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Abstract Novel photocatalytic materials are currently required for advanced
wastewater treatment or for self-cleaning applications. For these applications,
(super)hydrophilic surfaces must be developed and UV photo-induced hydrophilicity
can be a viable path to obtain such materials. This paper reports on the hydrophilicity
variation of the novel TiO,/TiO, GO composite thin films obtained by spray pyrolysis
deposition (SPD) followed by the deposition of a diluted sol by spraying at 100°C.
The thin films were kept in dark (in normal atmospheric conditions) and under UV
irradiation, at different exposure periods (up to 72 h) and the variation in the contact
angle of water were analysed along with the morphology, surface composition and
roughness (RMS) to correlate the hydrophilicity with the materials properties. The
results show an increase in the contact angle values over time for the samples kept
in dark and a decrease of it when the films were UV irradiated mainly as results of
the roughness variation, due to slight changes in the thin film (surface) composition.
The thin films were further tested in methylene blue decomposition and the effect
of the hydrophilicity on the photocatalytic efficiency was investigated. The results
show that, in the experimental conditions, a pre-conditioning treatment of the thin
films can lead to more efficient processes.
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26.1 Introduction

The photocatalytic processes represent potential routes for the removal, from wastew-
ater, of organic pollutants at low concentrations, targeting water re-use [1]. For
up scalable processes the photocatalytic materials and the equipment need to be
affordable. In terms of materials, one of the most widely used photocatalyst is tita-
nium dioxide, TiO,, because it has a high chemical stability in aqueous media, it is
non-toxic, has high capacity to produce oxidative species when irradiated with the
adequate radiation and has not too high production costs. However, as a wide band
gap semiconductor, TiO; can be activated only by UV radiation (A <380 nm) and this
raises the costs of the entire process. This is why, VIS-active or solar-active photo-
catalysts are required to mitigate the process cost [2]. To reduce the TiO, band gap,
various techniques are used as doping or coupling the n-type semiconductor with a
p-type one in a diode—type structure. Recently, graphene derivatives as graphene
oxide (GO) or reduced graphene oxide (rGO) were used as fillers embedded in a
metal oxide matrix [3]. These types of composites are reported to be Vis(solar)-
active because of the n-p diode structure developed when using these materials [4],
but the development of continuous, stable interfaces between the matrix and the
graphene derivatives remains an important challenge. This is the reason why not
TiO,—graphene composites are the targeted materials, as the non-polar graphene
has little compatibility with the ionic TiO,.

The Vis-activation problem is solved when using TiO,-graphene derivatives
composites and further on the photocatalytic properties of this type of samples
have to be optimized to reach high performance materials. One important prop-
erty of any photocatalysts is its surface hydrophilicity. This property is important
particularly for applications as self-cleaning coatings, but it is also important in the
pollutant adsorption step in the wastewater treatment mechanisms. It is reported that
the (super)hydrophilicity of the metal oxide surfaces can be photo-induced. Wang
et al. [5], were the first ones to analyse the behaviour of TiO, when exposed to UV
radiation and they concluded that the surface wettability can be controlled by irra-
diation to obtain surfaces with antifogging and self-cleaning properties. Different
mechanisms are involved in the photo-induced hydrophilicity of the TiO, surface,
such as photo-induced oxygen vacancy generation [6] along with the adsorption of
water molecules at the defects’ sites, forming hydrophilic domains [7], along with
the possible photo-oxidation of the traces of hydrophobic carbonaceous species from
the TiO, structure [8]. Most of these mechanisms are reversible and the atmospheric
oxygen can replace the adsorbed hydroxyl groups changing the surface wettability
of TiO; back, from hydrophilic to hydrophobic [9].

It was reported [6], that the hydrophilicity of the TiO,-rGO composites was
increased by exposure to solar radiation and the water contact angle (WCA) decreased
from 50° to <5° after 30 min of exposure under simulated solar irradiation. After that,
the photo-induced self-cleaning properties were evaluated by measuring the degra-
dation of methylene blue (MB) under simulated solar conditions and the material
proved to be solar-active concluding that the graphene derivative is not affected by
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the irradiation. A similar conclusion is outlined by another study that also proved that
the concentration of the filler in the composite can significantly change the wetta-
bility properties: a higher concentration of the filler can lead to a super-hydrophilic
surface when irradiated only with VIS radiation [10]. Most of the hydrophilicity
studies followed the development of materials for self-cleaning coatings and not for
advanced wastewater treatment while studies on the behavior of these composites
kept in dark (without any irradiation) are scarce.

