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Abstract: This study presents a comprehensive investigation into the synthesis and charac-
terization of TiO; coatings on glass substrates, focusing on the development of superhy-
drophilic, self-cleaning titania coatings using the hydrosol approach. Stringent cleaning
protocols were accurately followed to ensure the pristine condition of glass surfaces prior to
deposition. Various organic precursor solutions were precisely prepared and applied to the
glass substrate via dip-coating, followed by subsequent thermal treatment. A range of char-
acterization techniques, including Raman spectroscopy, UV /Vis spectroscopy, scanning
and atomic force microscopy, X-ray photoelectron spectroscopy, and contact angle measure-
ments, were employed to assess the properties of the coatings. The results revealed that
the samples were influenced by precursor concentration and withdrawal rate, with slow
speed leading to minimal alteration of transmittance. The coatings show superhydrophilic
properties, as evidenced by contact angle values below 3 degrees for the thinnest films.
Their thickness is approximately 13 nm with very low roughness, indicative of a smooth
and uniform surface. Optimization of the deposition conditions permits the fabrication of
uniform and transparent TiO; coatings on glass substrates, offering promising opportu-
nities for the practical use of photoinduced self-cleaning surfaces in real-life applications.
Finally, a cost analysis of scaling up the coating and mirror fabrication processes confirmed
the economic feasibility of this approach for concentrated solar power (CSP) applications.

Keywords: titania coatings; dip-coating; hydrosol method; superhydrophilic; self-cleaning;
optical properties

1. Introduction

Titanium dioxide (TiOy), commonly known as titania, is a widely studied material due
to its exceptional optical, chemical, and photocatalytic properties [1,2]. These characteris-
tics make it a highly versatile material in various applications, including solar cells [3,4],
self-cleaning surfaces [1,5,6], and environmental purification systems [7-10]. TiO, is a
widely studied material for developing superhydrophilic coatings due to its photocatalytic
properties, chemical stability, and non-toxicity. When engineered to be superhydrophilic, ti-
tania surfaces exhibit unique characteristics that make them highly suitable for applications
requiring antireflective and self-cleaning properties. Recent advancements have focused on
enhancing its antireflective and superhydrophilic properties, which are crucial for boosting
the efficiency and functionality of devices that utilize titania [11,12].
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Superhydrophilic surfaces are characterized by extremely low contact angles, nearly
to a zero apparent contact angle (typically below 5 degrees) [13], allowing water droplets
to spread out completely and facilitating self-cleaning properties. This property ensures
water disperses uniformly over the surface, forming a continuous, thin film that effectively
removes contaminants and enhances the self-cleaning effect. The superhydrophilic nature
of titania coatings primarily arises from their high surface energy and porous structure,
which promotes strong interactions with water molecules. The formation of TiO; in the
anatase phase has been associated with enhanced wettability due to the high density of
hydroxyl groups on the surface, which facilitates hydrogen bonding with water [14,15].
This phenomenon can be further enhanced through post-deposition treatments such as UV
radiation, which can increase the surface hydroxyl density and activate the photocatalytic
properties of the TiO, layer [16,17]. The superhydrophilic nature of the coatings allows
rain or water to easily wash away dust and contaminants, maintaining their transparency
and performance over time. Additionally, the photocatalytic properties of TiO, contribute
to self-cleaning capabilities. When exposed to UV light, TiO, generates reactive oxygen
species that break down organic contaminants on the surface. This photocatalytic effect,
combined with the superhydrophilic characteristic [18,19], forms a thin water film that
rinses away dust, dirt, and organic contaminants, keeping surfaces clean without requiring
harsh chemicals [20].

Titania-based antireflective coatings are designed to minimize light reflection and
enhance light transmission through a surface [1,21], which is particularly beneficial in solar
energy applications, where maximizing light absorption is essential for improving energy
conversion efficiency. The nanostructuring of TiO, enables a gradual refractive index
transition, significantly reducing surface reflections [11]. Additionally, these coatings can
be engineered to possess self-cleaning properties, further enhancing their durability and
practicality in real-world applications. The antireflective properties of superhydrophilic
titania are closely related to its surface texture and the refractive index gradient formed
by the nanostructured surface. The controlled fabrication of titania’s surface morphology
can minimize reflection across a broad spectrum of light wavelengths, thereby increasing
transparency. This approach has been shown to enhance light transmission in the visible
range [22], making it ideal for photovoltaic cells and optical lenses. By decreasing the
surface reflectivity, these coatings improve light transmission, and, in turn, the efficiency of
both photovoltaic cells and optical devices.

