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Abstract

Visible-light-absorbing graphitic carbon nitride-TiO., nanorod nanomaterials (g-
C3Ns@TiO2NR) were successfully immobilized using a one-step UVA-induced
photocatalytic procedure on commercially obtained flexible low-density polyethylene
(LDPE) films. Self-cleaning properties were evaluated in solid—liquid and solid—gas phases
using malachite green as a model molecule under UV-A and visible light irradiation. For
comparison purpose, LDPE films containing P25 TiO2 nanoparticles was prepared using the
same synthetic strategy (P25/LDPE). Among the fabricated films, the g-
C3N4s@TiO2NR/LDPE films exhibited the highest photocatalytic activity both in solid-liquid
and solid—gas phases after 120 min of visible light irradiation (A > 455 nm) removing
efficiently malachite green stains probably due to the attack of photoinduced reactive oxygen
species (ROS) such as singlet oxygen (*O2), hydroxyl radical ((OH) and superoxide anion
radical (O2™). Furthermore, the g-CsN4s@TiO2NR/LDPE films retained their visible-light-
photoinduced photocatalytic properties after four reuse cycles. The g-CsN4@TiO2NR/LDPE
films also exhibited significant visible-light-photoinduced hydrophilicity. The high visible-
light-photoinduced photocatalytic capacity of g-CaN4s@TiO2NR/LDPE films was found to
be related to the textural and electronic properties, superior visible-light absorption, and

surface roughness of the films.

Keywords: TiO>@g-CsNs composites, visible-light-responsive materials, self-cleaning

materials, photoinduced composites synthesis.



1. Introduction

Polymeric surfaces containing TiOz or visible-light-absorbing TiO, nanomaterials have been
extensively applied as photo-induced self-cleaning materials under ultraviolet (UV), visible,
or indoor light irradiation [1-6]. However, achieving a high photoconversion efficiency of
reactive oxygen species (ROS) such as hydroxyl radicals ("OH), superoxide anion radical
(027), hydrogen peroxide (H202) and singlet oxygen (*O,) is often hindered by slow electron
diffusion through a random TiO> nanoparticle network and an enhanced electron—hole pair
recombination rate. Several recent studies have reported [7-10] the use of nanostructured
TiO2 with enhancements in photocatalytic activity owing to (i) the reduction of
recombination via its highly ordered architecture, (ii) its high specific surface area, and (iii)
enhanced generation of "OH radicals because of the presence of a significant number of
surface —OH groups.

The improved photocatalytic performance of nanostructured TiO2 owing to these properties
can facilitate its application as a promising self-cleaning surface upon immobilization on a
polymeric surface. TiOz is typically immobilized on polymeric materials through casting and
extrusion methods, wherein TiO»-based materials are embedded onto the polymer structure
[4].

Metal oxide nanoparticles can also be immobilized on functionalized polymeric surfaces.
The formation of oxygenated groups such as C=0O, C-OH, and —COOH facilitates
interactions between metal oxide nanoparticles and polymer surfaces. Plasma and vacuum
ultraviolet pretreatments are frequently employed to achieve polymer surface
functionalization; however, these techniques require the use of expensive equipment [1,11—
13]. Mazille et al. [14] reported a novel strategy to immobilize TiO, nanoparticles onto
polyvinyl fluoride films via a one-step photoinduced immobilization. Under UV irradiation,
TiO2 nanoparticles produce ROS such as "OH radicals that attack the polymer surface to
create —C=0 and —COOH functional groups on the polymer surface. Using pH adjustment
(which determines the surface charge of TiO2 nanoparticles), the electrostatic interaction
between TiO> and polymer surface was enhanced to facilitate immobilization of the
semiconductor. Mena et al. [15] discussed the photocorrosion of polyethylene films in P25
TiO2 suspensions in the presence of FeClz under UV-A light irradiation for 15 h; P25 and

FeOx were subsequently immobilized via binding with surficial oxidative chelating sites.



These films exhibited significant activities for the deactivation of Escherichia coli cells under
simulated sunlight irradiation. Alvear-Daza et al. [16] recently investigated the one-step
photocatalytic immobilization of P25 nanoparticles onto low-density polyethylene (LDPE)
films. LDPE was found to undergo surficial functionalization via an attack of photoinduced
ROS such as "OH radicals, which resulted in P25 nanoparticle deposition. The photocatalytic
immobilization was noted to depend on several variables, such as the amount of P25, initial
pH of the suspension, and irradiation time.

TiO2/g-C3N4 composites immobilized on glass, cotton cellulose and polytetrafluorethylene
(PTFE) have been evaluated as self-cleaning surfaces (Table 1). Commercial (P25) and sol-
gel synthesized TiO2 nanoparticles were annealed in presence of melamine at temperatures
oscillating between 400 and 500 °C to obtain TiO2/g-CsNs nanocomposites. Then, these
nanomaterials were immobilized on glass (by spray-coating), PTFE membranes by plasma
polymer functionalization and generating in situ on cotton fibers the TiO2/g-C3Na
nanocomposites by hydrothermal treatment in a Teflon-covered stainless-steel autoclave
heated at 120 °C for 4 h. These materials were then photocatalytically evaluated using the
dyes methylene blue (MB) and methyl orange (MO) as pollutant and oxidizing NOx under
visible light irradiation (A> 420 nm). It was also evaluated the wettability properties of glass-
TiO2/g-C3N4 materials obtaining a contact angle (CA) reduction after 3 min of sunlight
irradiation. Photocatalytic activity of polymeric films evaluated with organic dyes as
pollutants exhibited an encouraging dye degradation, however, photosensitized reactions
induced by dye excited states were not discarded. On the other hand, no reports about
nanostructured TiO2 n as nanorods containing g-CsN4 immobilized on polymeric substrates

as self-cleaning surfaces were not found in the literature.

