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A B S T R A C T

This study explores the development and characterization of self-cleaning coatings using titanium dioxide (TiO2) 
nanoparticles for natural stone façades, particularly limestone. An energy-efficient, eco-friendly, fast (30 min), 
and low temperature (110 ◦C) microwave-assisted solvothermal method is reported for synthesising TiO2 
nanoparticles. These nanoparticles were integrated into coatings that were further applied to limestone sub
strates via spray-coating, maintaining the stone’s appearance while enhancing its self-cleaning properties. 
Characterization techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), scanning 
transmission electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDX), UV–VIS spectroscopy 
and Brunauer-Emmett-Teller (BET) surface area analysis were used to fully characterize the nanopowder. The 
anatase phase of TiO2 nanoparticles and a band gap energy of about 3.24 eV were confirmed. SEM and STEM 
observations revealed that the nanopowder is formed by spherical particles with very fine nanocrystals highly 
agglomerated, however ensuing a high specific surface area of 199 m2/g. The self-cleaning properties of the 
coated limestone were assessed using static contact angle measurements. The results showed a significant 
enhancement in hydrophilicity, with the static contact angle of the coated limestone substrate reducing to nearly 
zero even without UV exposure, indicating complete wettability. The coating was also subjected to adhesion 
tests, confirming the presence of TiO2 nanoparticles even after multiple cycles. The photocatalytic activity of the 
developed coating was evaluated using rhodamine B and methyl orange as model pollutants under solar radi
ation. The coating effectively degraded both model pollutants, and the photocatalytic cycling tests revealed a 
stable performance after multiple cycles. This research provides a promising approach for creating sustainable 
and low-maintenance building materials, contributing to preserving natural stone façades and reducing envi
ronmental impact in the construction industry.

Introduction

Natural stone is an abundant natural resource used in construction 
for millenniums due to its natural resistance to environmental condi
tions. The paradigm changed at the beginning of the 19th century with 
the Industrial Revolution. Not only did we see an uprising in the use of 
steel beams and cement, but we also started to observe the consequence 
of atmospheric pollution on natural stone buildings, especially lime
stone ones (Snethlage, 2011). However, there are still ways that we can 
use natural stone in modern construction. Cladding is a technique that 
consists in using different materials to cover a building’s external walls 
to provide thermal insulation and weather resistance. Using natural 

stone as cladding offers several environmental benefits. Firstly, natural 
stones such as granite and limestone can contribute to sustainability by 
being locally sourced and using traditional construction methods, 
aligning with principles of sustainable development (Rusu and Muntean, 
2022). Additionally, the durability of natural stone cladding plays a 
crucial role in sustainable construction, as it can lead to longer service 
life of building components, reducing the need for frequent re
placements and associated environmental impacts (Mousavi et al., 2021; 
Pires et al., 2022). Additionally, natural stone cladding contributes 
significantly to energy efficiency in buildings due to its low thermal 
conductivity, which helps in reducing energy consumption for heating 
and cooling (Spinelli et al., 2019; Anil Kumar, 2015). However, a 
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common problem in building façades is the accumulation on the surface 
of inorganic particles and organic compounds that leads to surface 
darkening (Lettieri et al., 2017), which is visually unpleasant. In the case 
of cement-covered bricks, there is always the option to remove the paint 
coating and reapply it. However, for natural stone façades, this is not 
possible and thus it is necessary to clean them with power tools and 
chemical detergents. Applying self-cleaning coatings to natural stone 
façades can reduce energy consumption and minimize the use of 
chemicals that may harm the environment (Padmanabhan and John, 
2020).

Self-cleaning is a natural behavior observed in both animals and 
plants, enabling them to keep vital body parts free from debris, which 
enhances their adaptability and survival. In some fish, it is their scales 
and in some reptiles like geckos, it is their feet. Naturally, humans 
observed this behavior and sought to replicate this effect on surfaces that 
need to be constantly clean, for example, solar panels, (Syafiq et al., 
2022) or even surfaces that are harder to reach, for example, sky
scrapers’ windows (Wu et al., 2023). Self-cleaning surfaces can be 
achieved by either: superhydrophobicity (Karapanagiotis et al., 2022); 
superhydrophilicity or photocatalysis (Shaban et al., 2017).

The photocatalytic effect is caused when radiation with an energy 
greater or equal to the bandgap of a semiconductor material creates an 
electron-hole pair. This pair can travel to the material’s surface, oxi
dising/reducing water and oxygen molecules. These newly created 
reactive species react with organic pollutants, transforming them into 
harmless compounds. As an added effect the surface energy of the ma
terial increases, leading to greater hydrophilicity (Schneider et al., 
2014).