Various techniques have been employed to develop titania coatings and thin films on
various substrates such as chemical vapor deposition [23], RF/DC magnetron sputtering de-
position [24], electrophoretic deposition [25], pulsed laser ablation/deposition [26], anodic
oxidation [8,27], ion-assisted deposition [28], vacuum arc plasma evaporation [29], screen-
printing [30], and sol-gel methods [8,31]. The sol-gel method is a widely used technique for
developing homogeneous TiO; films through the hydrolysis and condensation of titanium
alkoxide precursors. Thin films can be deposited onto a substrate using spin-coating [32]
or dip-coating [31,33] techniques. Dip-coating is a simple and cost-effective method with
significant advantages including the ease of anchoring TiO;, onto substrates with complex
shapes or large surface areas [31].

In this study, the effect of various deposition parameters on the morphological, struc-
tural, and optical properties of TiO, thin films deposited on glass tiles using the dip-coating
technique has been explored. This investigation employed Raman spectroscopy, UV /Vis
spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray
photoelectron microscopy (XPS), and contact angle measurements. Additionally, the long-
term stability of the films and a cost analysis for scaling up the process for CSP mirror
fabrication were examined.
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2. Materials and Methods
2.1. Materials Synthesis

To deposit TiO, coatings onto commercial glass tiles, allowing for the subsequent
development of an Ag-based mirror on the backside via chemical techniques, it was
essential to ensure that the glass surface was free of any dirt. In order to prevent dirt
contamination, which could affect the quality and physicochemical properties of the film,
specific cleaning protocols were followed. In short, pre-cut 4 x 4 cm glass tiles were
cleaned through consecutive sonication in ultrapure water (Milli-Q, 18 MQ)-cm) with 2%
v/v Hellmanex, acetone, and isopropanol (IPA) for 15 min [34].

For the deposition of the TiO, coatings, an organic precursor sol was prepared consist-
ing of 14 g of non-ionic surfactant Triton X-100, 76 mL of absolute ethanol, 13.6 mL of glacial
acetic acid (AcOH), and 7.2 mL of titanium isopropoxide (TTIP) [35]. Additionally, the
TTIP concentration was diluted to half, a quarter, or an eighth by adding the appropriate
amount of absolute ethanol, and these final solutions were used for further deposition
cycles. The deposition of titania onto the glass substrates for only one dip was carried
out using an Ossila dip-coater. The withdrawal speed was a key factor in the deposition
process, ranging from low (0.5 mm/s) to moderate (5 mm/s) and high speed (50 mm/s).
Finally, thermal treatment was applied at 550 °C for 1 h, transforming the aforementioned
coatings into smooth, compact, and crystalline titania layers of low thickness, suitable for
photo-induced applications [36]. The specific deposition parameters for twelve different
coating samples are detailed in Table 1.

Table 1. Deposition conditions with the organic sol.

Sample TTIP Concentration Withdrawal Speed (mm/s)
Co-1 Co 0.5
Co-m Co 5
Co-h Co 50
Co/2-1 Co/2 0.5
Co/2-m Co/2 5
Co/2-h Co/2 50
Co/4-1 Co/4 0.5
Co/4-m Co/4 5
Co/4-h Co/4 50
Co/8-1 Co/8 0.5
Co/8-m Co/8 5
Co/8-h Co/8 50

2.2. Characterization Techniques

To develop TiO; films using the hydrosol approach, the deposition parameters were
thoroughly examined, including the solvent and precursor, substrate type (mirror and
glass), and withdrawal speed. To achieve these objectives, three main characterization
techniques were utilized: vibrational Raman spectroscopy, UV/Vis spectroscopy, and
contact angle measurements. Raman measurements were performed with a Renishaw
In-Via Reflex dispersive micro-Raman spectrometer (Renishaw, Wotton-under-Edge, UK)

with <2 em™!

resolution and a diode laser, emitting at A = 514.4 nm, as the excitation
source. A x100 objective lens on a Leica DMLM microscope (Leica Microsystems GmbH,
Wetzlar, Germany) was used to focus the laser beam to a sizeable spot of 1 pm in diameter
on the samples’ surface. Rayleigh scattering was rejected with 110 cm ™! cutoff dielectric

edge filters, and analysis of the scattered beam was performed on a 250 mm focal length
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spectrometer along with suitable diffraction gratings (1800 lines/mm) and a high sensitivity
CCD detector.