Table 1. Immobilized TiO2/g-C3sN4 nanocomposites on several supports and their self-

cleaning properties under visible light irradiation

Synthesis Immobilization Support Photocatalytic activity Reference
P25 nanoparticles and PTFE polymer (Polymer plasma Solid-liquid interface.
melamine as g-CsNa functionalization) Methylene blue (MB) dye [17]
precursor annealed at solution as pollutant and
520 °Cfor4h irradiation at A> 400 nm (Xe

lamp)

Sol-gel method using Glass (spray coating) Solid-gas interface. NOy [18]
tetrabutyl titanate (TBT) oxidation and contact angle




and melamine and measurement at at A> 400 nm

Annealing at 550 °C for and sunlight irradiation

3h

Sol-gel method using Impregnation of nanocomposites  Solid-liquid interface. Methyl [19]
TBT and melamine. on cotton cellulose fibers under orange (MO) dyesolution as
Hydrothermal treatment hydrothermal conditions pollutant and irradiation at A>
at120°Cfor4h 420-620 nm (LED lamp)

The present study involved the preparation, characterization, and photocatalytic activity
analysis of visible-light-absorbing g-CsN4@TiO2 nanorod composites deposited on flexible
LDPE films using a novel one-step method based on photocatalytic immobilization under
UV irradiation. g-CaN4/TiO2 nanocomposites [20-26] are known to facilitate visible light
responses (Eng = 2.69 eV) into these materials [27]. This new immobilization procedure
exhibits the advantage to photocatalytically functionalize the polymer surface creating
oxygenated carbon groups and, at the same time, achieve the g-C3Ns@TiO- nanorod
composites immobilization in one step due to interactions between the nanoparticles and the
oxygenated functional groups without the use of plasma or UV pretreatment. To investigate
the self-cleaning properties of the film surfaces, the photocatalytic activity was evaluated in
solid—liquid and solid—gas interfaces using malachite green dye as a model pollutant under
UV and visible light irradiation. The nanostructured materials and films were characterized

using various techniques.

2. Material and methods

2.1 Materials

Titanium tetraisopropoxide (99%, Sigma-Aldrich), urea (99%, Sigma-Aldrich), malachite
green oxalate (99%, Sigma-Aldrich), ethanol (absolute grade, Merck), P25 TiO>
nanoparticles (Evonik), HCI (37%, Carlo Erba), NaOH (Merck), and HNO3 (65%, Sigma-
Aldrich) were employed in this study. LDPE films with a thickness of 0.1 mm were obtained

from Longfellow (ET3112019). All chemicals were used as received.

2.2 Synthesis and characterization of g-CsN4s@TiO2 nanorods (g-CsN4s@TiO2NR)



Graphitic carbon nitride-TiO2 nanorod (g-CsN4@TiO2NR) composites were prepared using
a two-step procedure. First, nanostructured TiO2 was prepared using a previously reported
hydrothermal method [28]. The Na-titanates obtained using this method were washed with
HNO;3 (0.10 mol L™) to yield H-titanates, which were subsequently suspended in a urea
solution in a H-titanate:urea ratio of 1:4. This ratio was selected to facilitate optimal visible
light absorption and photocatalytic performance [29]. The suspension was dried at 80 °C
overnight and annealed at 450 °C for 1 h to obtain g-C3N4@TiO2-nanorod composites (g-
C3sNs@TiO2NR).

The physical and chemical characterization of the g-CsNs@TiO2NRs was performed using
diffuse reflectance spectroscopy (DRS), powder X-ray diffraction (XRD), attenuated total
reflectance—Fourier-transform infrared spectroscopy (ATR-FTIR), Z potential analysis,
transmission electronic microscopy (TEM), N adsorption—desorption, and X-ray
photoelectron spectroscopy (XPS). All experimental details are provided in the

supplementary material.

2.3 Synthesis and characterization of LDPE films containing g-CsNs@TiO2 nanorods (g-
CsN4s@TiO2NR/LDPE)

Commercially obtained LDPE films (9.0 cm x 4.0 cm) were placed in a 100 mL beaker
containing Milli-Q water and ethanol for cleaning in an ultrasonic bath (for 5 min) prior to
the photocatalytic immobilization. The films were dried at temperatures oscillating between
20-25 °C for 4 h. The g-CsN4@TiO2NRs were immobilized onto the LDPE films using a
previously reported protocol [16]. In brief, the films were immersed in an aqueous suspension
containing 0.4 g L™ of g-CsN4@TiO2NRs at an initial pH of 5.0 and subsequently irradiated
for 5 h using a 200 W Xe arc lamp (Newport, USA), which had an estimated average
irradiance of 3.6 mW m~2 nm! in the 320-430 nm range. This system was equipped with the
following glass irradiation cut-off filters: UV-A + visible; cut-off filter with A > 320 nm
(Newport, USA). The UV-A emission was measured using a Lutron YK-35UV UV light
meter that supplied 35 W m2 (Fig. S1). After the nanorods were immobilized on the polymer

surface, the films were sonicated thrice for 5 min and dried at 40 °C for 24 h. As control



material, The P25 TiO2 nanoparticles were immobilized onto the LDPE films using a

previously the same methodology as was previously reported by our research group [16].