So, by using photocatalytic materials such as titanium oxide 
(Padmanabhan and John, 2020; Nunes et al., 2021), zinc oxide (Shaban 
et al., 2017; Nunes et al., 2021) and other oxides (Rabajczyk et al., 2021; 
Branquinho et al., 2023) in outdoor applications, where there is sunlight 
and rain, it is possible to obtain self-cleaning surfaces. The sunlight will 
provide the ultraviolet radiation needed to cross the bandgap and rain 
will drag the decomposed pollutants. Since photocatalytic activity also 
turns the surface of the material superhydrophilic, the rain droplets will 
spread on the surface covering it entirely, effectively working like a 
squeegee (Lu et al., 2022; Wu et al., 2023).

Titanium dioxide is a semiconductor material that crystallises in 
three major structures: rutile, anatase, and brookite (Rao Kandregula 
et al., 2014). It exhibits a band gap of 3.0 eV, 3.2 eV, and 3.13 to 3.4 eV 
for each phase respectively (Matias et al., 2023). Both anatase and rutile 
are used for their enhanced photocatalytic and superhydrophilic 
behavior (Choi et al., 2024; Nunes et al., 2021; Nunes et al., 2019). 
However, it is more prominent in anatase due to its surface band 
bending having a steeper potential and higher surface area than rutile 
(Padmanabhan and John, 2020). Currently, it is used to produce one of 
the most used white pigments in the world, titanium white (Gázquez 
et al., 2021). Due to its wide bandgap, TiO2 self-cleaning coatings can 
only be used in outside applications, since the energy to overcome the 
band gap resides in the ultraviolet radiation (Matias et al., 2023).

Over the years self-cleaning has started to be used in construction 
materials besides windows, such as cement, where TiO2 nanoparticles 
(NP) can be mixed in during the cement’s preparation and has achieved 
promising results (Gryparis et al., 2022). It has been reported previously 
that TiO2 NPs were used as self-cleaning coatings for limestone (Calia 
et al., 2017; Fornasini et al., 2019; Raghavan, 2023). In Ref (Fornasini 
et al., 2019), TiO2 NP coatings were developed to create self-cleaning 
limestone façades. However, they achieved this by applying the 
coating with a brush, which can compromise the homogeneity of the 
coating and it is not practical on up-scaling approaches. In another study 
(Lettieri et al., 2017), researchers developed TiO2 NP coatings for 
limestones using sol–gel and a conventional hydrothermal method, 
which were further deposited by spray-coating. The sol–gel/hydro
thermal method resulted in a mixture of rutile and anatase phases, and 
the substrate’s porosity was investigated. However, this study lacks a 

subsequent analysis of continuous pollutant degradation, which the 
present work will address.

TiO2 nanoparticles have been produced by several methods, 
including sol–gel (Raghavan, 2023); microemulsion technique (Gupta 
and Tripathi, 2012), precipitation (Wang, et al., 2020), electrochemical 
processes (Anandgaonker et al., 2019), conventional hydrothermal and 
solvothermal methods (Gupta et al., 2021; Nam et al., 2013), microwave 
irradiation (Matias et al., 2023; Matias et al., 2022a; Matias et al., 
2022b), among others. The latter has several advantages over these 
production routes, including fast heating speeds leading to energy- 
saving, and a uniform heating system, so that it can rapidly prepare 
nanoparticles with a narrow particle size distribution and uniform 
morphology (Yang and Park, 2019), besides its high yield (Branquinho 
et al., 2023). In the present study, microwave irradiation was selected 
followed by spray coating to deposit these nanoparticles. The deposition 
method was chosen since it is possible to be used on large surfaces, 
which means it can be used in both experimental and industry envi
ronments, despite its versatility, simplicity, and cost-efficiency (Alanazi, 
2023). Additionally, this type of deposition method reduces waste 
compared to other deposition methods such as dip-coating or in situ 
growth, and creates uniform coatings (Del Secco et al., 2022). Addi
tionally, this technique can minimize the modification of the appearance 
of the substrates, which is an important aspect of construction.

The present study is intended to be a viable and sustainable way for 
industry manufacturing of TiO2 nanoscale coatings for stone façades, 
without altering the stone’s color/aspect. TiO2 nanoparticles were syn
thesised via a fast (30 min) and low-temperature (110 ◦C) solvothermal 
method assisted by microwave irradiation. The TiO2 coatings’ deposi
tion was further carried out by spray-coating, and its self-cleaning 
properties were assessed together with its photocatalytic activity effi
ciency tested with rhodamine B and methyl orange under solar radia
tion. Additionally, consecutive degradation cycles were performed to 
test the stability of the nanoparticles.

