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A B S T R A C T

This work aims at assessment of TiO2 as the main layer component for self-cleaning layers in photovoltaic panels.
TiO2 (derived from titanium (IV) butoxide or titanium (IV) isopropoxide) without and with silver was examined to
find titania suitable microstructure and optical properties. For this purpose silver amounts ranging from 0.1 to 1%
were used for 3 separate chemical methods of modification. Microstructure of powders was characterized by
means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM) with X-ray energy
dispersion spectroscopy. Three techniques: spin-coating, doctor blade, and spray-coating were used to deposit
TiO2 and TiO2–Ag layers on glass and silicon solar cells. The photocatalytic activity of TiO2 and TiO2–Ag were
investigated in the presence of methylene blue. Concentration of dye, amount of silver, type of TiO2 with Ag
modification and stability over time were analysed towards the best photocatalytic properties. Finally, TiO2 layers
which were used to coat a new type of photovoltaic modules had marginal influence on photovoltaic parameters.
1. Introduction

In order to modify both physical and chemical properties of TiO2
scientist modified not only intrinsic electronic structure, but also size,
shape, organization, and surface properties of TiO2 forming nanotubes,
nanorods, nanofibers and nanosheets [1–3]. It is widely known that TiO2
can be applied in various parts of photovoltaic devices, including
dye-sensitized solar cells, polymer solar cells, quantum dot-sensitized
solar cells, inorganic solid-state solar cells and perovskite solar cells
[1–3]. On the other hand, incorporation of TiO2 into the polymer solar
cells suffering from air instability seems to be a useful approach toward
reducing the sensitivity of such devices to oxygen and water vapor due to
combined effect of photocatalysis and inherent oxygen deficiency [4–8].

It should be stressed that in the field of silicon solar cells TiO2 was
already used as: (i) antireflection coating, (ii) surface passivation agent,
(iii) metallization mask, (iv) ohmic contacts, (v) metal-insulator-
semiconductor solar cells, (vi) transparent conducting oxide layers, or
(vii) TiO2/c-Si heterojunction solar cells [9,10].

Since the biggest advantage of TiO2 is the fact that it is the most
efficient and environmentally benign photocatalyst, it is widely used for
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photodegradation of various pollutants [1,11–13] and could be used to
cope with some current global issues like smog and COVID. For example,
TiO2 photocatalysts can be used as bactericide (E. coli suspensions) or
anti-tumour component in cancer treatment [1,11–13]. However, it must
be stressed that photocatalytic properties of TiO2 depend on numerous
factors such as: photocatalytical activity of crystalline form, type of
composition, intensity of light, concentration, amount of catalyst, types
of solvent, oxidizing agents and calcination temperatures or ion doping
[12].

When used as additional superficial layer, especially for silicon solar
cells’ applications, it is important to investigate their possible impact on
metrological aspects of evaluation of glass types used in photovoltaic
modules in laboratory scale [14], noise and optical spectroscopy of single
junction silicon solar cell [15] and aspects concerning a hybrid maximum
power point by means of a method using temperature measurements in
partial shading conditions [16]. Furthermore, the accumulation of dust
on the glass limits the transmission of light to solar cells. Settling of
organic compounds on the glass-external layer of solar cell limits the
transmission of light, hence reduces the solar cell efficiency. The appli-
cation of the photocatalytic self-cleaning layer should significantly
arch 2021
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Table 1
Summary of prepared samples presenting precursor type, used solvent, silver
content and silver doping method.

Name Type of precursor
and used solvent

silver
content, %

Ag doping method

TiO2-TIPO titanium (IV)
isopropoxide,
ethanol 99.8%

– –

TiO2-TBOT-
b

titanium (IV)
butoxide, butanol

– –

TiO2-TBOT-
i

titanium (IV)
butoxide,
isopropanol

– –

TiO2-TBOT-
i/Ag 0.1%
(6 h)

titanium (IV)
butoxide,
isopropanol

0.1 two-step: both TiO2 and Ag
precursors mixed and reacted
for 6 h

TiO2-TBOT-
i/Ag 0,1%
(3þ3 h)

titanium (IV)
butoxide,
isopropanol

0.1 two-step: TiO2 precursor
reacted alone for 3 h than
together 3 h with silver
precursor

