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Abstract: The durability of novel metallic artifacts and buildings is an open issue, and the role of
smart protecting coatings in extending these artifacts’ lifetimes is crucial. In this paper, the role of
v-Fe;O3 nanoparticles and reduced graphene oxide (rGO) nanosheets on enhancing the self-cleaning
properties of composite TiO, films and reducing metal alterations due to contact with acid rain
and pollutants is investigated. The photocatalytic assessment of the TiO; based films indicates that
there are optimum contents for y-Fe,O3 and rGO, which confer the film lower bandgap and tune
the TiO, anatase/rutile ratio. By adding a proper content of y-Fe,O3, wettability is reduced both
in dark and under illumination, which could be related to higher roughness. y-Fe,O3 overloading
causes increasing crack density and eventually a fully cracked structure. Adding an appropriate
amount of rGO causes a sharp increase in roughness, due to the stacking of rGO nanosheets, while
simultaneously avoiding cracking. At higher contents of rGO, wettability further decreases due
to higher amounts of hydroxyl groups bound onto rGO; also in this case, overloading causes film
cracking. Evaluation of self-cleaning performance and discoloration resistance under soiling and acid
rain simulated tests demonstrates that proper loadings of y-Fe,O3 and rGO present higher efficiency
thanks to higher superhydrophilic tendency and higher photocatalytic activities, as well as an efficient
barrier effect.

Keywords: self-cleaning; discoloration; TiO, photocatalyst; y-Fe;Os; reduced graphene oxide;
transparent coating

1. Introduction

When it comes to preserving structural integrity and the aesthetic properties of metallic artifacts and
cultural heritage, hydrophilic self-cleaning coatings can erect a barrier with significant physicochemical
properties to protect them from harsh environments [1]. Indeed, a deep understanding of the
structure—function relationship of self-cleaning surfaces is necessary to achieve a suitable wettability
and high capability of pollutant photodegradation of the engineered artifacts surfaces. A smart
hydrophilic surface could clean a surface by two different approaches: the formation of a sheet of
water that washes away dirt (i.e., superhydrophilicity) and the chemical breakdown of adsorbed
contaminants on the sunlight irradiated surface (i.e., photocatalysis). The combination of these two
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effects is what is generally referred to as self-cleaning. An efficient self-cleaning mechanism can directly
lead to prolonged service life as well as to a significant reduction in maintenance costs [2,3]. These
considerations apply to all surfaces; the present work focuses specifically on metallic ones, where
not only soiling can impair surface aesthetic properties, but also corrosion can damage, irreversibly,
the metallic artifact exposed to the atmosphere, especially in polluted environments where acid rains
are present.

The role of these protecting coatings becomes more notable when it comes to the protection of
valuable metallic based artifacts made by novel metals such as aluminum, stainless steel, and titanium
exposed to environmental pollution with a heavy impact on their surface conditions, including
discoloration. Although discoloration does not necessarily affect the metal mechanical stability,
it impairs the aesthetic appearance of metallic buildings and artifacts, hence posing a limit to their
functionality, which is strongly related to their appearance [4]. In the case of titanium sheets exposed
to the outdoor environment, atmospheric discoloration mainly occurs because of the reaction of acid
rain with impurities introduced in the titanium surface during the manufacturing process, resulting in
the oxidation of titanium and consequent thickening of the natural oxide layer, responsible for the
appearance of various surface colors [5-7]. Figure 1 shows different parts of a gray color titanium
sheet exposed to exterior cladding; a building located in Taiwan. As it is clear, the sheet lost its color
originality through oxidizing in the harsh environment resulting in a variety of colors and thicknesses
on the surface.

Some general features desired in the design of smart hydrophilic coatings to preserve artifacts are
the following: low number of additives, wettability, durability, proper adhesion, chemical stability,
as well as transparency to maintain the original surface aesthetic characteristics [1,8].

