration) over successive reaction runs

for the plasma-coated glass slide and foam of panels (a) and (b), respectively.

Fig. 8. Apparent kinetic constant (k,p,) for the methyl orange photocatalytic degradation using
the different plasma-coated glass samples prepared in this work and listed in Table 1 (deposition
time = 10-60 min, NPs concentration in the starting dispersion = 3-8 wt%). The k,j,, values refer

to the third cycle of use.

Fig. 9. Cross-sectional SEM images of the best-performing plasma-coated flat sample ([NPs]
in the dispersion = 3 wt%, deposition time = 60 min) before and after use in photocatalytic
water treatment under UV light irradiation: (a) as deposited sample, (c) sample after two
reaction runs, (e) sample after twenty reaction runs. SEM images taken at a cross-sectioned
ligaments in the interior of the best-performing plasma-coated foam ([NPs] in the dispersion =
8 wt%, deposition time = 60 min) before and after use in photocatalytic water treatment under
UV light irradiation: (b) as-deposited sample, (d) after two reaction runs, (f) after twenty

reaction runs.
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