The films were characterized by XPS, diffuse reflectance UV-Vis spectroscopy (DRS),
scanning electronic microscopy (SEM) coupled with energy dispersion spectroscopy (EDS),
and atomic force microscopy (AFM). All experimental details are provided in the

supplementary material.

2.4. Photocatalytic activity of g-CaN4s@TiO2NR/LDPE films

2.4.1. Photobleaching experiments of the solid—liquid interface under UV and visible light
irradiation

The solid-liquid interface experiments were carried out using a method based on an 1SO test
developed by Mills et al. [30] to evaluate photoinduced self-cleaning properties of TiO; films.
In the present study, malachite green solution (1x107* mol L™?) at an initial pH of 5.0 was
employed. The dyed water solution was placed ina 1 cm x 1 cm quartz cuvette. Subsequently,
a lcm x5 cm piece of the g-CaNs@TiO2NR/LDPE film was placed in the cuvette and
irradiated with the 200 W Xe arc lamp equipped with the following UV-A-visible light glass
cut-off filters (Newport, USA): X > 320 nm, A > 455 nm, and A > 590 nm (Fig. S2); the
absorbance of malachite green at 617 nm was measured using a UV-visible Lambda 35
Perkin-Elmer spectrophotometer. Four reuse cycles were performed under irradiated light at
A > 455 nm on the g-CsNs@TiO.NR/LDPE films. All experiments were carried out in
triplicate. The photocatalytic activity of g-CsNs@TiO2-NR/LDPE was compared to that of
P25/LDPE films, which were also prepared using the same protocol. Temperature oscillated
between 25-35 °C during the 2 h of light irradiation

2.4.2. Photobleaching experiments of the solid—gas interface under UV and visible light
irradiation

The solid—gas interface experiments were performed using a protocol reported by Pérez-
Obando et al. [5] (further details in supplemental information). Light irradiation was supplied
by the 200 W Xe arc lamp using cut-off filters at A > 455 nm and A > 590 nm. Temperature
and irradiation time in these experimental conditions were around 25-30 °C and 2 h



respectively. ATR-FTIR measurements of the adsorbed malachite green dye were
performed using a Perkin-Elmer FTIR spectrometer equipped with an ATR accessory. The
photocatalytic activity of CsNs@TiO.NR/LDPE was compared to that of the P25/LDPE

films.

2.4.3. Visible-light-photoinduced wettability of g-CaN4s@TiO2NR/LDPE films

The contact angle was measured at room temperature using a Ramé-Hart Model 500
goniometer (USA). A drop of Milli-Q water was placed on the film surface under blue light
irradiation by five Phillips TL-D 18 W blue lamps (emission spectra: 400-500 nm, UV
intensity: 0.1 W m2, and intensity between 290 and 1100 nm: 60 W m2); the evolution of
the droplet shape was recorded using a video camera. An image analysis software (DRO
Pimage Advanced v2.2) was employed to determine the contact angle. A minimum of seven

measurements were taken at different positions on the film.

3. Results and discussion

3.1. Characterization of g-C3sN4@TiO2NR powders

The characterization of TiO2 before g-CsN4 impregnation via TEM (Fig. S3), XRD (Fig. S3),
and Brunauer—-Emmett—Teller (BET) surface area analysis (Table 1) confirmed the formation
of nanostructures. The XRD patterns reveal broad peaks that are characteristic of H-titanate
nanotubes [31], while the TEM images confirm the formation of nanostructures. Heat
treatment was subsequently carried out to synthesize g-CsN+@TiO2 composites; this resulted
in a nanostructure rearrangement that formed nanorods of anatase-TiO2 along with g-C3Na,
similar to that in a previous study [20]. Consequently, a typical XRD pattern corresponding
to anatase-TiO; is observed in the g-CsNs@TiO2NR powders (Fig. 1a) at 25.3° (10 1), 37.8°
(004),48.1°(200),53.9°(105),55.1°(211),62.9° (20 4),68.9° (116), 70.1° (2 2 0),
and 75.3° (2 1 5) (JCPDS card no. 21-1272) [21,22,32]; the small diffraction peaks at
27.4°can be ascribed to the rutile phase (JCPDS card no. 21-1276). Comparing with the
diffractogram of synthesized pure g-C3Ns, the peak at ~27.4° matches with the indexed peak
of the (0 0 2) plane of g-C3N4 (JCPDS card no. 87-1526), which corresponds to the interlayer
stacking of the conjugated aromatic system [21,22,33]; an overlap between this species and