The optical properties of the samples were analyzed using a Hitachi 3010 UV /Vis
spectrophotometer (Hitachi Ltd., Tokyo, Japan), equipped with a 60 mm diameter integrat-
ing sphere and BaSOy as a reference. The films” morphology was examined using a FEI
Quanta-Inspect scanning electron microscope (FEI Company, Eindhoven, The Netherlands),
which operated with a tungsten filament at 25 kV, along with a Bruker Dimension Icon
atomic force microscope AFM (Bruker Corporation, Billerica, MA, USA). AFM imaging has
been performed in non-contact mode, using commercially available PPP-NCH probes from
Nanosensors. The film thickness was determined using a J.A. Woollam M2000F rotating
compensator ellipsometer (RCE™, J.A. Woollam Co., Inc., Lincoln, NE, USA) operated at
an incidence angle of 75.14°. The elemental surface analysis of the coatings was conducted
using an energy dispersive spectrometer—EDS (Oxford Instruments, Wycombe, UK) cou-
pled with the SEM, and X-ray photoelectron spectroscopy XPS (Nesa GS Surface Analysis
System, Thermoscientific, Waltham, MA, USA). For XPS, a monochromatic, microfocused,
low-power Al Ka X-ray (1486.7 eV) beam focused to a spot size of 300 um was used. XPS
wide range survey spectra were acquired with a pass energy of 200.0 eV and a step size of
1.0 eV, while high-resolution spectra were measured using a pass energy of 50.0 eV and a
step size of 0.1 eV. The binding energy scale was calibrated to the C—C 1s signal at 284.8 eV.
Multiple scans were performed for accuracy, and the Ti 2p and O 1s spectra showed distinct
peaks at binding energies of 458.93 eV (Ti 2p) and 530.85 eV (O 1s), confirming the expected
chemical states. The hydrophilicity of the TiO, thin films was evaluated using a contact
angle meter (CAM 100, KSV Instruments Ltd., Helsinki, Finland) equipped with the appro-
priate software. Two series of experiments were performed: initially, contact angles (CA)
were measured immediately on the prepared samples (these measurements are referred to
as “standard method”). Afterwards, the samples were irradiated with UV-A light (intensity
~2.6 mW-cm~2) for five minutes, after which CA measurements were repeated to assess
photo-induced hydrophilicity. In most cases, the measurements were repeated three times
due to limitations in the available sample surface, and the mean values are presented.

3. Results
3.1. Physicochemical Characterization

The following section presents the physicochemical properties of the titania films
deposited onto glass slides using the organic precursor solutions. Starting with the UV /Vis
spectroscopy data shown in Figure 1a—d, it was observed that the transmittance decrease
was more intense for concentrated precursor solutions (compared to the reference glass
slide). Moreover, the fast deposition speed (50 mm/s) negatively affected the optical
properties of the samples, while the slowest speed of 0.5 mm/s did not alter significantly
the transmittance. This trend was particularly evident in the case of the precursor solution
Co, where the transmittance reduction reached approximately 10% for the quickest speed,
about 4.5% for the intermediate speed, and below 0.7% for the slowest deposition. The
negative impact of faster deposition speeds (50 mm/s) on optical properties is likely due
to insufficient time for uniform film formation, leading to a thicker or less homogeneous
coating, which increases light scattering and absorption, thereby reducing transmittance.
In contrast, slower speeds (0.5 mm/s) allow for more controlled deposition, resulting
in a thinner, smoother, and more uniform film that better maintains the transparency of
the glass. This behavior is particularly noticeable with the precursor solution Co, where
faster deposition causes a greater reduction in transmittance, while slower speeds produce
minimal changes, suggesting improved film quality at lower speeds. Interestingly, the
induced transmittance did not decrease more than 1% using the diluted precursor solutions,
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which is very promising for integrating self-cleaning materials with CSP collectors. The
only exception was the sample Co/2-h, suggesting that the very high speed did not yield
TiO; films of high quality. By taking into account the macroscopic homogeneity of the films,
the most promising coatings were derived from conditions Co/4 and Co/8 at deposition
speeds of 0.5 and 5 mm/s.
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Figure 1. Transmittance spectra of glass slides after TiO, deposition using different TTIP con-
centrations: (a) Co; (b) Co/2; (c) Co/4; and (d) Co/8 and for various withdrawal speeds
(0.5 to 50 mm/s).