In the case of metal oxide coatings, an effective protection to the metal substrate can be provided
upon the implementation of SiO,, ZrO,, Al,O3, CeO,, and TiO; due to their high chemical stability.
Among them, the optically transparent, superhydrophilic, and photocatalytic TiO,-based coatings are
widely used in buildings and artifacts preservation as TiO, exhibits significantly high physical and
chemical stability, low cost, easy availability, low toxicity, and excellent photoactivity [8-10]. Moreover,
the photoactivity of TiO, could be improved by shifting the light absorption spectra from UV to the
longer wavelengths of visible light range, which is achieved by doping with metals [11-14], or by
forming heterojunctions between TiO, and a lower bandgap semiconductor [15-17]. Moreover, high
surface area materials, such as carbon-based materials, can be used to boost photoactivity performance
through increasing available surface sites [18,19].
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Figure 1. Color changing due to the formation of oxide films with a variety of thicknesses (f) in different
parts of a titanium sheet used as exterior cladding of a building located in Taiwan.
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In our previous work, the synthesis and characterization of a novel composite containing
(optimized) TiO,/SiO,/y-Fe;O3/rGO was reported, and its efficiency in discoloration resistance of
metallic artifacts was discussed [20]. Since it is critical to understand the role and appropriate content
of y-Fe;O3 nanoparticles and rGO nanosheets, in this work, we analyzed the optimal content of both
additions, discussing mechanisms activated by insufficient loading or overloading in the enhancement
of self-cleaning properties, morphology, and protection of metallic cultural heritage.

2. Materials and Methods

2.1. Materials

All chemicals—iron chloride tetrahydrate (FeCly, 4H,0), propylene oxide, tetraethyl orthosilicate
(TEOS), tetrabutyl titanate (TBT), sulfuric acid (H;SOy), ethanol (C,H50H), and methylene blue
(MB)—were purchased from Sigma-Aldrich and used as received. Gamma Fe;O3 (y-Fe;Os)
nanoparticles were prepared by dissolving FeCly-4H,O (5 mmol) in ethanol (0.3 M) and then adding
propylene oxide (50 mmol), sonicating for 15 min and stirring for 6 h. The resulting solution was
heated at around 100 °C to evaporate the solvents, leaving a brown powder.

Silica (Si0O,) was prepared by adding TEOS (40 mmol) to 65% HNOj5 and stirring the solution
for 1 h (molar ratio of TEOS and H* was kept 2.4) followed by centrifugation and drying at room
temperature for 10 h. The obtained powder was dissolved in 10 mL of ethanol under sonification for 1 h,
and then propylene oxide (400 mmol) and TBT (40 mmol) were added to the solution to form Solution
A, that was then aged for 72 h. Finally, the solution was mixed with different contents of as prepared
v-Fe;O3 nanoparticles (0.016, 0.032, and 0.063 g), and the mixtures were sonicated for 1 h. To prepare
rGO sol-gels, different loadings (0.01, 0.02, and 0.03 g) of rGO were added to the TiO,/SiO/Fe;O3
with 0.032 g y-Fe; O3, followed by stirring for 2 h. For the sake of comparison, two separate solutions,
including only TiO, and TiO,/SiO,, were prepared as well.

To evaluate the coating characteristics, metallic titanium specimens, grade 2 following
ASTM classification, were coated with the TiO,, TiO,/SiO,, TiO,/SiO,/y-Fe, O3, TiO,/SiO,/y-Fe, O3
(0.032 g)/rGO sols (with abbreviation names TS, TSE, and TSF3,G for three last sols, respectively) by
dip-coating. The number of dips was always set to be two, and the immersion rate was kept at 200
mm/min while the withdrawal rate was modulated at 100 mm/min with dipping angles of 90 degrees.
To have coated substrates with the same geometric area, a selected area of 1.7 X 1.9 cm? was exposed
by covering the rest of the sample with Kapton tape. Drying was done in ambient conditions for
24 h between the two dipping steps, followed by calcination at 600 °C for 2 h (Figure 2a). FESEM
morphology images of a TSF3,G thin film (as an example) are presented in Figure 2b. The TSF3,G thin
film shows a clearly uniform structure with average thickness 340 nm.
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Figure 2. (a) Schematic illustration of the synthesis of the sol gels and preparation of the coated films,
(b) SEM images of structure and thickness of the TSF3,G thin film.

2.2. Characterization Techniques

The sol-gel coated samples were characterized using X-ray diffraction analyses (XRD),
Fourier transform infrared (FTIR) spectra, atomic force microscopy (AFM), and UV-Vis-NIR
diffuse reflectance spectra to understand their structures and optical properties, which influence
photocatalytic performances.