the (1 0 1) plane of rutile TiO> can also possibly explain this, and it would be in line with a
previously reported analysis [34]. The as-synthesized TiO2 nanostructured material exhibits
nanorod morphology with a length and width of 33.6 + 7.7 and 12.1 + 2.8 nm, respectively,
as determined by TEM (Fig. 1b). The g-CsN4s@TiO2NR isotherm (Fig. S4) reveals a type IV
profile according to the IUPAC classification, which corresponds to mesoporous materials.
The textural properties of the TiO2 nanoparticles, H-titanate nanotubes, and composites are
listed in Table 2. The specific surface area of the g-CsN4@TiO2NR composite is noted to be
~10 times higher than that of TiO2 nanoparticles. However, the surface area of H-titanate
nanotubes is significantly higher than that of the composite, possibly owing to the plugging
of nanotube cavities during the synthesis of g-CaN4s@TiO2NRs.

Thermal analysis (Fig. S5) revealed a total weight loss of 3.933% and exhibited three zones.
Zone | (in the region between 100-150 °C) caused probably by water removal. Zone I
(between 200-400 °C) produced by urea dimerization and melamine condensation to generate
g-C3Ns as has been already proposed by Dong et al. [35] and H-titanates shrinkage caused
by -OH groups removal and forming nanorods structures [36,37]. Finally, it was identified
the zone 11l (at T> 400 °C) which could be due to collapse of nanorods structure and
sublimation of g-C3N4 (~600 °C) [35,37,38].

Table 2. Textural properties and atomic composition of the investigated materials.

Sample Surface Pore Pore Atomic composition
area volume diameter (at.%o)
(m?2g™1) (cmig?) (nm) C Ti o] N
TiO; nanoparticles 7.28 0.0236 12.96
H-titanate nanotubes 294.2 0.7080 9.627
g-CsN:@TiO2NR 76.28 0.4636 24.31 294 218 486 0.27
g-CsN4s@TiO.NR/LDPE 649 938 252 054
P25/LDPE 453 152 395 -
LDPE 95.7 - 42 -
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Figure 1. (a) XRD patterns of g-CsNs@TiO2 NR and its comparison with rutile and anatase
JCPDS charts and pure g-C3N4 diffractogram (b) TEM images of g-CsNs@TiO2NR.

FTIR spectroscopy, UV-vis absorbance, and XPS were employed to investigate the
formation of the g-CaN4s@TiO2NR composite. The intense IR bands between 1200 and 1600

cm shown in Fig. 2a can be ascribed to the typical vibration modes of the heptazine
heterocyclic ring units of g-CsNa4 [23,39].

The sharp absorption band at ~1640 cm™ can be assigned to the C—N stretching mode,
whereas the bands at ~1250, 1330, 1400, and 1530 cm™! can be attributed to the stretching
vibration mode of CN heterocycles slightly shifted to longer wavelengths. These results
indicate that an interaction with TiO2 was successfully facilitated, similar to that reported in
graphene/g-C3N4 nanocomposites [39]. Additionally, the band centered at 1540 cm™ can be

ascribed to N—H bending mode of unpolymerized —-NH or —-NH> on the surface or edge of g-
C3Na.
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Figure 2. (a) FTIR spectra, (b) UV-vis diffuse reflectance spectra, and XPS spectra for (c)
Cls, (d) N1s, (e) Ti2p, and (f) O1s core levels of g-CaNs@TiO2NR.

The UV-vis diffuse reflectance spectra (Fig. 2b), on the other hand, indicate strong

absorption of visible light between 400 and 500 nm for the g-CsN4@TiO2 nanorods; this is

possibly owing to the presence of the g-CsN4 species with a band gap energy of ~2.69 eV

(for light absorption below 500 nm), as described previously [5,40]. TiO2 and H-titanate

nanotubes are noted to exhibit only UV light absorption.

The survey XPS spectrum of g-CsNs@TiO2 nanorods shown in Fig. S6 consists of C1s, N1s,

Ti2p, and O1s signals. The XPS spectra of C1s are deconvoluted into three peaks centered at