For SEM analysis (Figure 2), a reference glass slide and the samples Co-m, Co/2-m,
Co/4-m, and Co/8-m were selected as the most suitable materials. The surface of the
reference glass slide appeared clean, smooth, and homogenous, with no detectable rough-
ness. In contrast, upon the deposition of the Co-m coating, the surface was totally covered
by a dense layer of TiO, nanoparticulate aggregates. When the TTIP concentration was
decreased (Co/2-m), the resulting films displayed fewer aggregates, which were more
sparsely dispersed across the surface. The aggregate density decreased further with so-
lution Co/4-m, although their size slightly increased. In sample Co/8-m, the aggregates
almost disappeared, and only isolated grains were visible across the tested area. These
observations help to explain the aforementioned differences in optical properties: the
concentrated precursor solution (Co-m) formed an extensive network of TiO, aggregates
that blocked incident light, reducing transmittance. In contrast, the more diluted solu-
tions led to dispersed TiO, building blocks on the glass surface, allowing for better light
penetration and thus higher transmittance. As the dilution increased, the TiO, coverage
became less dense, enhancing optical transparency while still maintaining the stability of
the film structure.

Table 2 presents data on the thickness of TiO, coatings deposited on glass tiles, as
measured by an ellipsometer, revealing a significant variation in thickness values ranging
from 11 nm to 121 nm. The observed differences in film thickness are clearly influenced by
the TTIP precursor concentration and withdrawal speed during the deposition process. As
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the TTIP concentration decreases (e.g., Co-m, Co/2-m, Co/4-m, Co/8-m), the film thickness
at the same withdrawal speed decreases significantly. For instance, the Co-m sample has a
thickness of 50 nm, while Co/2-m and Co/4-m exhibit progressively thinner coatings of
23 nm and 11 nm, respectively.

Figure 2. SEM images of a reference glass slide (a); and TiO, coatings prepared using sols with TTIP
concentration of Co (b); Co/2 (c); Co/4 (d); and Co/8 (e), for a withdrawal speed of 5 mm/s.

Table 2. Film thickness of TiO, coatings on glass tiles measured by ellipsometry.

Sample Thickness (nm)
Co-m 50
Co/2-m 23
Co/4-1 13
Co/4-m 11
Co/4-h 121
Co/8-m out of range

The above behavior highlights the reduced availability of titania particles in the coating
solution, leading to thinner films on the glass surface. Furthermore, the Co/8-m sample
was classified as out of range, likely due to an extremely thin or non-uniform film that the
ellipsometer could not measure accurately. This trend, illustrated in Figure 3, indicates
the critical role of precursor concentration in controlling film thickness during deposition.
The strong linear correlation (R? = 0.998) between TiO, film thickness and TTIP precursor
concentration at a withdrawal speed of 5 mm/s demonstrates that film thickness is directly
proportional to precursor concentration. This relationship confirms TTIP concentration
as the dominant factor in controlling the film thickness, enabling precise tailoring of film
properties by adjusting the precursor composition.

The withdrawal speed also significantly affects film thickness, as demonstrated in the
Co/4 group. A low withdrawal speed produces a thinner coating (13 nm), while a high
one results in a much thicker film (121 nm). Higher speeds likely lead to thicker films by
rapidly removing the substrate from the coating solution, capturing a larger liquid volume
that solidifies upon drying. Overall, these results highlight the critical roles of precursor
concentration and withdrawal speed in controlling film thickness offering valuable insights
for optimizing the coating process to achieve desired properties such as uniformity and
functional performance.
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Figure 3. Dependence of film thickness on TTIP precursor concentration (Co = 1x precursor concen-
tration, Co/2 =1/2x,Co/4 =1/4x) at medium withdrawal speed (5 mm/s).

XRD was subsequently utilized to analyze the crystallinity of the coatings. Based on
the UV /Vis results, Co-1 and Co/8-h samples were selected as representative thick and
thin samples, respectively, since they were prepared under different deposition conditions,
making them appropriate for XRD analysis. The diffraction patterns revealed no charac-
teristic peaks for either anatase and/or rutile phases. This suggests that the thickness of
the films and/or the final content of crystalline TiO, in both samples was too low and
well distributed across the glass substrate, preventing the detection of distinct phases.
This implies that, under the specific conditions, crystallization may not fully occur, or the
resulting crystalline domains may be too small to be observed.

On the other hand, Raman spectroscopy was able to detect surface vibrations, despite
the material content being low and dispersed across a substrate. As expected, the main
vibration mode of anatase, observed at 143 cm ™! in Figure 4, was identified, confirming
that the films’ chemical bond formation and probably also crystallization was successfully
achieved during the annealing process [8]. A major advantage of Raman spectroscopy is
its high sensitivity, allowing it to detect vibrational modes even in thin films or when the
material is present in small quantities. This demonstrates that, despite the limited material
and its dispersion, Raman spectroscopy can effectively confirm structural changes like
chemical bond formation and crystallization, providing important insights into the phase
composition at the surface level.