Materials and methods

Microwave synthesis and spray coating deposition

Stone panels were cut into 20 x 20 x 6 mm pieces with 6 mm of 
thickness to ease the manipulation of samples. After cutting, the samples 
were cleaned in ultrasonic baths for 15 min in ultrapure water. They 
were then dried in a vacuum desiccator for one day until the mass of the 
stone samples was constant.

TiO2 nanoparticles were prepared by mixing 1 mL of titanium but
oxide (Ti(OBu)4) in 12 mL of isopropanol alcohol (IPA) and 0.625 mL of 
hydrochloric acid. The solution was mixed until homogeneous and 
transferred to a microwave vessel for synthesis. The solution was heated 
in a microwave synthesizer – CEM Discover SP for 30 min at 110 ◦C and 
115 W. After that, the vesselś content was centrifuged at 5200 rpm and 
washed in IPA several times. The precipitate was left to dry overnight in 
a desiccator at 60 ◦C. The TiO2 NPs were collected in powder form.

For the spray-coating ink formulation, the TiO2 NPs in powder form 
were dissolved in ethanol to achieve a concentration of 0.1 % w/v with 
the help of an ultrasonic bath until the solution was homogeneous. 
Polyacrylic acid (MW = 2000) was added to the solution with a mass 
ratio of 1:10 relative to the TiO2 NPs. Each formulation of ink was 
prepared before deposition.

The TiO2 nanoparticles’ inks were spray-coated directly onto the 20 
x 20 x 6 mm limestone substrates. The samples were pre-heated at 
120 ◦C, and sprayed at a 10 cm distance, with a pressure of 1 bar, for 0.4 
s for each layer. 30 layers were deposited in each sample. Between each 
layer, there was a waiting time of 1 min to ensure the solvent of the ink 
evaporated.
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Structural and optical characterization

X-ray diffraction patterns were collected using a PANalytical Aeris 
benchtop X-ray diffractometer (Malvern) equipped with a Cu Kα source 
operating at 40 kV and 15 mA. Data were collected in the 2θ range 
10–90◦ with a step interval of 0.05◦. The simulated TiO2 anatase phase 
was indexed using the International Centre for Diffraction Data (ICDD) 
file No. 021–1272.

The specific surface area was estimated by nitrogen adsorption ac
cording to the BET method, which was applied in the p/p0 range 
determined following the Rouquerol criteria (Rouquerol et al., 2007). 
The data were obtained at 77 K in the adsorption apparatus (Autosorb 
IQ, Quantachrome). Before the experiments, the TiO2 nanopowders 
(~0.2 g) were outgassed overnight at 120 ◦C, under a vacuum better 
than 10− 2 Pa.

SEM images were acquired using a Hitachi Regulus 8220 Scanning 
Electron Microscope, which was equipped with an EDX detector from 
Oxford Instruments.

Scanning Transmission Electron Microscopy (STEM) observations, 
along with High-Angle Annular Dark-Field (HAADF) imaging, were 
conducted using a Hitachi HF5000 field-emission transmission electron 
microscope, operating at 200 kV. This instrument is a probe-corrected 
cold FEG (Field Emission Gun) equipped with a 100 mm2 EDX detec
tor also from Oxford Instruments. A drop of the sonicated dispersion was 
applied to lacey-carbon copper grids and left to dry before observation. 
The average particle size and standard deviation of the TiO2 structures 
were determined by analysing the dimensions of 30 nanoparticles based 
on STEM data (Schneider et al., 2012).

Total reflectance and absorbance measurements were recorded using 
a UV–VIS-NIR Perkin Elmer’s Lambda 950 spectrophotometer with an 
integrating sphere in the 200–800 nm range. The specular reflectance 
was also recorded in the same range to obtain the diffuse reflectance 
data (DRS) and estimate the band gap energies (Eg). A Spectralon® 
(Labsphere, United Kingdom) was used as the reference. Measurements 
were carried out at room temperature (RT). Due to titanium oxide’s 
indirect band gap and the sample’s thickness the Kubelka-Munk method 
was used to estimate the energy band gap (Makuła et al., 2018).

Static contact angle measurements were performed on the 20 x 20 x 
6 mm substrates using an OCA 15 plus (Dataphysics, Germany) through 
a sessile drop method. The results of nine measurements at different 
points were averaged to determine the mean and the standard deviation.