This paper reports on the hydrophilicity variations of the novel TiO,/TiO,—
grapehene oxide (GO) two-layered composite thin films obtained by spray pyrol-
ysis deposition (SPD) coupled with spraying (at lower temperature) a sol of the
composite material. The surface morphology, composition and roughness (RMS)
were discussed to correlate the hydrophilicity variation with the material’s proper-
ties. The methylene blue (MB) decomposition, under simulated solar radiation at
low irradiance values, was investigated to outline the influence of the WCA values
on the photocatalytic efficiencies for advanced wastewater treatment applications.

26.2 Materials and Methods

Glass plates (1.5 cm x 1.5 cm) covered with a thin film of fluorine doped tin
oxide (FTO) were used as substrates. These substrates were cleaned with water
and detergent by ultra-sonication, followed by rinsing in ethanol and drying in air.

The composite thin films were deposited in a two-layered system in order to get
a performance material in photocatalytic processes with controlled hydrophilicity.
The first TiO, layer was obtained using a precursor system containing titanium
tetra-isopropoxide (TTIP, Sigma Aldrich, 97%) mixed with acetylacetone (AcAc,
Scharlau, 99%) and ethanol (EtOH, Chemical Company, 99.3%) in a 1:1:15 volume
ratio. This layer was deposited by Spray Pyrolysis Deposition (SPD) using an
ABB/IRB5400 robot. The deposition temperature was 400°C and 30 spraying
sequences were used, with 60 s break between consecutive pulses. After deposition,
this first layer was annealed for 3 h, at 450°C, to increase its crystallinity degree.

The second TiO,-GO layer was sprayed on the top of the first one using a diluted
sol obtained based on TTIP as precursor, ethanol as continuous medium, acety-
lacetone as complexing agent and acetic acid (HAc 99.8%, Scharlau) to control
the pH (pH ~5). These were mixed, under stirring, in an overall volume ratio:
TTIP:EtOH:AcAc:HAc = 1:0.8:0.04:0.0009.

An aqueous GO dispersion (30 mg/mL) was obtained using the Hummers method:
12 g of graphite powder (99.99% purity, Elektrokarbon) were mixed with 247 mL
H,S0O4 (96%, VLSI grade, BASF) and continuously stirred for 24 h. Afterwards, 6 g
NaNOj; (99%, Sigma Aldrich) were added and the dispersion was cooled down to
5 °C, then 36 g of KMnOy4 (99%, Merck) were slowly added for a good control of
the exothermic reaction. Further on, the graphite powder was kept in the oxidation
environment for 4 days; after that the excess KMnO,4 and the manganese oxide
precipitate were removed using 200 mL H,O, 5% and 150 mL HCl1 5% respectively.
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The dispersion was then filtered and the graphite oxide powder was washed several
times with deionized water. This powder was further dispersed in deionized water
and placed in an ultrasonic bath to support the exfoliation of the graphene oxide
sheets.

The GO dispersion, prepared as previously discussed, was added in the TiO,
precursor system, to obtain the composite sol with stable interfaces between TiO,
and the graphene derivative. Further on, the sol was sonicated for 1.5 h and after
sonication, the sol was diluted with ethanol in a 1:5 sol: EtOH volume ratio. The GO
weight ratio in the precursor system was 1.4%.,.

This diluted sol was deposited, by robotic spraying, over the first TiO; layer, using
15 spraying sequences, with 60 s break between pulses. The deposition temperature
was selected at 100°C to support the ethanol evaporation while preventing the GO
oxidation. The composite thin film was further thermally treated for one hour at
150°C to decompose/remove the carbon containing by-products, without degrading
the GO filler [11].

This two-layered composite structure was selected to increase the crystallinity
degree of the composite upper layer by using a first layer that has a predominant
crystalline structure, considering the low temperature of the thermal treatment applied
to the final thin films. Further on, previous results outlined that the adherence between
the composite and the substrate is increased by using an intermediate matrix layer.