X-ray photoelectron spectroscopy (XPS) revealed that the surface chemistry of the
fabricated coatings matches with substoichiometric titanium oxides, possibly titanium oxy-
hydroxide (TiO(OH);). In particular, the high-resolution XPS spectrum of the Ti 2p region
(Figure 5a) displays distinct peaks for Ti 2p3,, and Ti 2p; /», centered at binding energies
of 457.7 and 463.4 eV, respectively, which are assigned as Ti** species [37]. Additionally,
the O 1s photoelectron spectrum was deconvoluted into two components: one at 529.1 eV
corresponding to lattice oxygen in Ti-O bonds, and another at 530.6 eV corresponding to
Ti-OH groups, which are indicative of either defective oxides or adsorbed OH™ on the
oxide surface (Figure 5b) [38]. These findings imply that the synthesized TiO; film has
the ability to chemisorb water molecules, forming an extremely thin water layer on the
surface. This characteristic indicates that the coating is likely to exhibit superhydrophilic
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properties [20], enhancing its potential application in areas such as self-cleaning surfaces
and photocatalysis.
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Figure 4. Representative Raman spectra for sol-gel samples.
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Figure 5. High-resolution XPS spectra of the Co/4 sample in the Ti 2p (a); and O 1s region (b).

3.2. Surface Wettability

Contact angle measurements were performed for all the TiO, coatings to assess their
wettability. The obtained results indicated that all the samples exhibited significantly
improved wetting properties compared to the reference glass slide (Figure 6 and Table 3).
This enhancement suggests that the surface properties of the TiO, coatings have been
modified to increase their hydrophilicity, enabling water droplets to spread more easily
across the surface. A low contact angle reflects a stronger interaction between the surface
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and the liquid, signifying improved wetting behavior. Such characteristics are highly
beneficial for applications like self-cleaning surfaces, photocatalysis, and anti-fogging
coatings. The comparison with the reference glass slide underscores the superior ability of
the TiO; coatings to promote surface wetting, a crucial factor in optimizing their functional
performance across a wide range of technological applications.
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Figure 6. Contact angle measurements of the coated samples produced from organic sols with varying
TTIP concentration and withdrawal speeds. The software of the instrument is unable to accurately
calculate angles below 3°.

Table 3. Contact angle (CA) measurements of TiO, coatings prepared under varying deposition
conditions (TTIP concentration and withdrawal speed).

Standard Method After 5 min UV-A
Sample
CA (°)
reference 15.09 £ 1.21 -
Co-1 7.92 4+ 0.52 0
Co-m 7.89 + 0.81 0
Co-h 9.39 +£1.12 463 +0.26
Co/2-1 <3 <3
Co/2-m <3 <3
Co/2-h 8.76 + 0.87 <3
Co/4-1 <3 <3
Co/4-m <3 <3
Co/4-h 10.75 4+ 0.94 <3
Co/8-1 <3 <3
Co/8-m <3 <3
Co/8-h 15.49 £+ 1.03 16.10 &+ 1.06

Interestingly, many samples demonstrated remarkable performance, exhibiting contact
angles that approached zero (Figure 7). Practically, the software of the instrument is unable
to accurately calculate angles below 3°. The deposition conditions along with the resulting
film thickness played a significant role in enhancing the super-hydrophilic properties
of these films. Specifically, the samples that displayed near-zero contact angles were
mainly those with the most uniform structures, fabricated using diluted Co/4 solutions
and moderate withdrawal speeds during the coating process. This suggests that both the
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preparation methods and the specific parameters utilized during deposition are crucial for
achieving optimal hydrophilic properties in the resulting films.

Resuls

LetCA: | 7.28
RightCA: = 6.38
MeanCA:  6.83
< <> P
Results

Letca: - 0
Rigca: | 0
Mean CA: 0
< <> P

Figure 7. Indicative contact angle images of a super-hydrophilic sample: within detection limits
(sample Co-m) (a); below the detection limits of the software (sample Co/4-m) (b).

The UV-A light treatment was performed exclusively for samples with measurable
contact angles, and the subsequent analysis demonstrated that these samples exhibited
super-hydrophilic properties after illumination, resulting in zero contact angle values. No
improvement in wettability was observed for the Co/8-h samples (see Figure 6 and Table 3),
indicating that their wetting characteristics remained unchanged. In combination with
the previous results, it is possible that the Co/8 solution, when applied at a withdrawal
speed of 50 mm/s, does not provide sufficient coverage on the glass substrate, allowing the
inherent hydrophilic properties of the glass slide to dominate.