Specifically, XRD was used to investigate the coating crystallinity; diffraction patterns were
recorded on a Philips PW1830 powder diffractometer (Amsterdam, The Netherlands) operating at
40 kV voltage and 40 mA filament current. Spectra were acquired at the scanning rate of 2.5° per minute
with Cu K«1 radiation in the 20 range 20°-60°. Optical properties were investigated by UV-Vis-NIR
diffuse reflectance. Spectra were recorded in the 220-2600 nm range with a Shimadzu UV 3600 Plus
spectrophotometer (Shimadzu, Kyoto, Japan) equipped with an ISR-603 integrating sphere, and BaSO4
was used as reference material. The bandgap was calculated after Kubelka-Munk conversion using
the Tauc plot method [21,22]. FTIR spectra of the prepared samples were recorded on a Bruker Tensor
27 spectrometer (Billerica, MA, USA) using a KBr pellet for sample preparation at room temperature.
Surface roughness of the coated samples was studied by atomic force microscopy (AFM) using an
NT-MDT AFM (Zelenograd, Moscow, Russia) Solver Pro apparatus operating in contact scanning
mode by means of 60 x 60 mm? AFM images. Photocatalytic activity was evaluated in the degradation
of Methylene Blue (MB), observed as the variation of its absorbance upon exposure to UV light in
presence of the photoactive coating. MB absorbance was measured at given time intervals of irradiation
by spectrophotometry (UV-vis spectrophotometer, Thermo scientific Spectronic 200E) at 1 = 668 nm,
where MB has its maximum absorbance. Before photodegradation, the specimens were kept in the dark
for 50 min to reach adsorption—desorption equilibrium. The samples were then illuminated for 330 min
in an aqueous MB solution (107> M, 40 mL) under UV LED (450 mW, 500 mA, 3.8 V, 300-400 nm) and
visible LED (4.62 W, 700 mA, 3 V, 400-800 nm) at a 3 cm distance with the light sources.

The onset of superhydrophilic behavior was evaluated by measuring surface contact angle;
this was performed by placing a droplet of distilled water on the surface on five predefined positions on
the coating substrates and recording the resulting image by a CCD camera connected to the computer
via a PCI card. Before measurements, the plates were kept in the dark for 24 h to ensure that contact
angles in dark were not affected by ambient light. Then, the specimens were put under irradiation with
a simulated solar light (intensity ~4500 1uW/cm?) for 30 min, and their contact angles were measure
immediately. Contact angles were measured both before and after simulated solar light exposure.

Four soiling agents, presented on urban surfaces, were selected to mimic natural soiling, including
black carbon, mineral dust, humic acids (organics), and inorganic salts. These soiling agents were
mixed in different ratios in an aqueous mixture and applied on the bare and coated surfaces by dip
deposition with a 45° dipping angle. These individual components were optimized to reproduce
roofing products exposed in marine and urban polluted environments [22,23] (Figure 3).



Coatings 2020, 10, 0933 5 of 20

Carbon black
(a) 8% Carbon black (b) 12% Humic acid
Dust - Dust
Salt [t salt

36%

Figure 3. Volume fractions and their color of artificial soiling mixtures including carbon black, humic
acid, dusts, and salts used to mimic the soiling of roofing materials, (a) marine, and (b) urban
polluted environments.

Before starting the process, specimens were put under simulated solar light for 1 h to induce
photoactivation and then dipped in the soiling components immediately. Then, the soiled plates were
left to be entirely dried, and their color changes due to soiling were measured by spectrophotometry
(Konica Minolta spectrophotometer CM-2500d, Tokyo, Japan) to evaluate their self-cleaning ability.
Colorimetric measurements were analyzed in terms of color difference (AE = /((AL*)? + (Aa*)? +
(Ab*)?)) to study the coated films color variation, according to the CIEL*4*b* color system.

To estimate the discoloration resistance of the coated titanium pieces, the samples were immersed
and kept in solution with pH 4—adjusted with certain amounts of sulfuric acid and sodium
hydroxide—(at 65 °C temperature for 7 days) as an accelerated acid rain simulation.

3. Results

3.1. Structural Study of the Coated Films

As presented in our previous work, the starting morphology of the sol before the addition of
iron and graphene oxides is represented by the TS samples, where TiO, nanoparticles with mixed
anatase—rutile phases distribute over the larger amorphous SiO, particles. XRD patterns of the TSF
and TSF3,G coated samples calcined at 600 °C are presented in Figure 4. With increasing y-Fe,O3
content, anatase TiO, peaks decrease while peaks for the rutile phase are clearer. This observation
indicates that at certain threshold Fe(Ill) ions have a substantial influence on the anatase TiO,
phase at the interface of (TiO,/5iO,) and y-Fe,O3 compounds, facilitating the anatase—rutile phase
transformation [24-26]. Indeed, since the ionic radius of Fe>* (0.64 A) is similar to the ionic radius of
Ti** (0.68 A), the incorporation of Fe in the matrix of TiO, is possible, and the presence of such defects
in TiO, crystals might have facilitated the anatase-rutile transition (Table 1) [27,28].