TiO2-TBOT-
i/Ag 0.5%
(6 h)

titanium (IV)
butoxide,
isopropanol

0.5 two-step: both TiO2 and Ag
precursors mixed and reacted
for 6 h

TiO2-TBOT-
i/Ag 0,5%
(3þ3 h)

titanium (IV)
butoxide,
isopropanol

0.5 two-step: TiO2 precursor
reacted alone for 3 h than
together 3 h with silver
precursor

TiO2-TBOT-
i/Ag 1%
(P)

titanium (IV)
butoxide,
isopropanol

1 one-step: TiO2 powder
suspended with silver
precursor

TiO2-TBOT-
i/Ag 1%
(6 h)

titanium (IV)
butoxide,
isopropanol

1 two-step: both TiO2 and Ag
precursors mixed and reacted
for 6 h

TiO2-TBOT-
i/Ag 1%
(3þ3 h)

titanium (IV)
butoxide,
isopropanol

1 two-step: TiO2 precursor
reacted alone for 3 h than
together 3 h with silver
precursor
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reduce this phenomenon and increase the long-term efficiency of the
solar cell. In addition, the self-cleaning layer on glass alone does not have
a negative effect on sound absorbing areas [1,11–13].

In conclusion, it must be emphasized that works on TiO2 are still very
intensive, especially since constantly updated review work including the
analysis in a new approach to photocatalytic properties for various ap-
plications, and energy and environment data are constantly flooding in
Refs. [17–21].

The main goal of this paper was to investigate how the deposition
technique used to form TiO2 or TiO2–Ag layers on glass or silicon solar
cells influence the optical and photovoltaic properties of layers and de-
vices. Our study includes seven main factors, such as influence of:

(i) the type of precursor used to obtain TiO2 by sol-gel method,
(ii) the type of method of TiO2 modification with silver (3 chemical

methods),
(iii) the amount of silver,
(iv) the type of deposition technique of layer formation,
(v) the concentration of dye,
(vi) light intensity,
(vii) stability in time

on the transparency, morphology, stability, wetting, photocatalytic of
created layers and their influence on photovoltaic characteristics of solar
panels, towards photocatalytic self-cleaning coatings for new type of PV
module integrated with sound-absorbing screens. The aim of this work
was to prepare TiO2 without and with silver layers with photocatalytic
self-cleaning properties.

This new type of photovoltaic module will be installed on acoustic
screens. The novelty lies in the construction of the photovoltaic module
without strong alteration of the acoustic properties of the screen. This
was achieved by separating individual strings of PV cells and placing
acoustically transparent areas between them. The vertical arrangement
and the placement of installation (E.g. passageways) of this type of
modules makes it important that they are resistant to contamination from
rail traffic. Therefore, the photocatalytic self-cleaning layer covers the
tempered glass that protects the cells. In the article, we optimized the
deposition method of TiO2 on glass surfaces.

2. Results and discussion

Three TiO2 powders abbreviated in this work to TiO2-TBOT-b, TiO2-
TBOT-i and TiO2-TIPO were prepared by sol-gel method using as tita-
nium precursor titanium (IV) butoxide (TBOT) or titanium (IV) iso-
propoxide (TIPO). Scheme of TiO2 synthesis (sample TiO2-TIPO) is
presented as an example in Supporting Information in Fig. S1.

Titanium dioxide modified with silver was obtained by three chem-
ical methods. In the first case (one-step chemical method, see synthesis I
in Fig. S2) sample of TiO2 as powder abbreviated as TiO2-TBOT-b
(0.2496 g) was added to distilled water (40ml) with 0.1M AgNO3 and
5ml 0.1MHCl. The reaction was conducted at 70 �C in 3 h while stirring.
After cooling to 25 �C the reaction was continued for additional 3 h. The
powder was separated from solution by centrifuge and next neutralised to
neutral pH by washing with distilled water. Finally obtained TiO2–Ag
powder was heated to 500 �C for 2 h with 10 �C/min temperature rate.

In a two-step chemical method two procedures were implemented.
The TiO2–Ag powders were prepared by sol-gel method using titanium
(IV) butoxide (TBOT). Titanium precursor (5ml of TBOT) was dissolved
in butanol (20ml) and distilled water (4ml). In the first case (synthesis II
in Fig. S2) TBOT was mixed with various amount of silver nitrate
(AgNO3) (0.1%, 0.5%, 1% wt) (abbreviated herein as TiO2/Ag 0.1%,
TiO2/Ag 0.5%, TiO2/Ag 1%). The solution was stirred at room temper-
ature for 6 h. The TiO2–Ag powders was heated to 500 �C for 20 h.