In summary, the physicochemical analysis of the coated glass slides indicates that
the concentration of the precursor solution and the withdrawal speed are critical factors
for achieving uniform and transparent superhydrophilic TiO, coatings. Focusing on the
precursor organic solutions, the samples exhibiting the required optimal optical properties
were derived from the diluted Co/4 solution, while the withdrawal rate of 0.5 mm/s seems
to be the ideal deposition speed in terms of macroscopic surface homogeneity.

3.3. AFM Analysis

AFM analysis provides valuable insights into the surface morphology of the TiO,
coatings on the glass substrate. The AFM images in Figure 8a depict the bare glass substrate,
showing a relatively smooth surface with minimal height variation, indicating that the glass
itself contributes little to surface roughness. However, the Co/4 sample in Figure 8b reveals
noticeably different surface features depending on the withdrawal rates used during the
coating process. At higher withdrawal rates, the TiO, coating develops more pronounced
surface features, with larger particles or agglomerates scattered across the surface. In
contrast, lower withdrawal rates result in a smoother, more uniform surface, indicating a
finer deposition of the TiO, coating.

The height profiles in Figure 8c, derived from AFM images, provide a clear representa-
tion of the surface roughness and topography of TiO, coatings on glass substrate prepared
at different withdrawal rates. The high-rate sample shows the most significant surface
roughness, with sharp peaks reaching up to 160 nm, while the medium- and low-rate
coatings exhibit progressively lower roughness. The low-rate sample exhibits the smallest
height variations, with roughness reaching up to 40 nm, indicating a smoother and more
uniform surface, close to the flatness of the bare glass substrate. A similar behavior is ob-
served in the medium-rate sample. On the other hand, as the withdrawal rate increases, the
surface roughness becomes more pronounced, with larger surface features and increased
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particle aggregation. This trend suggests that faster withdrawal rates lead to less controlled
deposition, resulting in a rougher, less uniform coating. In contrast, lower withdrawal
rates allow for more controlled and uniform film formation. These findings underscore the
importance of controlling withdrawal rates to achieve the desired surface texture and uni-
formity, which is crucial for applications like optics, photocatalysis, or protective coatings,
where surface characteristics are critical.

(c)

High rate

250 Medium rate

Low rate

——— Bare glass

Height (nm)

xm:Mmmmwm
ol e A \

00 05 10 15 20 25 30 35 40 45 50

Distance (um)

Figure 8. 2D AFM images of the (a) bare substrate, and (b) Co/4 sample; (c) corresponding height
profiles. The vertical scale is 5 nm in (a) and 60 nm in (b).

The root mean square (RMS) roughness values estimated from the AFM image analysis
for the Co/4 sample, in comparison to the bare glass substrate, are listed in Table 4. The
significant increase in RMS roughness from 0.7 nm for the bare glass substrate to 10 nm for
the Co/4-h sample indicates that the withdrawal rate during the coating process greatly
impacts the surface texture of the TiO, coating. As the withdrawal rate increases from low
to high, the surface roughness progressively grows, peaking at the highest withdrawal
rate. This trend suggests that a faster withdrawal leads to a less uniform deposition, pos-
sibly due to more rapid solvent evaporation or uneven accumulation of TiO; particles,
resulting in a rougher film surface. Variations in surface roughness can affect the material’s
optical, functional, and adhesive properties, which are crucial for the applications being
studied. Furthermore, the findings highlight the importance of controlling the withdrawal
rate during deposition to optimize surface characteristics. While a lower withdrawal rate
yields a relatively smooth film, higher rates may lead to increased roughness, potentially
impacting performance. Thus, controlling the withdrawal rate is essential for tailoring the
surface properties of TiO, coatings to meet specific application requirements. In this context,
the Co/4-1 sample stands out as the best and most promising candidate for antireflective
and self-cleaning applications. Its moderate roughness optimizes light scattering for en-
hanced antireflective properties, while also maintaining clarity and improving self-cleaning
effectiveness through balanced water contact angle and droplet behavior.

Table 4. RMS surface roughness values estimated from the AFM images analysis for the Co-4 sample
compared to the bare glass substrate.