The adhesion of the transparent TiO2 coating on limestone was 
evaluated considering a tape adhesion test adapted for this specific 
application. Since the coating is transparent and not a dense film, the 
standard ASTM D3359 (ASTM International, 2023) method involving 
cuts was deemed non-applicable. Instead, the coated surface underwent 
10 cycles of tape application (direct adhesive contact) and removal 
(peel-off). Following this test, SEM imaging and EDX analyses were 
performed to evaluate morphological changes and confirm the presence 
of TiO2.

The coating’s thickness measurements were performed using an XP- 
Plus Stylus Profiler from Ambios Technology, USA, equipped with a 2 
μm radius stylus. The 1500 μm scans were performed with a nominal 
force of 10 mg. Profilometry measurements were performed on a half- 
coated, half-pristine limestone stone to determine the thickness of the 
coating. The profilometer measurements were also performed on half- 
pristine and half-coated glass substrates due to the natural rough 
aspect of the limestone samples that could hinder the acquisition of the 
coating’s thickness.

Photocatalytic experiments

Rhodamine B (RhB) and methyl orange (MO) with concentrations of 
0.05 g/dm3 and 0.5 g/dm3, respectively, were deposited on the surface 
of 20 x 20 x 6 mm substrates via spray coating. A higher concentration of 
MO was chosen to increase the color contrast. The substrates were 

sprayed at a 10 cm distance, at 1 bar of pressure, for 0.4 s for each layer 
and with 10 layers. Between each layer’s deposition, there was a waiting 
time of 2 min to ensure the solvent of the contaminants evaporated and 
avoid coffee ring effects.

The degradation of pollutants was studied under an LS-2 LED Lamp 
Solar Simulator (WAVELABS, Germany) with AM 1.5 spectrum, at an 
intensity of 1000 W/m2. The color was monitored using a WR10-8 
colorimeter (FRU, China). Three measurements were carried out on 
each sample. Color characteristics were referred to in the CIELab space, 
which expresses colors through the parameters L*, a*, and b*, repre
senting brightness and the red/green and yellow/blue chromatic in
tensities, respectively. The aspect change after coating the limestone 
façades was quantified through ΔE, which is calculated using Equation 
(1) (Lettieri et al., 2019; Mokrzycki and Tatol, 2011). 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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2
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√

(1) 

For RhB degradation tests, the parameter a* was chosen to study the 
color change, while parameter b* was selected for MO degradation tests. 
Degradation values (D%) were obtained following Equation (2) and (3)
(Lettieri et al., 2019): 

Da% =

⃒
⃒
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t
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c
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0 − b*
t

b*
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c

⃒
⃒
⃒
⃒× 100 (3) 

Where a0* is the initial a* value where the contaminant is at its 
maximum, at* is the a* value after t minutes of irradiation and ac* is the 
a* value of the clean stone. The same applies for Db%.

Results and discussion

TiO2 nanopowder characterisation

The crystalline structure of the microwave synthesised TiO2 nano
particles was studied by X-ray diffraction, and the obtained diffracto
gram can be seen in Fig. 1. A highly crystalline powder is observed, and 
by comparing the simulated XRD diffractogram, it can be concluded that 
the experimental XRD diffractogram corresponds entirely to the anatase 
TiO2 phase. Additionally, it is also possible to verify the absence of 
impurities. From XRD measurements, it could be inferred that just 30 
min is sufficient to fully crystallize anatase nanomaterials at a low 

Fig. 1. XRD diffractogram of the synthesised TiO2 nanopowder together with 
the simulated anatase XRD pattern.

D.H. Bento et al.                                                                                                                                                                                                                                



Cleaner Materials 15 (2025) 100294

4

synthesis temperature (110 ◦C).
Fig. 2 depicts the SEM images of the TiO2 nanomaterials synthesised 

under microwave irradiation, revealing the formation of large and 
compact aggregates of TiO2 nanocrystals with a spherical shape. These 
aggregates exhibited sizes ranging within 650 ± 210 nm (Fig. 2 (a)). The 
EDX analyses were carried out simultaneously in the same area of the 
SEM image (Fig. 2 (a)), and confirmed the lack of impurities, detecting 
only Ti and O on the TiO2 aggregates. The EDX spectrum from 0-10 keV 
can be found in Supplementary Information Figure S 1, which further 
confirms the lack of impurities.