The thin film composites obtained as above discussed were kept under various
conditions: in dark (in regular atmospheric conditions) and under UV irradiation
(irradiance value, G = 8.3 W/m?, measured using a Delta-T, type BF3 pyranometer),
at different exposure periods (up to 72 h) and the WCA variations were analyzed using
a DataPhysics OCA20 EC instrument. The volume of the water drop was 10 pL. The
surface elemental composition was analyzed by Energy Dispersive X-ray spectrom-
etry (EDS, Thermo) while the surface morphology and roughness (RMS) were inves-
tigated using Scanning Electron Microscopy (SEM, Hitachi model S-3400 N type II)
and Atomic Force Microscopy (AFM, NT-MDT model BL222RNTE). The results
were correlated with the photocatalytic efficiencies recorded in the photo-degradation
of the methylene blue (MB) pollutant, as indicated by the ISO 10678:2010 [12],
standard.

The photo-degradation experiments were developed in static regime using a
10 ppm (3.125 x 107> M) MB solution and a photo-reactor equipped with 2 UV
light tubes (Philips, TL-D BLB 18 W/108) and 5 Vis light tubes (Philips, TL-D
Super 80 18 W/865). This mix simulates solar radiation conditions but at much
lower irradiance value; the total irradiance was G = 55 W/m2, out of which 3 W/m?2
corresponds to the UV radiation. Before the photocatalytic tests, the films were kept
in dark for a shorter time (24 h) and for a longer duration (7 days) and were subse-
quently pre-conditioned under UV radiation for 24 h. These films were immersed in
20 mL MB solution and left one hour in dark to reach the adsorption/desorption equi-
librium, as previously optimized [13]. After one hour in dark the thin film samples
were continuously irradiated for 8 h. The MB removal efficiency, n was calculated
using Eq. (26.1), based on the initial absorbance of the MB solution (Ag) and the
absorbance after up to 8 h of irradiation (Ag), measured at the maximum absorbance
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wavelength for MB (A = 664 nm), using a UV-Vis—NIR spectrophotometer (Perkin
Elmer Lambda 950):

Ay — Ag
nN=-—H4/—"

- 100 26.1
Ao (26.1)

26.3 Results and Discussions

The investigations on the hydrophilic character show an increase in the WCA values
over time, for the samples stored in dark (Fig. 26.1) and, respectively, the decrease of
the WCA value when exposing the films to UV radiation (Fig. 26.2). The optimum
irradiation duration was found to be of 24 h. After this period of time the values of
the contact angles remained constant.

It can be also observed that for the sample containing only TiO, SPD kept in
dark the WCA variation is rather low, indicating that this type of coatings can be
stored without any significant consequences on the hydrophilic properties. For the
composite sample, the storage in dark leads to a significant increase in the WCA
values, thus a reduction in the hydrophilic character.

To understand these changes in hydrophilicity in different conditions, character-
ization analyzes were performed. According to the results in Tables 26.1 and 26.2,
it can be noticed that the hydrophilicity increase over time when irradiated with UV
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Fig. 26.1 Variation of the WCA in time, for the films kept in dark
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Fig. 26.2 Variation of the WCA in time, for the UV irradiated thin films

Table 26.1 RMS values at different exposure periods under UV irradiation and in dark condition

Sample Under UV irradiation In dark
Time RMS [nm] | Time RMS [nm]

FTO/TiO, SPD Initial 11.5 Initial 11.8
12h 9.1 12h 12.2
24 h 9.0 24 h 14.5
48 h 8.9 48 h 17.3
72h 8.6 72h 19.0

FTO/TiO, SPD/TiO; GO SG | Initial 3325 Initial 3279
12h 3123 12h 348.6
24 h 304.5 24 h 362.3
48 h 292.2 48 h 375.4
72h 290.0 72h 387.6

radiation is due to the variation of the film roughness correlated with the decrease
in the carbon content from the surface of the samples. For the films kept in the
dark, the hydrophilicity decreases and the RMS values have a constant increase over
time while under UV irradiation the RMS values decrease in time. These results are
attributed to the possible densification of the thin films and less to the oxidation of the
carbon existing in the sample from the sol precursors, under UV irradiation. It is also
possible a continuation of the reactions in the composite for the samples kept in dark
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Table 26.2 The surface elemental composition of the samples innitially measured, after 72 h of
UV irradiation and after 72 h of dark condition

Sample EDX Map [% at.]