Table 1. Anatase/rutile percentage and particle size (nm) in the TSF and TSF3,G coated films.

Sample Anatase/Rutile (%)  Particle Size (nm)

TSFi6 80/20 22.8
TSE5, 60/40 24.1
TSFg3 53/47 255
TSF3,Gy 67/33 239
TSF3,Gy 70/30 233

TSF3,Gs 75/25 245
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Figure 4. XRD pattern of the TSF and TSF32G coated films after heat treatment at 600 °C.

On the other hand, an opposite effect was found in TSF3,G films, as the anatase/rutile ratio increased
by adding rGO in the sol; hence the presence of carbon retarded the anatase—rutile transformation
(Table 1). This may be attributed to the high surface area of rGO, as well as to a reduction in acidity
and promotion of the dehydration of Ti*" complex by forming edge shared bonds [29-31]. Indeed,
a variation in the number of OH ligands in the Ti complex produced from Ti** hydrolysis was observed
to change acidity [32-34].

Figure 5 shows the FT-IR spectra of the TSF, and TSF3,G coated films in the wavenumber range
from 300 to 4000 cm™!. As observed in our previous work, the TiO, sample shows three bands: the first
broad absorption band at around 3500 cm™~! corresponding to the stretching vibration of the hydroxyl
group O-H of TiO,. The second absorption band at 1627 cm~!, related to bending modes of Ti-OH,
indicates surface hydroxylation of nanoparticles, and another band at 1381 cm™ is attributed to
Ti—O modes. The interaction between TiO, and SiO, in the TS was exhibited in the Ti-O-5Si bond
(~970 cm™') [35-37]. The absorption band at 1104 cm™~! correlated to Si-O-Si, corresponding to its
asymmetric stretching vibration. Furthermore, two peaks at around 453 and 544 cm™~! can be observed
for the y-Fe,O3; sample, corresponding to Fe-O groups, which exhibited a slight blue shift in the
case of the TSF and TSF3,G films, possibly due to surface augmentation by y-Fe;Oszand rGO [25,36].
Eventually, in the TSF3,G films, the absorption peak at 1542 cm™~! could be assigned to the skeletal
vibration of unoxidized graphitic domains or bending vibration of the H;O molecule present in
GO [35,36]. Furthermore, with increasing the loading of rGO from 0.01 to 0.03 g, relative intensities of
these peaks also increased.
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Figure 5. FT-IR spectra of the TiO,, TS, y-Fe,O3, TSF, and TSF3,G coated films in the wavenumber
range from 300 to 4000 cm 1.

3.2. Monitoring Self-Cleaning Properties through Photoactivity Variations under UV and Visible Lights

A plot of the transformed Kubelka-Munk function as a function of energy of light is shown in
Figure 6, by which the roughly estimated band gaps were 2.91, 2.87, 2.88, and 2.81 eV corresponding
to TSFy¢, TSF3p, and TSFg3, respectively. The bandgap values are decreased to 2.71, 2.26, and 2.67 eV
by adding rGO with 0.01, 0.02, and 0.03 g. It means that the addition of rGO (especially up to 0.02 g)
induced a redshift to higher wavelengths in the absorption edge in the UV and visible light regions.
This result indicated that a narrowing of the bandgap in the TSF5,G, sample than TiO,. The narrowing
should be attributed to the chemical bonding, including the formation of the Ti-O-C bond between
TiO, and rGO [37,38].