In this work three different solution deposition techniques were used
to prepare a thin TiO2 layer and are described and shown in Fig. S3.

Preparation details of TiO2 powder and layer are presented in
2

Supporting Information. Summary of prepared samples presenting pre-
cursor type, used solvent, silver content and silver doping method are
shown in Table 1.

Details about SEM and TEM study are presented in Supporting In-
formation (Figs. S4–S12). SEM study showed a homogeneous powder
structure for all three types of solvent, but with different particle sizes.
For TiO2-TBOT-b and TiO2-TBOT-i powders spherical particles of about
82 nm (TiO2-TBOT-b) and 58 nm (TiO2-TBOT-i) diameter were observed.
For powder TiO2-TIPO spherical particles of similar diameter sizes were
observed. Analysis of the chemical composition of all TiO2 powders
showed the presence of titanium and oxygen. Chlorine was also found,
which is the residue from AgNO3 with HCl reaction. The corresponding
SAED pattern was indexed to the (110), (021), (113), (122) and (321)
planes of TiO2-TBOT-b. For TiO2-TIPO we found such corresponding
SAED pattern as indexed to the (110), (113) and (122) planes. The richer
SAED pattern was found for TiO2-TBOT-i.

The phase analysis carried out by electron diffraction orthorhombic
TiO2 phase and the titanium oxide grain size ~20 nm for TiO2-TBOT-b,
~35 nm for TiO2-TIPO and about 22 nm for TiO2-TBOT-i were
confirmed. In each case the presence of Ag was confirmed by TEM and
SEM.
2.1. UV–Vis study: photocatalytic activity and layer aging tests

For optical characterization, the thin films prepared by spray-coating
or spin-coating were deposited on glass substrates. Optical properties of
layers of TiO2 and TiO2:Ag were studied by transmittance and absor-
bance as a function of the used precursor type, silver concentration and
method of deposition of dye on TiO2 layer. Details about UV–Vis exper-
iments are shown in Supporting Information (Figs. S13–S15). Based on
optical measurements (transmission curves) the thickness of approx.
120–150 nm was estimated inequations described in literature [22–25].
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The highest transmittance exhibited for TiO2-TBOT-b powder was
obtained from TBOT and butanol (Fig. S13). Higher transmittance was
found in layers prepared by spin-coating technique probably as a result of
higher homogeneity and thicker layer compared with layer obtained by
spray-coating (Fig. S13). Our study showed that all investigated TiO2,
with and without silver, exhibited photocatalytic activity. It resulted
from decreasing absorption maxima after irradiation at 1000W/m2 for
2 h and was compared to the results for the same sample prior to
irradiation.

In the next step of our study we investigated the influence of amount
of Ag in TiO2 on their photocatalytic activity. We modified titanium di-
oxide with silver by one-step chemical method (TiO2-TBOT-i and TiO2-
TBOT-i-sol) and two-step chemical methods (for TiO2-TBOT-i as an
example), changing the amount of Ag from 0.1 to 1 wt%.

As shown in Fig. 1 The intensity of the methylene blue peak decreases
with increasing photocatalytic activity of TiO2 or TiO2–Ag [22–24]. The
type of modification of TiO2-TBOT-i with silver influenced their photo-
catalytic activity. The two-step chemical modification of TiO2-TBOT-i
with silver in the time 3þ3 h showed better photocatalytic activity than
compounds chemically modified in a 6-h mode, regardless of the silver
amount probably due to better homogeneity of solubilized silver com-
pound prior to acidification (see Fig. 1). On the other hand, the powders
obtained by physical modification with silver exhibited better
Fig. 1. UV–Vis absorption spectra of water BLUE solutions after 120min of
photocatalytic degradation process using a sun simulator of: (a) TiO2-TBOT-i
with various silver content prepared by two-step chemical methods (3þ3 h, 6 h)
and (b) TiO2-TBOT-i modified with 1% of silver by one-step chemical (P) and
chemical methods (3þ3 h, 6 h) together with TiO2–Ag, TiO2-TBOT-i and TiO2-
TBOT-i-sol. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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photocatalytic activity than compounds chemically modified during 6 h.
However, it was still worse than TiO2 modified with Ag in 3þ3 h mode.
This could be explained probably by difference in silver nanoparticles
formation. The best photocatalytic activity was exhibited by TiO2 pow-
ders with 1% silver amount.