Sample RMS Surface Roughness (nm)
reference 0.7

Co/4-1 6.7

Co/4-m 6.8

Co/4-h 10.0

3.4. Mirror Silvering

After the hydrophilic coating fabrication on the front side of the glass tiles and its
physicochemical characterization, the deposition of a mirror was performed on the backside
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under a chemical route. In brief, this chemical approach, referred as the “Tollens’ reaction”,
is a wet chemistry method, where the silver ions are reduced to metallic silver and deposited
onto the glass surface. The alkaline environment facilitates the reduction of Ag* ions to
Agl in the presence of the reducing agent (glucose) [39]. The exact process involves mixing
7.5mL of a 0.1 M aqueous AgNOj3 solution with an appropriate quantity of NH3 and KOH
solution (2.5 mL of 0.8 M) in order to produce [Ag(NHj3),]* ions. Next, this solution is
mixed and agitated with 0.5 mL of 0.24 M glucose. The final solution is then injected on the
backside of the glass. Gradually, the silver ions are reduced to metallic silver, following the
next equation:

CH,OH(CHOH)4CHO + 2[Ag(NH;),]* + 30H™ — 2Ag + CH,OH(CHOH),COO~ + 4NHj + 2H,0 (1)

3.5. Long-Term Stability and Cost Analysis for CSP Mirror Fabrication

To assess the long-term stability of the TiO; coating applied to the mirror glass tile
using the Co/4-1 sample, the tiles were exposed to outdoor conditions for a six-month span,
during which its reflectivity was periodically monitored through angle measurements. This
regular monitoring aimed to detect any potential changes in the coating’s surface properties
over time. By adopting this systematic approach, the study ensured a reliable and accurate
evaluation of the coating’s performance and provided insight into its ability to retain its
functional properties under consistent environmental conditions. The results consistently
presented near-zero percent alterations throughout the entire monitoring period, suggesting
exceptional stability and resistance of the TiO, coating to degradation under prolonged
conditions. Furthermore, these findings suggest that the coating not only has proven to be
maintained over time but also acted as an efficient anti-soiling coating due to its superior
water-attracting properties.

Moreover, an initial cost analysis was accomplished to estimate the feasibility of
scaling up the process for real-word applications, specifically for CSP mirror fabrication.
The fabrication of the TiO; coatings using the sol-gel method requires an annealing step
above 400 °C, which can damage the CSP mirror.

To address this issue, the TiO, thin film should be deposited on one side of a bare
glass tile, while the CSP mirror will be chemically deposited on the opposite side using a
silvering process. This approach divides the overall cost into two distinct components: the
expense of TiO, coating deposition and that of mirror fabrication. For the estimation of
costs associated with the titania coatings and mirrors, the online catalog of a commercial
chemical company [40] was used. Table 5 lists the prices and associated costs of the
chemical reagents required for both the TiO; coatings and the silvering process. It should
be emphasized that international developments have a significant impact on reagent prices
and a stabilization of these prices is anticipated. In addition, high quantities of reagents
were selected to reduce the estimated costs during scale-up. It is important to mention
that the expenses for essential equipment and consumables (e.g., 50 L tank, annealing
furnace, dip-coating system) are excluded from this calculation because: (i) these items
will only need to be purchased once; and (ii) their costs will be distributed across the total
number of CSP mirrors produced, becoming negligible when the technology transitions to
industrial-scale manufacturing.

To fabricate hydrophilic coatings for lab-scale CSPs (4 x 4 cm? coated area), a minimum
quantity of 91 mL for Co/4 titania precursor solution should be prepared by mixing ethanol,
triton X-100, TTIP, and acetic acid, costing 4.68 € (as detailed in Table 6). This solution is
sufficient for dipping multiple 16 cm? samples. Assuming ten dipping cycles with the same
solution, the cost per hydrophilic coating is 0.47 € per glass tile. Including the 0.67 € cost
for silvering the back side, the total preparation cost for each coated glass tile is 1.14 €.
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Table 5. Chemical reagent costs for the TiO, coating and the silvering processes.
Reagent Quantity (Lorg) Price (€) Cost Per Unit (€/L or €/g)
ethanol 62.0 2980 48.06
triton X-100 25 189 75.60
TTIP 25 309 123.60
acetic acid 25 161 64.40
ammonia * 880 49.8 0.06
potassium hydroxide * 12,000 643 0.05
silver nitrate * 100 518 5.18
dextrose * 1000 250 0.25
* Quantity in g.
Table 6. Chemical reagent costs for the best TiO; coating and the silvering processes.
16 cm* CSP 1 m* CSP
Reagent Cost Per Unit Quantity Total Cost Quantity Total Cost
(€/L or €/g) (Lorg) (€) (L org) (€)
ethanol 48.06 0.082 3.94 45.055 2165.34
triton X-100 75.60 0.004 0.30 2.198 166.17
TTIP 123.60 0.002 0.25 1.099 135.84
acetic acid 64.40 0.003 0.19 1.648 106.13
precursor solution - 0.091 4.68 50 2573.48
ammonia * 0.06 0.034 0.002 21.250 1.28
potassium hydroxide * 0.05 0.112 0.006 70.000 3.50
silver nitrate * 5.18 0.127 0.66 79.375 411.16
dextrose * 0.25 0.022 0.0055 13.750 3.44
precursor solution - 0.295 0.6735 184.375 419.38