To explore the influence of Fe,O3 and rGO on TiO, composite films, the photocatalytic activity
of TSF and TSFG-coated films for UV and visible-light-driven degradation of MB was performed at
room temperature and under ambient pressure (Figure 7a,b). For comparison, the direct photolysis of
MB and photocatalysis with pure TiO, and TS coated films were also performed. The equilibrium
adsorption state in dark confirmed that MB adsorption on all the samples was negligible. A control
experiment in the absence of any photocatalyst under otherwise identical conditions shows that
negligible activity was observed under light irradiation. The results demonstrated good linearity
of In C/Cy vs. time, with R-squared values (R?) higher than 0.9, confirming the correct choice of
pseudo-first-order kinetics model for the photocatalytic reactions [38,39]. The kinetic constants (k)
and degradation extents of the TiO,, TS, TSF, and TSF3,G films deposited on titanium substrate are
reported in Table 2. As depicted in Figure 7a, pure TiO, degraded only 32% of MB after 6 h under UV
irradiation, while TiO,-5i degraded about 53% of MB in the same condition. The addition of y-Fe,O3
led to a significant improvement, increasing the final degradation extent to 66% at the minimum
iron oxide content and 76% at the optimal content of 0.032 g. The further addition of an optimal
content of rGO—i.e., 0.02 g—also improved the photocatalytic behavior, reaching a photocatalytic
degradation of 83%. Under visible light, excellent improvements were obtained compared to pure
TiO; (5%), reaching 53% and 70% in the same optimized compositions (Figure 7b). Indeed, among
TSF coated films, TSF3, demonstrates a higher photoactivity, in spite of no significant differences
between the bandgaps in 0.032 and 0.063 g y-Fe,O3 contents. Hence, the better performance should be
related not only to proper bandgap, but also to optimal anatase/rutile ratio (60:40) [39—42]. Moreover,
in comparison with the pure TiO; and TS films, adding a proper amount of y-Fe,O3 could improve
charge separation and reduce recombination, since the conduction band (CB) potential of y-Fe;Oj3 is
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more negative than that of TiO,, hence photo-generated electrons in TiO, could transfer to the surface
of y-Fe;O3 and photo-generated holes in the valence band (VB) of y-Fe,O3 could migrate to TiO,,
simultaneously [42-45].

The presence of rGO further improved photocatalytic performances compared to the TSF films.
The formation of the Ti-O—C bond resulted in a redshift in the absorbance edge of TiO,, causing an
increase in bandgap (Figure 6). Moreover, the two-dimensional structure of the rGO nanosheet and its
electrical transport property could boost light absorption and electron transfer in the TSF3,G films,
improving the separation of the electron-hole pairs. More specifically, the photocatalytic degradation
ratio of MB under both UV and visible lights followed the order TSF3,G, > TSF3,G3 > TSF3,G1. Indeed,
at higher rGO loading (0.03 g), the black rGO sheets would increase photo absorption and scattering
and, at the same time, reduce the contact surface of TiO, with light irradiation, leading to a decrease in
photodegradation [39,40]. For comparison, recent reports on the self-cleaning properties of different
coated films are listed in Table 3.

(ahV)O.S

hv (eV)

Figure 6. Tauc plots of (ahv)?3 versus hv were employed to estimate the band gaps of the TiO,, TS,
TSF, and TSF3,G coated films with different loadings.
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Figure 7. The photocatalytic activity for degradation of MB under (a) UV and (b) UV-Vis lights for
TiO,, TS, TSE, and TSF3,G coated films.

Table 2. Kinetic constants of photocatalytic MB degradation under UV and vis lights for TiO,, TS, TSF,
and TSF3,G coated films, plus degradation extent after 330 min test.

uv UV-Vis
Sample
K (min™1) R? Degradation (%) K (min~1) R? Degradation (%)
MB n/a 0.95 1.7 n/a 0.93 1.6
TiO, —-0.0013 0.93 32.0 n/a 0.91 52
TS —-0.0024 0.98 53.2 —-0.0012 0.94 311
TSF14 —0.0028 0.99 66.4 —-0.0013 0.96 37.1
TSF3; —0.0038 0.95 76.1 —-0.0021 0.96 53.6
TSFg3 —-0.0034 0.99 69.0 -0.0019 0.97 494
TSF3,Gy —0.0042 0.99 779 —0.0023 0.99 60.4
TSF3,G, —-0.0053 0.98 83.0 —-0.0032 0.98 70.3
TSF3,G3 —-0.0047 0.99 80.9 -0.0026 0.99 67.3
Table 3. Self-cleaning performance of different coated films.
Soiling Degradation
Composite Light Source Extent and Concentration
Method . .
Time Required
Gra%?gje[i?Tded UV light MB 85%-20 h 0.01 mM
Dip-coated of a layer of stearic
VO,/Si0,/TiO, [42] UV light Stearic acid 40%-50 h acid onto the films from a
chloroform solution (0.05 M)
Cjzl‘lll/l Tg:g;g;’ffzg] Solar light MB 95%-10 h 4.0 mg/g of cotton fiber
Si0,-TiO, [44] UV light RhB 80%-35 h 15mL, 1 ppm
TiO, [45] UV light RhB 80%-24 h 0.1 mmol/L
TiO, [46] UV light RhB 100%-9 h 26x10° M
TiO, [47] UV light MB 40%-24h 0.5 mL, 100 pmol/L
TiO, [48] Sunlight RhB 90%-71 h 0.05 g/L
TiO, [49] Xenon lamp RhB 85%7% h 0.05 g/L.