Further investigation of the TiO2 nanomaterial was conducted using 
scanning transmission electron microscopy, revealing the formation of 
large aggregates primarily assuming a spherical shape, although elon
gated structures were also observed (Fig. 3 (a)). Analysis of Fig. 3 (b) and 
its inset indicated that these larger aggregates consist of very fine 
nanocrystals, featuring both curved and faceted edges. Additionally, 
these aggregates displayed a high level of compactness while exhibiting 
nanoscale porosity, as indicated by arrows in Fig. 3 (b). The average size 
of TiO2 nanocrystals was determined to be 4.23 ± 0.66 nm.

The nanocrystals were observed using HAADF imaging (Fig. 3 (c) 
and (d)), and the contouring of the nanocrystals was performed to 
illustrate their close packaging, with markings indicating the locations 
where fast Fourier transform (FFT) patterns were obtained.

HAADF images depicted Ti atom columns, with a measured lattice 
spacing of 0.38 nm, corresponding precisely to the (100) and (010) 
atomic planes of anatase. Observed along the [001] zone axis, the angles 
between (100) and (010) were observed to be 90◦, consistent with the 
theoretical value reported for pure crystalline TiO2 anatase (ICDD 
021–1272).

UV–VIS spectroscopy was performed to determine the energy band 
gap of the synthesised TiO2 NPs. The Kubelka-Munk method was used to 
estimate the energy band gap, which sits around 3.24 eV, which is in 
good agreement with the literature data for anatase band gap (Matias 
et al., 2023; Wu et al., 2023).

The Brunauer-Emmett-Teller (BET) analysis was performed to 
determine the specific surface area of the TiO2 NP powder. BET-specific 
surface area was measured to be 199 m2/g, with an average pore size of 
4.4 nm. The high specific surface area value is in line with similar studies 
for anatase nanoparticles (Brǐsevac et al., 2024; Drunka et al., 2016; 
Suwarnkar et al., 2014; Sanchez Tobon et al., 2022), however, 

considering lower microwave synthesis temperatures for the present 
study. Thus, this high surface area measured is expected to boost the 
pollutant adsorption capacity and provide more active sites for photo
catalytic reactions, enhancing the overall photocatalytic performance of 
the system (Amano et al., 2010). The TiO2 NP powder exhibits a Type IV 
isotherm (Supplementary Information Figure S 2) according to the 
IUPAC classification, indicating mesoporous characteristics. Type IV 
isotherms are typically associated with mesoporous materials, which 
have pore diameters between 2 nm and 50 nm. These isotherms are 
characterized by an initial region resembling a Type II isotherm, fol
lowed by a hysteresis loop due to capillary condensation within the 
mesopores (Thommes et al., 2015).

TiO2 coating characterisation

To fully characterize the pristine substrates, SEM and EDX analyses 
were performed on uncoated limestone façade substrates (Fig. 5)). From 
Fig. 5.b-e, it is possible to observe the presence of C, O and Ca, which is 
expected since limestone is made of different crystalline forms of cal
cium carbonate (CaCO3). Mg is also present in the sample as it can 
naturally occur in small amounts in limestone, either in the form of 
magnesium oxide (MgO) or magnesium carbonate (MgCO3) (Silva, 
2022; Rodrigues, 2019).

The substrates were also investigated after deposition (Fig. 6). The 
spray-coating was successfully used to deposit the TiO2 coatings since 
the SEM image (Fig. 6a) shows that the TiO2 particles are uniformly 
deposited and well dispersed. Additionally, through EDX, it can be seen 
the elements coming from the substrate, but also Ti from the deposited 
coating. No impurities were detected that could compromise the effec
tiveness of self-cleaning. Compared to similar studies in the literature, it 
can be concluded that the approach developed in this study results in 
more coverage of the stone surface with a more uniform dispersion 
(Lettieri et al., 2017; Gryparis et al., 2022; Quagliarini et al., 2012). 
Profilometer measurements were used to infer the thickness of the TiO2 
coating. The profilometer results (Figure S 3) show a coating thickness of 
approximately 1.19 µm on the glass substrate, where a clear step can be 
seen in the transition from pristine glass to coated glass (Figure S 3a). 
Additionally, the arithmetic average roughness (Ra) of the coating on 
the glass substrate was calculated to be 0.36 μm. Regarding the coating 
thickness on the limestone, it is impossible to determine, since no step 

Fig. 2. SEM images of the TiO2 nanostructures (a and b), together with the EDX maps of O (c) and Ti (d).
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can be seen in the profile (Figure S 3b). This is due to the natural 
roughness of limestone substrates being greater than the roughness of 
the coating. The Ra of the pristine limestone substrate was determined to 
be 6.05 μm. Regarding the coated limestone substrate, the Ra was 
determined to be 4.14 μm, which means that the coating decreases the 
Ra of the surface of the limestone. As for the root mean square roughness 
(Rq), the values are 7.67 μm and 4.87 μm, for pristine and coated 
limestone, respectively.