284.6, 286.3, and 288.6 eV, respectively (Fig. 2c). The first two peaks can be respectively
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assigned to the C-C and C-O species from adventitious carbon, and the third peak is
attributed to the sp?-bonded carbon of the N-C=N group in g-CsNa, which shifts to a higher
binding energy than that of pure g-CsNs (288.1 eV) [41-43]. This suggests an interaction
between the TiO2NRs and g-C3N4; the electrons of sp3-hybridized N atoms can navigate to
the unoccupied d orbitals of Ti atoms to form a Ti—N bond. This is confirmed by the XPS
peak of N1s (Fig. 2d) observed at 397.5 eV, which is assigned to Ti—-N bonds [44,45] in g-
C3Ns-TiO2 heterojunctions. The other N1s peaks detected at 398.4, 399.6, and 401.1 eV (Fig.
2d) are attributed to the sp?-bonded N involved in the C—-N=C group, tertiary nitrogen in the
N—(C)z group, and free amino group in C—NHy, respectively. It is to be noted that the
observed shift to a lower binding energy of C 1s and N 1s peaks compared to that of pure g-
C3aN4 [41,46] can confirm the chemical bonding. Fig. 2e shows the high-resolution XPS
spectra of Ti2p, which is deconvoluted into four peaks at 457, 458.5, 463.6, and 464.3 eV,
respectively. The binding energy values at 458.5 and 464.3 eV can be assigned to the Ti 2pap
and Ti 2p12 of Ti*" species; these are shifted by 0.4 eV to a lower binding energy than those
measured for pristine TiO2 [23,44,45,47]. These values also coincide with those previously
reported [26,34,45] for TiO> modified with g-CsN4. Boonprakob et al. [45] explained this
shift as a consequence of increased electron density on Ti via interactions between g-C3N4
species and TiO2, which is supported by the XPS signal corresponding to the Ti—N bond
located in the N1s region (Fig. 2d). The other two peaks centered at 457 and 463.6 eV can be
attributed to Ti®* species [44,48-50]. The O1s peaks in Fig. 2f at 529.7 and 531.0 eV are
ascribed to O™ in TiO2 and surface —OH groups, respectively [51]. The atomic composition
of g-CaNs@TiO2NR reveals the presence of C (29.36 at.%), Ti (21.81 at.%), O (48.56 at.%),
and trace amounts of N (0.27 at.%) (Table 1). Therefore, the reaction of H-titanate nanotubes
in the presence of urea and subsequent annealing at 450 °C were confirmed to result in the

formation of visible-light-responsive g-CsN4@TiO2 nanorod composites.

3.2. Characterization of g-C3sNs@TiO2-LDPE films
The g-C3sNs@TiO2 nanorod composites were photocatalytically immobilized onto the LDPE
films and exhibited a strong adhesion to the polymer under ultrasonic treatment (15 min); no

detachment of nanostructures was observed. Fig. 3c shows pictures of films with a
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homogeneous TiO> layer after washing and sonication. Additionally, characterization via
XPS, DRS, SEM, and AFM confirmed the TiO2 immobilization on polymer films.

The surface chemical characterization of the g-CsN4@TiO2NR/LDPE films via XPS reveals
the presence of carbon (64.9 at.%), titanium (9.38 at.%), oxygen (25.2 at.%), and nitrogen
(0.54 at.%) (Fig. 3aand Table 1). The Ti, O, and N results are obtained from the immobilized
g-C3Ns@TiO2NR structures. The atomic composition results in Table 1 indicate the higher
surface concentration of Ti in P25/LDPE films compared to that of the nanorod composite

films.

The DRS spectrum of pristine LDPE films (black line in Fig. 3b) reveals light absorption at
wavelengths below 250 nm, as discussed in a previous study [52]. However, absorption at
wavelengths as high as 500 nm is also observed in photocatalytically immobilized g-
C3sN4s@TiO2NRs on LDPE films, which confirms the presence of visible-light-absorbing
nanostructures. The P25/LDPE films exhibit only UV-light absorption, owing to the band
gap energies of anatase and rutile TiO2 at ~3.2 and 3.0 eV, respectively.

The SEM image (1000x%) of pristine LDPE (Fig. 4a) reveals smooth surfaces, whereas that
of a g-C:Ns@TiO2NR/LDPE film (Fig. 4b) shows dispersed micrometric aggregates
probably composed of the g-C3Ns@TiO2 nanorods. EDS mapping and cross-sectional
micrographs with Ti Kal and C Kal lines confirm the formation of a nanostructured TiO>
layer on the LDPE surface (Fig. 4c-4f); a similarly dense TiO2 layer is observed in the
P25/LDPE films via SEM (Fig. S7).
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Figure 3. (a) XPS survey spectrum of g-CsN4s@TiO2NR/LDPE films. (b) DRS spectra and
(c) pictures of CsN4s@TiO2NR/LDPE and P25/LDPE films after 15 min of sonication.

Fig. 5 shows AFM images obtained in a non-contact mode within a scanned area of 10 x 10
pum, which reveal the surface smoothness and low roughness (RMS = 27 nm) of the pristine
LDPE film (Fig. 5a); however, the AFM images of the g-CsNs@TiO2NR/LDPE films (Fig.
5b) indicate a significant increase in the roughness (RMS = 117 nm), owing to the presence
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of micrometric nanorod aggregates in the g-CsN4s@TiO2 composites, similar to those shown
in the SEM images. Moreover, the AFM images of the P25/LDPE films (Fig. S8) indicate a
higher roughness (RMS) of ~305 nm owing to the higher content of TiO».