TiO, [50] UV light Organic dye 100%-25 h 1 mg/mL
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3.3. Self-Cleaning and Discoloration Resistance Evaluations

3.3.1. Roughness, Transparency, Color Changing, and Coated Film Integrity

The average roughness (Ra) of the substrates coated with TiO,, TS, TSF, and TSF;3,G films are
presented in Table 3. It is confirmed that R, has an intense enhancement in the case of TS and TSF
with respect to pure TiO, films, especially with the addition of the optimal amount of y-Fe,O3, where
Ra has a peak value of about 69 nm, while this parameter is about 51 and 57 nm for TSF;4 and TSFg;3,
respectively. Adding 0.02 g rGO causes a sharp increase in roughness due to the sloppy stacking
of rGO sheets, which creates some large channels around the rGO stacks, while a lower amount of
rGO does not have significant impact. The presence of stacks may be correlated to the fact that rGO
sheets assemble in random order, inconsistent with the change in surface roughness [51-54]. However,
overloading rGO in the TSF3,G3 coated film resulted in a decrease in roughness probably due to
channels covering around the rGO stacks (Figure 8).

Channels
around the Sloppy
rGO stacks stacking of
" rGO sheets
B o
R P N
Metal surface TSF G . TSFnG

Covering the

channels with

rGO sheets ﬁ ’ ‘
%ﬁwzﬁ"-%ﬁ .

Metal surface

Figure 8. A schematic of the effect of rGO loading on the roughness of the TSF3,G coated films.

Transmittance in the range 300 to 800 nm was measured on coated glass slides, as presented in
Table 2. Except for TSF¢3 and TSF3,G3 coated films, all other specimens show a high transparency of
up to 80%. Although transmittance slightly decreased, with the addition of y-Fe,O3 and rGO, samples
are still satisfactory from an aesthetic viewpoint. Generally, the increased surface roughness in TSF3;
and TSF3,G; coated films could be responsible for the slight loss in optical transmission compared
with TiO, and TS coatings, together with the possible absorption in visible light for both y-Fe,O3 and
rGO, which both present dark colors when considered in bulk.

To further analyze this aspect, colorimetric measurements were carried out on the uncoated and
coated glasses with TiO,, TS, TSE, and TSF3,G coated films (Table 4). The pure TiO, coating did not
alter the aesthetic appearance of the specimen, with AE < 1, meaning it is not perceivable by human
eyes. By adding other compounds, SiO, and particularly y-Fe,O3 up to 0.032 g, AE values increased to
about 2 (AE < 2), still indicating differences negligible to human eyes. However, adding the highest
amount of y-Fe,O3 caused a significant increase in AE to 4.6, which is perceivable through close
observation. On the other hand, also rGO up to 0.02 g does not have significant effects on color, while
at its highest amount AE exceeded 3, meaning that differences could actually be observed.
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Table 4. Average surface roughness R,, transmittance in the region 380-740 nm, and AE caused by
TiO,, TS, TSF, and TSF3,G coated films with different loadings.

Parameter Glass Ti02 TS TSF16 TSF32 TSF63 TSF32G1 TSF32G2 TSF32G3
Average Roughness 40 47 51 69 57 67 200 177
(Ra) (nm)
Transmittance (%) 98 95 93 89 87 71 84 81 41
Color difference 0 05 128 156 216  4.69 2.39 2.65 3.2

(AE)

3.3.2. Monitoring of Self-Cleaning Property through Contact Angle Changing

As a key parameter in self-cleaning, wettability was analyzed by measuring water contact angle
(CA) on the coated surfaces. Wettability is highly dependent on chemical composition and structure of
the coated surfaces [55-57]. Water CAs of TiO,, TS, TSF, and TSF3,G coated surfaces were measured in
the dark and after 30 min light irradiation. CA values are given in Figure 9. In particular, the TiO,
film shows a CA above 90°, which is kept almost constant even after illumination, confirming a poor
wetting due to a slightly hydrophobic surface. However, by adding SiO; both in the dark and after
exposure to light hydrophilicity increased, due to the Si—O-Ti bonds (present in the FTIR spectrum
(Figure 5)) at the interfaces, whose acid character may induce a higher amount of hydroxyl groups at
the film surface [58-61]. In addition, the hydrophilic tendency in the TS thin film could be due to a
retarding effect on anatase-to-rutile phase transformation and the crystal growth of anatase by adding
Si0,, as discussed above (Figure 4), as it is known that anatase can accommodate more OH groups
compared with rutile [62].