Adhesion tests were carried out on the coated limestone substrate. 
The tape adhesion test revealed some coating detachment; however, a 
substantial presence of TiO2 particles was still observed after 10 peel-off 
adhesion cycles. In fact, EDX confirms the presence of Ti and O elements, 
indicating that the coating resisted the tape adhesion test. This 

acceptable stability of the coating can be attributed to the interaction 
between the polyacrylic acid binder and the limestone surface, 
enhancing the adhesion. The EDX mapping results after adhesion tests 
are presented in the Supplementary Information Figure S4.

Using a colorimeter it is possible to ascertain that the coating didn’t 
significantly change the aspect of the stone. The individual value 
changes for each parameter can be seen in Table 1, with the global color 
change as well. It has been reported that for values of ΔE lower than 1, 
an observer cannot notice the difference between the substrates 
(Mokrzycki and Tatol, 2011).

Static contact angle

One of the key aspects of self-cleaning is the ability to use rainwater 
to wash away debris that ends up on the surface. This can be achieved by 
creating a super hydrophilic surface that makes water behave like a 
squeegee (Lu et al., 2022; Wu et al., 2023). TiO2 NPs possess a high 
concentration of hydroxyl groups on their surface (Barilyuk et al., 2024), 
which means that when deposited onto the limestone façades it will 
increase the interaction between the surface and water. Static contact 
angle (SCA) measurements were performed in uncoated and coated 
limestone substrates to determine their wettability. Fig. 7 (a) shows that 
uncoated limestone substrates possess an average SCA of (38 ± 8)◦. In 
Fig. 7 (b), the total wettability (SCA < 5◦) of the stone surface can be 
observed on TiO2-coated substrates. Whereas in other studies 
(Bergamonti et al., 2016; Lettieri et al., 2017; Fornasini et al., 2019) the 
superhydrophilicity is only attained after irradiance with UV light, the 
developed coating presents the same characteristic without exposure to 
a light source. Few studies describe the superhydrophilicity of TiO2 
coatings without plasma or UV treatments (Zorba et al., 2010; Hosono 
et al., 2007; Wang et al., 2011; Fujishima and Zhang, 2006). When the 
TiO2 film is irradiated by UV light, a photo-induced redox reaction 
produces active oxygen on the film surface, and the UV irradiation 
creates surface oxygen defects on the TiO2 surface, enhancing the sur
face’s suitability for the dissociative adsorption of water, resulting in 
superhydrophilicity (Wang et al., 2011; Fujishima and Zhang, 2006). 
Other approaches to increase the hydrophilicity of TiO2 coatings have 

Fig. 3. (a) and (b) SE-STEM images of the TiO2 aggregates highlight their porous (see arrows) and compact characteristics. The inset shows that the aggregates are 
composed of very fine nanocrystals. (c) and (d) HAADF-STEM images of the TiO2 nanocrystals with the corresponding FFT images carried out at the nanocrystals 
indicated as A and B.

Fig. 4. Kubelka-Munk reflectance spectrum and energy band gap of the TiO2 
nanopowder. The inset shows the RT reflectance spectrum.
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also been reported, including engineering surface morphology. For 
instance, increasing surface roughness can make the surfaces of hydro
philic materials more wettable, especially for porous coatings (Wang 
et al., 2011). Moreover, it is also known that nanoscale roughness affects 
surface wetting (Kameya and Yabe, 2019). Zorba et al. (Zorba et al., 
2010) reported a TiO2 coating composed of ~ 200 nm aggregates, in 
which the superhydrophilic surface of the film without exposure to UV 
irradiation was attributed to the intrinsic hydrophilic property 
of TiO2 combined with a hierarchical porous nanostructure of the 
coating. In the present study, the superhydrophilicity observed is ex
pected to have contributions from the structure of the developed coating 
at both nano and micrometer ranges. The microwave-synthesised TiO2 
aggregates exhibited nano-porosity (Fig. 3) and high surface area (199 
m2/g), which leads to higher hydrophilicity at the nanoscale (Bolis et al., 
2012). Moreover, these aggregates modify the pristine stone surface, 
forming a nanostructured coating with a thickness of ~ 1.2 μm (see 
profile in Figure S3), increasing surface roughness at the nano and 
micrometer scales. From a macroscale perspective, the overall surface 
roughness is reduced by the filling of stone orifices with the TiO2 coating 
(the average roughness of the pristine stone was measured at 6.05 μm, in 
contrast to 4.14 μm for the coated stone substrate). Associated with this 
multiscale wettability effect, the PAA polymer can also contribute to the 
increase in hydrophilicity observed due to its natural hydrophilic 
character (Zhou et al., 2021). Nevertheless, the super
hydrophilic behavior of the developed coating is expected to be a syn
ergetic effect of the nano/micro-structures at the surface and intrinsic 
properties of the nanomaterial (Mittal, 2022; Padmanabhan and John, 
2020).