¢°C;N,@TiO,NR/LDPE | ¢ g-C;N,@TiO,NR/LDPE

-C;N,@TiO,NR

,/\

Film surface

a~ g»c,ﬁ'p @ Ii(i;le/beE | € Kal
Figure 4. SEM images (1000x) of (a) LDPE and (b) CsNs@TiO2NR/LDPE films. EDS
mapping of CsN4s@TiO2NR/LDPE films with (¢) Ti Kal and (d) C Kal. (¢) Cross-sectional
SEM image of a C3Ns@TiO2NR/LDPE film, and EDS mapping with (f) Ti Kal and (g) C
Kal.
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Figure 5. AFM images in non-contact mode within a scanned area of 10 x 10 um of (a)
pristine LDPE and (b) CsN4@TiO2NR/LDPE films.
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Overall, these results confirmed the photocatalytic immobilization of g-CsNs@TiO2NRs
onto LDPE films. Alvear-Daza et al. [16] demonstrated that the optimal photocatalytic
immobilization of P25 nanoparticles onto LDPE films was achieved at low TiO>
concentrations, circumneutral pH, and an irradiation time of 5 h through polymer surface
functionalization induced by photogenerated *OH radicals. In the present study, Z-potential
analysis (Fig. S8) was also carried out. The results indicate that the g-CsNs@TiO2NR
structures possess a Z-potential (pHpzc) of ~6.42. At pH 5.0 (Figure S9), Z-potential exhibits
a value around +0.2 mV indicating the minority existence of Ti-OH>" and mainly Ti-OH
groups on the surface of nanocomposites. Both surface species could interact with the
photoinduced surficial oxygenated species on the LDPE films [53,54]; this further proves the
immobilization of g-CsNs@TiO2NRs.

3.3 Photocatalytic activity of fabricated films

3.3.1 Photocatalytic activity of g-CsN4@TiO2NR/LDPE and P25/LDPE films in solid—liquid
and solid—gas interfaces under UV and visible light irradiation

Fig. 6 shows the results of photobleaching of aqueous malachite green solutions by the g-
C3Ns@TiO2NR/LDPE and P25/LDPE films under UV-A and visible light irradiation. Under
irradiation at A > 320 nm (Fig. 6a), P25/LDPE films show the highest photocatalytic activity
with a color removal of approximately 90% after 2 h. In contrast, g-CsNs@TiO2NR/LDPE
films exhibit a color reduction ~80% at the same irradiation time. The dark adsorption of
malachite green is ~20% and 17% for the g-CsN4@TiO>NR/LDPE and P25/LDPE films
respectively; malachite green does not undergo appreciable photolysis under this irradiation.
Under visible light irradiation with A > 455 nm (Fig. 6b), the g-CsN4@TiO.NR/LDPE films
exhibit the highest photobleaching activity (color removal of ~50% after 120 min), whereas
that of the P25/LDPE films is ~20%. The dark experiment results reveal that the malachite
green adsorption is higher in the g-CsN4s@TiO2NR/LDPE films compared to that in the
P25/LDPE films. It is to be noted that malachite green does not undergo the photolysis
reaction, and therefore, the participation of the excited states of malachite green in
photobleaching reactions can be discarded. Triphenylmethane dyes, such as malachite green,

are known to undergo photobleaching reactions under visible light irradiation containing
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wavelengths that feature the main absorption band of the dye [55]. Non-radiative relaxation
of these excited states can lead to the generation of ROS, which results in dye oxidation.
Furthermore, the malachite green excited states can move electrons to the semiconductor
conduction band (CB) and lead to dye degradation; this has been reported in other dyes
[56,57]. Malachite green absorbs light mainly at 617 nm in aqueous solutions, and thus,
visible light with A > 590 nm was employed to perform these photochemical experiments
(Fig. 6¢). The results clearly indicate that photobleaching does occur because of
photochemical reactions involving the malachite green excited states, which play a minor
role. The dark experiment on dye adsorption on g-CsNs@TiO2NR/LDPE films exhibits a
trend similar to that of the photosensitized reactions, where both the light and dark
experimental results (A > 590 nm) nearly overlap.
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Figure 6. Solid-liquid malachite green photobleaching experiments at an initial pH of 5.0
performed with CsN4s@TiO2NR/LDPE and P25/LDPE films. (a) A > 320 nm, (b) A > 455 nm,
and (¢) A > 590 nm.
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The malachite green absorption spectra in experiments performed with g-
C3N4s@TiO2NR/LDPE films (Fig. S10) at different irradiation times do not show new light-
absorption bands; however, a discrete blue shift of the main absorption band of the dye is
observed, which is possibly related to the N-demethylated reactions caused by the attack of
photoinduced "OH radicals [58]. The results indicate that under visible light (A > 455 nm) the
g-C3sN4s@TiIO2NR/LDPE films possess a higher photocatalytic activity than that of
P25/LDPE films.

The solid-liquid interface reuse experiments were performed with g-CsNs@TiO2NR/LDPE

films under visible light irradiation at A > 455 nm. Four reuse cycles of 120 min each were

carried out (Fig. 7).
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Figure 7. Solid-liquid interface reuse experiments on photobleaching of a malachite green
aqueous solution at an initial pH of 5.0 performed on g-CaNs@TiO2.NR/LDPE films under

visible light irradiation at A > 455 nm

The first two cycles indicate that the aqueous solution with malachite green undergoes a
photobleaching of 45 and 47% respectively; the activity is noted to slightly reduce in the
third and fourth cycles. Therefore, the photoinduced activity of g-CsNs@TiO2NR/LDPE
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films under visible light irradiation is not significantly reduced after at least four continuous

cycles.