Initial After 72 h After 72 h
of UV irradiation in dark

FTO/TiO2 SPD C:2.29 C: 1.51 C:3.38
0:64.78 0:64.98 0:64.24
Ti: 23.50 Ti: 18.92 Ti: 23.98
Sn: 8.34 Sn: 12.17 Sn: 7.10
F:0.74 F: 1.09 F: 0.65
Si: 0.35 Si: 1.33 Si: 0.65

FTO/TiO, SPD/TiO; GO SG C:9.55 C:6.52 C: 11.30
0:59.23 0:60.87 0:56.00
Ti: 30.08 Ti: 29.01 Ti: 32.05
Sn: 1.01 Sn: 2.38 Sn: 0.61
F:0.10 F:0.19 F: 0.00
Si: 0.03 Si: 1.03 Si: 0.04

and for the ones irradiated during the first 24 h, when UV radiation can accelerate
the processes. Previous results of the photocatalysis tests performed under UV +
VIS irradiation compared with those under UV irradiation, prove the Vis-activation
of the composites and also that the graphene oxide is not affected by the exposure to
UV irradiation (under the experimental conditions).

The SEM images of the composite films kept in dark, Fig. 26.3, outline large
aggregates on the surface of the composite films, compared to the initial structure
concluding that the increase in the RMS values can be due to these aggregates and
hence the decrease of the sample hydrophilicity.

In good agreement with the SEM images, the AFM results, Fig. 26.4, outline
surface changes of the composite thin film under UV irradiation and in dark.

To correlate the variation of the hydrophilic character with the performances of
the films during the photocatalytic processes, photo-degradation tests of the MB
pollutant were performed, under UV + VIS irradiation, in static regime, on the
multilayered composite films and, for comparison, on the TiO, SPD films. The films
were kept, as previously discussed, in dark for 24 h and for a long duration (7 days)
and were further pre-conditioned under UV irradiation for 24 h.

The photocatalytic results included in Table 26.3 show that the samples stored for
long-term in dark lead to lower photo-degradation efficiencies compared to the more
recently deposited and UV pre-conditioned films. The results can be correlated with
the higher WCA values for the samples kept 7 days in dark, in agreement with the
results already discussed. From Table 26.3 it can also be observed that the adsorption
(1 h dark) is lower for the samples kept in dark, and the results show that this step
depends on the hydrophilicity of the films. It may be noticed that the composite thin
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Table 26.3 Photodegradation efficiencies of the MB pollutant and the contact angle for the sample
exposed at UV irradiation and kept in the dark

Sample Condition WCA [°] | Photocatalytic tests 1 [%]
1 h dark 8h UV +
VIS
FTO/TiO, SPD Initial 31.9 6.36 15.57
24 h in dark 38.3 4.96 14.62
24 h in dark + 10.1 6.50 15.72
24h UV
irradiation
7 days in dark 57.0 4.82 13.06
7 days in dark + | 10.8 6.26 15.75
24 h UV
irradiation
FTO/TiO; SPD/TiOy GO | Initial 18.3 8.48 28.26
8G 24 hin dark 242 8.03 26.57
24 h in dark + 11.9 8.69 27.27
24 h UV
irradiation
7 days in dark 56.3 6.53 23.84
7 days in dark + | 20.1 8.54 27.17
24h UV
irradiation

films have a small variation in the MB removal efficiency (smaller than 4.5%) and
that UV conditioning is important.

26.4 Conclusions

The hydrophilicity of the FTO/TiO, SPD/TiO,—GO SG composite thin films varies
depending on the conditions under which the samples are exposed, namely: the
WCA increases over time for the samples kept in dark and decreases after irradi-
ation of these samples with UV radiation. This is mainly the consequence of the
variation in the roughness values of the films, in correlation with the morphology
and the surface composition. The variation of the hydrophilicity mainly affects the
pollutant adsorption step and hence the photocatalytic efficiencies are lower for the
samples with a higher contact angle. However conditioning the thin film through UV
irradiation allows reaching similar efficiencies as in the case of recently deposited
samples and for the improvement of the photocatalytic efficiency, a first step of pre-
conditioning the films by UV irradiation is required followed by the photocatalysis
process, especially when the films were stored for longer periods before use.
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