By adding y-Fe;O3 up to 0.032 g, wettability was improved both in the dark and under illumination
(CAjight: CApark 50°: 68° and 35°: 55° for 0.016 and 0.032 g, respectively). However, these values
both increased again by adding y-Fe,O3 up to 0.063 g. Indeed, Fe>* ions act as both photo-generated
holes and electron traps and to impede the hole-electron recombination (see Figure 10; Equations (1)
and (2)) [63]. The products of these two reactions (Fe** and Fe?* ions) are relatively unstable oxide
forms of Fe than Fe®* ions, so that trapped charges can transfer from Fe** and Fe?* to the interface to
participate in redox reactions [64,65] (Equations (3) and (4)), resulting in the oxidation of lattice O,
anions by more photo-generated holes, following more oxygen vacancies. Consequently, these oxygen
vacancy sites may be coordinated by water molecules and lead to their adsorption on the TSF thin
film surfaces [66]. By adding different contents of rGO to the TSF3; sol, CAs decrease even more, both
in the dark and under light, changing from hydrophilic to superhydrophilic. The enhancement of
the hydrophilic conversion rate is ascribable to hydrophilic functional groups bound onto rGO [67],
to the improvement in charge separation efficiency as the rGO layer may work as an electron acceptor,
and to the increased roughness, typical of a Wenzel state, which leads to higher -OH adsorption sites
from water molecules [68-72]. The rGO nanosheets could turn wettability to superhydrophilicity,
as oxygen on graphene have a higher energy state [73,74], resulting in a depletion of a large number of
oxygen atoms, which in turn results in a continuous diffusion of oxygen vacancies on the rGO surface.
Consequently, water molecules in air capture the oxygen vacancies and generate OH radicals binding
to the graphene carbon atom in a supramolecular form [74,75] (Figure 10, Equations (5)—(8)).
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Figure 9. Water contact angle (CA) images of the coated films on the titanium substrate in the dark and

under illumination.
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Figure 10. The proposed mechanisms for turning to hydrophilicity in TiO; affected by (a) y-Fe,Os,
(b) rGO.

The morphological changes observed during dip coating and then drying of a film are due to the
combined effects of the capillary stress and the presence of the lowermost layer of the particles near
the substrate that oppose to the relaxation of the generated stress. This leads to the dissipation of the
stress through the creation of cracks. Generally, the improvement in interfacial adhesion stability of a
film could be related to better interactions between coated layers and substrate. It is confirmed that
adding SiOy, Fe; O3, and GO to TiO; thin films could improve adhesion [76-83]. Moreover, it is widely
accepted that the presence of the cracks can have a negative impact on photoactivity and wettability
properties, and so crack-free coated films are highly appreciated. However, it is very important to
consider the effect of different crack characteristics, such as density, number, homogeneity, orientation,
and connection between cracks in thin films [84]. Consequently, the connection of nanoparticles in
the coated films is affected by the cracks’ characteristics in terms of width, density, and morphology
through the reduction in the path lengths of electron transport within the nanoparticle networks.
Generally, thin films with several cracking directions and connections show an electron disconnection
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in a relevant part of the film, which drastically reduce the photocatalyst efficiency. Conversely, cracks
that do not electronically separate film parts have a minor effect on the efficiency [85,86].

In Figure 11, it can be seen clearly that loading more y-Fe;O3 in the TSF films showed increasing
crack density in a way that crack growth in the TSF¢; cause a fully cracked structure. Conversely,
adding rGO upon 0.02 g resulted in crack free coatings, improving the stability of the thin film through
making a dense structure. However, increasing rGO content to 0.03 g adversely affects the stability of
the TSF3,Gs film, leading to crack propagation in the structure. On the other hand, if the structure
of the coated films is considered, crack characteristics are completely different for the prepared films
(see schematic Figure 12). It could be useful and interesting to understand how different loadings
of y-Fe;O3 and rGO consequently affect propagation and type/shape of cracks and self-cleaning
properties. In the TSF3; film (also in the TSFy;), cracks’ characteristics are different in terms of small
width and both are interconnected and isolated cracks. In this case, cracks’ characteristics do not
promote electron disconnection in the photoactive TSF3; film. For the TSF43 coated film, the cracks’
widths are very polydisperse, and their density is high with intersections leading to interconnected
cracks. Additionally, the large crack widths reduce the probability of the pollutants to come into contact
with the coated substrate, reducing efficiency as well [87]. Crack connections may also promote the
formation of large dense domains, helping light scattering and reducing light harvesting. Conversely,
a dense structure limits the electron path transport toward the substrate, which reduces the probability
of the recombination process to occur [83,88]. The balance between all abovementioned phenomena
contribute to obtain lower efficiency in the TSF¢3 film, and better efficiency in the dense, crack-free
TSF3,Gq and TSF3,G, coated films.