* Quantity in g. Bolded values represent the respective total quantities and costs for both precursor solutions.

For practical applications, CSP collectors require an active surface area of 1 m?, which
is 625 times larger than the lab-scale model. Scaling up to this size, a 50 L bath tank is
needed to ensure full coverage with the titania precursor solution during the dip-coating
process. As shown in Table 6, the required volumes result in a total cost of 2573.48 €, or
514.7 € per m? of coated glass (assuming the solution can be reused five times). Similarly,
silvering process volume scales by a factor of 625, with a total cost of 419.4 € per mirror
(Table 6). Therefore, the total manufacturing cost for a 1 m? CSP collector with a hydrophilic
coating is 934.1 €.

This cost is fairly reasonable when considering the significant efficiency and durability
benefits these coatings offer. Although it may appear high compared to the basic manu-
facturing costs of untreated glass, the added value from improved performance, such as
increased solar reflectivity and potential self-cleaning properties, justifies the investment in
high-performance CSP applications. Additionally, scalability and solution reuse reduce
per-unit costs, making it a competitive choice over the long term for energy systems that
emphasize efficiency and reduced maintenance expenses.

4. Conclusions

In this study, the development, characterization, and practical application of TiO,
coatings on glass substrates were explored. A sol-gel dip-coating method was system-
atically employed to deposit TiO; films, followed by annealing to achieve the desired
physicochemical properties. Parameters such as precursor concentration and withdrawal
speed were carefully optimized to produce coatings with superior optical transparency,
surface uniformity, and hydrophilicity. Characterization techniques, including UV /Vis
spectroscopy, SEM, AFM, Raman, XPS, and contact angle measurements were utilized to
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assess the effectiveness of the coatings and provide detailed insights into their structural,
optical, and functional properties.

The experimental results revealed that uniform TiO, super-hydrophilic films can be
successfully formed on glass substrates when the precursor reagent is dissolved in an
ethanol-based solution and annealed at 550 °C. The developed TiO; coatings exhibited the
chemical structure of anatase, minimal reflection losses, and super-hydrophilic behavior,
as confirmed by the wettability measurements. Additionally, it was observed that slower
withdrawal speeds and diluted precursor solutions yielded the most uniform and trans-
parent coatings. These optimized parameters effectively reduced surface roughness and
minimized optical transmittance losses, crucial for CSP mirror applications. The coatings
also maintained their hydrophilic properties during long-term stability tests, confirming
their durability and functional reliability.

A cost analysis of scaling up the coating and mirror fabrication processes demonstrated
the economic viability of the technology for industrial applications. The production cost of
a 1 m? CSP collector featuring a hydrophilic coating and a silvered mirror was estimated at
934.1 €. Although this is higher than the cost of untreated glass, it offers substantial value
through enhanced performance and durability. The reuse of solutions and scalability of the
process further contribute to its cost-effectiveness, reinforcing its potential for widespread
adoption in CSP technologies aimed at increasing efficiency and reducing maintenance
requirements.

In conclusion, this study underscores the promise of TiO, coatings as an innova-
tive solution for CSP systems, integrating advanced material properties with practical
manufacturability. The results provide a foundation for future research and large-scale in-
dustrial implementation, highlighting the essential balance between material optimization,
deposition parameters, and cost-efficiency in achieving high-performance solar energy
systems. By combining hydrophilic coatings with mirror fabrication, this study exemplifies
a comprehensive approach to tackling energy and sustainability challenges. Continued
research focused on enhancing durability, efficiency, and environmental impact—such
as examining the film’s stability and performance under various conditions to simulate
real-life situations (e.g., humidity, degradation, mechanical abrasion, etc.) —will further
establish the role of TiO; coatings in various high-performance applications, reinforcing
their industrial-friendliness and practicality.
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