RhB and MO photocatalytic tests

The photocatalytic activity of coated substrates was evaluated to 
assess the self-cleaning properties of the approach presented in this 
study. The photo-degradation of RhB and MO under simulated solar 
radiation was used to determine the photocatalytic activity of the coated 
substrates (as shown in Figure S 5 and Figure S 6). RhB and MO 
degradation tests (Fig. 8a) show that after 8 h of exposure, the TiO2 
coating degrades 85 % of the total RhB and 60 % of the total MO present 

in the surface. The uncoated limestone façade substrates reached 
degradation values of approximately 60 % for RhB and 50 % for MO. The 
degradation of MO appears to be lower when compared to RhB, how
ever, this is expected since MO was in higher concentration than RhB. 
The difference in concentrations is due to low contrast in MO-polluted 
substrates. Since the degradation of pollutants is measured by 
comparing CIELab values, a higher concentration of MO was needed to 
create a color difference. When compared to the uncoated substrates, it 
is clear that the coating’s photo-degradation of both pollutants is 
expressively higher under solar radiation. Nevertheless, a considerable 
degradation contribution coming from the uncoated substrate is ex
pected, in accordance to previous studies (Quagliarini et al., 2012; 
Lettieri et al., 2019). It is known at least for RhB that its degradation 
under light exposure occurs to some extent, even in absence of self- 
cleaning coatings (Lettieri et al., 2019). Moreover, the presence of 
other oxides in the substrate surface, i.e., MgO could contribute to the 
photocatalytic effect observed with uncoated substrates (Balakrishnan 
et al., 2020). Nevertheless, among the few studies in literature, most of 
them use UV light as the light source (Lettieri et al., 2019) and just 
consider one pollutant to determine the photocatalytic activity, without 
investigating the stability during consecutive cycles (Bergamonti et al., 
2016; Lettieri et al., 2017; Fornasini et al., 2019).

In terms of the structure of the TiO2 nanoparticles and the overall 
photocatalytic performance in the presence of both model pollutants, it 
is known that numerous factors influence the photocatalytic behavior of 
TiO2, including its crystalline phase, specific surface area, active facets, 
and particle size (Matias et al., 2023; Guo et al., 2014). Under micro
wave irradiation, only the anatase phase was obtained (Fig. 1 and 
Fig. 3), with a band gap value consistent with previous experimental 
values for anatase (Fig. 4). Despite the controversy over which TiO2 
crystalline phase has higher photocatalytic activity under visible/solar 
radiation, many studies agree that anatase is considered the most pho
toactive phase (Matias et al., 2023; Matias et al., 2022b; Luttrell et al., 
2015; Zhang et al., 2014). This is due to its slower charge carrier 
recombination due to the lightest average effective mass of photo
generated electrons and holes, resulting in the lowest recombination 
rate of charge carriers (Žerjav et al., 2022), and due to the fact that 
anatase has an indirect band gap, which leads to a longer lifetime of 

Fig. 5. (a) Representative SEM image of uncoated limestone façade, with EDX maps of (b) carbon, (c) oxygen, (d) magnesium and (e) calcium.
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photoexcited electrons and holes, and facilitates charge carriers to 
participate in surface reactions (Matias et al., 2023; Luttrell et al., 2015; 
Žerjav et al., 2022). In terms of specific surface area, microwave syn
thesis resulted in a high surface area mesoporous nanopowder, which is 

expected to deeply impact the photocatalytic performance, as by 
increasing the surface area, more active surface sites become available, 
enhancing the production of radical species and pollutant molecule 
adsorption, and thus increasing the photocatalytic activity (Nunes et al., 
2021; Wei et al., 2013). This high surface area is related to the structure 
of the nanomaterial, and from SEM and STEM analyses, it can be 
concluded that the TiO2 aggregates (650 ± 210 nm) are composed of 
nanocrystals (4.23 ± 0.66 nm), with nanoporosity within the aggre
gates. The smaller size of the nanocrystals associated with the nano
porosity can provide more active sites for photocatalytic reactions. As a 
result, the uniform coverage of the substrates and the high specific 
surface area of the TiO2 nanoparticles effectively contributed to the 