Figure 11. The optical microscopy images of the structure of the TSF and TSF3,G coated films.
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Figure 12. Schematic presentation of type and density of cracks in the TSF3;: island structure, TSFgj3:
branch structure, TSF3,G,: dense structure, and TSF3,G3: honeycomb structure coated films.

3.3.3. Effect of y-FepO3 and rGO in Maintaining the Original Color of the Coated Films in Harsh
Environments

As previously mentioned, the original color of a metallic substrate could easily be changed through
exposure to aggressive environments, such as acidic media or due to deposition of dust, fly ash, soot,
or other particulate matter suspended in air. Here, we examine how y-Fe,O3 and rGO loading could
preserve the surface by using both simulated acid rain and soiling tests.

Figure 13 shows the effect of the artificial acid rain solution with pH 4 on titanium specimens
discoloration after 7 days immersion. The original color of bare Ti was strongly affected, with a AE value
of 11, meaning severe discoloration after one week and then a stabilization, which might be attributed
to a slower dissolution of TiC as the main contribution to discoloration in acid environments [7]. On the
other hand, coated specimens showed a lower AE. Only in TSF16 and TSF63 coated specimens, the color
differences were close to 5 and 4, respectively, meaning that their color changes due to discoloration
could be seen by the naked eye. The optimized content of y-Fe;O3 (0.032 g) showed a AE below 3.
Moreover, rGO could protect the metal surface from discoloration significantly, even at low amounts.
Only in case of a too high amount of rGO some discoloration could take place, as the coating is likely
damaged by rGO overloading.
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Figure 13. The discoloration test results of the bare and coated titanium specimens with the TiO,, TS,
TSF, and TSF3,G samples in an acid solution of pH 4 at 65 °C.

The color difference caused by applying the simulated soiling test is presented in Figure 14.
As expected, all the coated specimens showed lower AE than the bare one; specifically, the TSF3, coated
film better preserved the surface conditions compared to other TSF thin films, and TSF3,G, exhibited
minimum AE. These results were expected, considering their superhydrophilic tendency and higher
photocatalytic activity, as discussed above.
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Figure 14. The color difference due to the simulated soiling test for the bare and coated titanium
specimens with the mimic urban and marine soils.
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Figure 15 demonstrates how a smart coating—for example, the TSF3,G; here presented—could
clean the surface from dust and pollutants. Oil content from smog can adhere to the surface easily,
and dust particles or contaminants are consequently attracted by the oil and deposit on the surface.
After light irradiation (either indoor light or sunlight), the photoactivated surface oxidizes and breaks
down the oil components and loosens dust deposits (step 1). In the case of outdoor exposure, then the
surface could benefit from rainfall as well to carry away the particles and clean the surface (step 2).

]
Oxidization, breakdown,
and looseness oil
* < components and
0, // pollutants

oil
* pollutants
@ nainfall
@ v-Fe0,
@ 1o,

Metal substrate

“‘“Oz' —»H,0, €O,

Figure 15. Schematical description of self-cleaning from oil, soil, and pollutants by the photoactive
TSF3,G (or TSF) coated layers.

4. Conclusions

Different concentrations of y-Fe,O3 and rGO in composite titanium dioxide-silicon dioxide films
were synthesized by the sol-gel method and deposited on titanium substrates. The photocatalytic
assessment of the TSF and TSF3,G coated films indicated that there are optimum contents for y-Fe, O3
and rGO, which are affected by proper anatase/rutile ratio, bandgap and better film morphology
with no crack formation; these optimum values were confirmed by wettability analyses, showing
the onset of superhydrophilicity only in the composite film also containing rGO. All coated films
ensured satisfying transmittance and no appreciable color difference was visible when applied on
the substrate. The enhancement of the hydrophilic behavior is ascribable to their R,, increasing OH
groups, and improvement in charge separation efficiency as the rGO layer has an electron acceptor
function, improving light harvesting and consequent light-induced wettability conversion. Eventually,
the evaluation of self-cleaning performance and discoloration resistance under soiling and acid
rain simulations demonstrated that the TSF3; and TSF3,G, coated specimens efficiently protect the
underlying surface thanks to their excellent self-cleaning performances (resulting from their higher
superhydrophilicity and photocatalytic activity) and efficient barrier effect.
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