Malachite green photobleaching experiments in the solid-gas phase on g-
C3N4s@TiO2NR/LDPE films were carried out under visible light irradiation at A > 455 nm
and A > 590 nm (Fig. 8). The dye discoloration was tracked using color changes (pictures)
and ATR-FTIR spectra obtained at each irradiation time. The dye stain is observed to be
almost completely removed after 120 min of light irradiation at A > 455 nm, whereas a
comparatively minor photobleaching effect is achieved at A > 590 nm.

(@) (b)
- 120 min

A> 455 nm

. 2>590 nm Wavenumber (cm™)

Figure 8. Solid—gas interface malachite green photobleaching experiments performed on g-
C3Ns@TiO2NR/LDPE films under irradiated light at (a) A > 455 nm and (b) A > 590 nm. (c)
ATR-FTIR spectra of malachite green stains on g-CaN4s@TiO2NR/LDPE films under A >

455 nm irradiation.

ATR-FTIR measurements were obtained to evaluate the degradation of malachite green in
the solid—gas interface on g-CsNs@TiO2NR/LDPE films under light irradiation at A > 455
nm (Fig. 8c). The peaks observed in C—H stretching (2700-3000 cm™), C—H bending
vibrations (1460 cm™), and C—H out-of-plane regions (726 cm™) are all associated with
LDPE (highlighted with pink arrows). The degradation of malachite green can be tracked in
the bands between 1400 and 1000 cm™ (highlighted with a black arrow), which correspond
to the C-N stretching absorption of the dye molecule. These bands are noted to completely
disappear after 120 min of visible light irradiation, with the remaining signals corresponding
to the C—H vibrations of LDPE whose intensity increased at once malachite green molecules

18



were oxidized by photoinduced ROS. These results demonstrated that in solid/gas interfaces,
visible-light photogenerated ROS in TiO2@g-C3sN4 composites such as Oz and Oz could
participate in the chemical oxidation of malachite green molecules present on the film surface
as it has already reported by Huang et al. and Pérez-Obando et al. using TiO2@g-C3N4
nanocomposites immobilized on glass and chitosan in the degradation of NOx and malachite
green stains respectively. the malachite green molecules underwent photobleaching, which
was probably caused by the N-demethylation reactions induced by ROS in visible-light-
irradiated g-CsN4@TiO2NR; this has been previously explained using the blue shift of the
main absorption band of the dye. Several studies have described the photooxidation of
organic dyes such as rhodamine B and methylene blue via visible-light-irradiated g-CzNa-
TiO2 (nanoparticles or nanorods) heterojunctions in aqueous solutions [40,59,60]. These
photooxidation reactions are possibly mediated by photoinduced ROS generated on g-C3Ns—
TiO2. Previous studies on melon/TiO2 nanoparticles immobilized on chitosan films have
indicated that these systems can photoinduce ROS such as “OH radicals and singlet oxygen
(*O2) under visible light irradiation; both are likely responsible for malachite green
degradation [5].

The electronic properties of nanostructured TiO., crystalline phases, and features linked to
film surface characteristics are known to dominate the self-cleaning activity observed in these
synthesized films. Moreover, results from our previous studies have shown that the melon-
TiO2 nanoparticles immobilized on chitosan films required an irradiation time of 360 min at
A > 455 nm to photobleach malachite green stains, which was 3 times greater than that of the
C3:Ns@TiO2NR/LDPE films reported in the present study [5]. The rapid removal of malachite
green stains in solid—gas interfaces using g-CsN4s@TiO2NR/LDPE films (120 min) clearly
reveals their enhanced performance as self-cleaning surfaces than those previously reported

by our group. This is possibly owing to the presence of nanostructured TiO».

3.3.2 Visible-light-photoinduced wettability of g-CsN4s@TiO2NR/LDPE films

The contact angle of water drops on pristine LDPE surfaces is known to oscillate between
102° and 106° [61] owing to its hydrophobic features. Fig. 10 reveals that commercial LDPE
films possess a contact angle of ~108°, which agrees with previously reported results; this
does not change even after 60 min of visible light irradiation (blue light).
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Figure 9. Wettability of LDPE and g-CsN4@TiONR/LDPE films under blue light
irradiation (400-500 nm) and a light intensity of 60 W m~2 in 290-1100 nm.

The contact angle in g-CaNs@TiO2NR/LDPE films is observed to significantly decrease
from 108° to 63° (~40%) after 60 min of blue light irradiation (Fig. 10), which demonstrates
that the film becomes hydrophilic under visible light irradiation. The UV-photoinduced
hydrophilicity of TiO2 surfaces has often been linked to the formation of surficial Ti®* sites
via CB electrons trapped on Ti*" sites, which modify the interactions between water

molecules and the semiconductor surface to result in an increase in the wettability [62,63].