Fig. 6. (a) Representative SEM image of TiO2 − coated limestone substrate, (b) SEM image of the area considered for the EDX measurements, with the corresponding 
EDX maps of (c) carbon, (d) oxygen, (e) magnesium, (f) calcium and (g) titanium.

Table 1 
Mean values of the changes in the color parameters (ΔL*, Δa*, Δb*) and the 
global color changes (ΔE) upon coating the substrate.

ΔL* Δa* Δb* ΔE

0.39 0.21 0.58 0.77

Fig. 7. Static contact angle of (a) uncoated limestone façade and (b) coated limestone façade.
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Fig. 8. Cycling of the photocatalytic degradation of (a) rhodamine B and (b) methyl orange in limestone coated with self-cleaning. The degradation was extrapolated 
from the a* value for rhodamine B and the b* for methyl orange of the CIELab color space. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 9. (a) Representative SEM image of TiO2 coated limestone substrate, with EDX maps of (b) carbon, (c) oxygen, (d) sodium, (e) magnesium, (f) sulfur, (g) 
calcium, and (h) titanium.
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enhanced photocatalytic activity observed for both pollutants under 
solar radiation.

The stability of the coatings was evaluated with several photo
catalytic cycles, and it can be seen that after the third cycle, a slight 
deterioration of the photocatalytic activity of the coating was observed 
(Fig. 8.b). The coated substrate after 3 cycles was observed, and from 
SEM and EDX analyses (Fig. 9), it is clear that the TiO2 NP coating 
persists on the surface of the limestone façade. Residues of MO are also 
present in the substrate after the cycling experiments, due to the pres
ence of Na and S (Fig. 9. d and Fig. 9. f). The presence of these elements 
proves that MO residues accumulate after each cycle in the substrate 
porosity, resulting in decreased photocatalytic efficiency.

From the approach developed in this study, it can be stated that the 
enhanced specific surface area with the uniform coverage of the sub
strates impacted the photocatalytic degradation of both RhB and MO 
pollutant model dyes under solar radiation. Moreover, the combined 
effects of photocatalytic photodegradation and superhydrophilicity 
endow the coating with the needed characteristics to be self-cleaning. To 
the best of the authors’ knowledge, this is the first systematic investi
gation of a microwave synthesised TiO2 coating at the atomic level. The 
study demonstrated the coating’s adhesion properties to a limestone 
substrate, its superhydrophilicity without UV exposure, and its 
enhanced photocatalytic activity under solar radiation, effectively 
degrading two model dyes while maintaining stability over multiple 
cycles.

Conclusions

In an innovative approach to enhancing the durability and aesthetics 
of natural stone façades (limestone), this study reported the develop
ment and characterization of self-cleaning coatings using TiO2 nano
particles. The high specific surface area microwave synthesised anatase 
nanoparticles were uniformly deposited on the limestone substrates 
while preserving the natural appearance of the stone. The self-cleaning 
properties of the coated substrates were rigorously evaluated through 
static contact angle measurements and photocatalytic activity tests 
using rhodamine B and methyl orange as model pollutant dyes. The 
results were promising, demonstrating a significant increase in hydro
philicity with a near-zero static contact angle, indicating total wetta
bility. Superhydrophilicity is a key characteristic for self-cleaning 
surfaces, enabling efficient removal of debris and pollutants by rain
water. In the present study, it seems to occur due to a synergetic effect of 
the nano/micro-structures at the surface and intrinsic properties of the 
nanomaterial. The TiO2 coating resisted multiple adhesion cycles, and it 
demonstrated reusability after consecutive photocatalytic cycling tests 
under solar radiation, revealing stable performance over time. This is an 
essential aspect for practical applications, ensuring that the coatings 
maintain their effectiveness and do not require frequent reapplication. 
This study provides a sustainable and scalable solution for creating self- 
cleaning natural stone façades.

CRediT authorship contribution statement

David Henriques Bento: Writing – original draft, Data curation, 
Conceptualization. Maria Leonor Matias: Validation, Data curation, 
Conceptualization. Maria Magalhães: Data curation, Conceptualiza
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