A few studies have reported visible-light-photoinduced hydrophilicity in TiO.-based
materials. Kwon et al. [64] claim that TiO> materials sensitized with organic dyes and
immobilized on glass achieve a contact angle reduction of ~20%. The comparatively
significant visible-light-photoinduced wettability of g-CsNs@TiO>NR/LDPE films in the
present study is possibly related to the increased roughness facilitated by the TiO2 nanorods.
Materials exhibiting increased roughness (and a high specific surface area) can possess a
significant concentration of photoinduced Ti®* sites that can enhance the wettability of these

surfaces [63].
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3.4. Possible photoinduced processes during MG degradation on g-CsNs@TiO2NR/LDPE
films

Under UV-A irradiation, P25 nanoparticles immobilized onto LDPE films exhibited
improved photobleaching activity; however, when visible light irradiation was used, the films
containing modified nanorods showed comparatively better photobleaching of malachite
green aqueous solutions. Nanorods can offer numerous active sites and a low electron-hole
recombination rate that can increase the formation of ROS. Under visible light irradiation (A
> 455 nm), the g-C3Ng structures are likely responsible for the light absorption (Eng = 2.69
eV) by promoting electrons from its valence band (VB) to the CB to create electron-hole
pairs. The CB potential of g-CaN4 (~ —1.3 V vs NHE at pH 7.0) facilitates electron transfer
from the g-C3N4 CB to anatase (CB potential of —0.5 V vs NHE at pH 7.0) or rutile (CB
potential of —0.3 VV vs NHE at pH 7.0) TiO2 and decreases the extent of charge carrier
recombination. Using time-resolved DRS and electrochemical impedance spectroscopy,
Elbanna et al. [65] and Shi et al. [66] demonstrated quick and efficient electron transfer from
g-C3Ng to TiOz structures under visible light irradiation. These photoinduced electrons can
be further transferred to the molecular-oxygen-generating superoxide radical (Oz "), which
undergoes disproportionation reactions in the aqueous phase that results in the formation of
H20 [67]. H202 can be further reduced by photoinduced CB electrons to yield hydroxyl
radicals ("OH) [68]. Additionally, the electrons transferred to the CB of rutile or anatase TiO>
nanorods generate numerous Ti®* sites that are responsible for the observed visible-light-
photoinduced wettability.

A photoinduced hole in the VB of g-C3Na is unlikely to yield *OH because of its significantly
negative redox potential compared to that of water oxidation [69]. However, the formation
of photoinduced singlet oxygen (*O) is facilitated via oxidation of the superoxide radical by
photoinduced VB holes in g-C3N4 [70]. Moreover, the visible-light-photoinduced electron in
the CB of g-C3Na4 can also reduce molecular oxygen and H-O; to yield superoxide and "OH
radicals, respectively (Fig. 10). This mechanism agrees well with that proposed by
Boomprakob et al. [71]. Both singlet oxygen and hydroxyl radicals can oxidize malachite
green molecules; the former can lead to the formation of benzophenones, whereas the latter

can induce the formation of N-demethylated molecules and other byproducts [58,72], all of
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which are colorless molecules. Solid-liquid self-cleaning experiments under irradiation at A
> 455 nm reveal that the main absorption band of malachite green undergoes a slight blue
shift (Fig. S9) that is possibly produced via N-demethylation reactions involving an attack
by *OH radicals [58].
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Figure 10. Scheme featuring several charge transfer-based photoinduced processes in g-

C3Ns@TiO2 nanorods via visible light irradiation.

The textural features of P25/LDPE and g-CsN4s@TiO.NR/LDPE films are also possibly
responsible for the observed photocatalytic activity. TiOz films with increased roughness are
known to exhibit enhanced photoinduced activities, probably owing to their high capacities
for adsorbing pollutant molecules [73]. Under visible light, the presence of visible-light-
absorbing nanostructured g-CsNs@TiO- and its textural properties are likely responsible for
the improved photocatalytic activity of the fabricated films, compared to those of P25/LDPE

and our previously fabricated films [5].

Conclusions

Visible-light-responsive composites of g-CsN4@TiO2 nanorods with polycrystalline features
owing to the simultaneous presence of rutile and anatase phases were synthesized using urea
as a precursor. These composites were subsequently deposited on LDPE films (denoted as g-
C3sN4s@TiONR/LDPE) using a new method based on photocatalytic immobilization.
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Characterization of the fabricated films demonstrated the effective immobilization of g-
C3Ns@TiO2 composites, and the films exhibited improved photocatalytic activity under
visible light irradiation compared to that of P25/LDPE films. The improved visible-light-
photoinduced response was likely related to the g-CsaNj4 structures that led to the generation
of visible-light-photoinduced electron—hole pairs that could be transferred to the CB of rutile
or anatase phases of TiO2. The subsequent prevention of electron—hole recombination and
supply of electrons that could reduce oxygen molecules yielded superoxide radicals (O2 ™)
that led to the generation of "OH and singlet oxygen (*O.); both ROS were possibly
responsible for the observed photobleaching of malachite green stains. Moreover, the
photoinduced charge transfer was likely responsible for the visible-light-photoinduced
wettability observed on these surfaces. these fabricated films with desirable photocatalytic
properties will be evaluated as potential visible-light-photoinduced antimicrobial surfaces to
facilitate the abatement of bacteria and viruses via their self-cleaning properties.
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Visible-light active g-C3sN4@TiO2 nanorod were photocatalytically immobilized on
LDPE.

g-CsN4@TiO2NR/LDPE films exhibited enhanced visible-light photocatalytic activity.
Visible-light-photoinduced wettability was observed in g-CasN4s@TiO2NR/LDPE films.

Films exhibited high visible-light photocatalytic activity after four reuse cycles.
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