For practical application of studied TiO2 and TiO2–Ag layers, their
stability in time is very important. In our case, the layers on the glass
were immersed in water for 7 days and next investigated by UV–Vis study
after exposition to laboratory conditions (temperature about 23 �C, hu-
midity 40–60%). The quality of layers were observed by means of optical
microscopy (see Fig. S14). In the case of TiO2 and TiO2 with silver layers,
whether without or with defects, they were also analysed by UV–Vis
(Fig. S15). No difference in the transmittance of prepared layers over
time was observed, which confirms the stability of prepared TiO2 and
TiO2–Ag even after 77 days.

2.2. Statistic contact angle measurement

An important factor that need to be taken into account is wettability
of formed layers. In order to evaluate the water wettability of formed
layers, contact angle measurements of layers of TiO2 prepared by two
different techniques (spin-coating and doctor blade) for powders and sol
were performed. Samples prepared from spray-coating method gave
unsatisfactory results in terms of repeatability of layers’ homogeneity.
The results are summarized in Table S3. Generally, all prepared samples
demonstrated comparable hydrophilic character regarding the method of
layer formation, layer developing conditions or used precursors. The
obtained results ranged between 13� and 33�, which is consistent with
the general nature of titanium (IV) oxide. In addition, the wettability of
TiO2 layer on glass substrates was high. Regardless of its thickness the
surface was quickly wetted, which affected the measurements giving
wide range of results between different samples. The hydrophilic effect
for some samples was also influenced by formation of uneven particle
distribution over surface and microcracks formation, resulting in fast
water drop spreading on the surface. Therefore, the difference between
samples was ascribed to imperfect surface morphology rather than dif-
ference between method of layer formation, layer developing conditions
or used precursors.

Analysing the results obtained for the same system of titanium (IV)
dioxide enriched with silver nanoparticles with three different concen-
tration: 0.1%, 0.5% and 1% exhibited very similar behaviour as pure
TiO2 layers (see Table S4). The values of contact angle measured with
deionized water ranged between 7� and 55�. There was no general ten-
dency between sample kind or used preparation technique and the result
of hydrophobicity of layers. However, one interesting regularity was
observed. The static contact angle measurements can be used to indicate
the quality of prepared surface: it was noticed that in the case of poor
powder suspension in ethanol the layers contained smaller quantity of
TiO2 compared to good quality suspension. In the case of samples surface
defects like cracks can also give low contact angles. The example for such
a cases is sample of the TiO2-TBOT-b with 0.5% of Ag prepared by doctor
blade technique. On the other hand the possible presence of agglomer-
ates, formed probably by silver nanoparticles, gave results with values
closed to 50�. This observation can be used as a simple, inexpensive and
quick quality measurement indicator of prepared layers.

2.3. Photocalatytic self-cleaning layers on new PV modules

The presented photocatalytic self-cleaning layers were developed to
be uses in a new type of photovoltaic (PV) modules dedicated for
installation on sound-absorbing screens. The place of assembly of these
modules, i.e. sound absorbing screens along railway tracks, requires a
solution which reduces the phenomenon of organic impurities settling on
PV modules. The design of these modules, including vertical glass panels,
allows application of photocatalytic self-cleaning layers directly on the
glass. In Fig. 2 an example structure diagram for such type of PV module



Fig. 2. Structure diagram of PV module with self-cleaning layers on glass, EVA: ethylene-vinyl acetate.
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was presented.
The module in which the described self-cleaning layer could be used

consist of a material that allows sound absorption and PV sub-modules.
The main difference from a typical commercially available PV module
is the separation of solar cell strings into sub-modules. Each PV sub-
module is covered with a tempered glass which works as front protec-
tive layer. This tempered glass is directly exposed to pollution generated
during rail traffic.

To test the influence of the developed self-cleaning layers on the
electrical parameters, photovoltaic cells in the glass-EVA-cell-EVA-plastic
system were prepared. The photocatalytic self-cleaning layer was
deposited in final step after PV module assembly. EVA (ethylene-vinyl
acetate) was used as a protective layer for the cells. The layout of the
materials in the tested samples was presented in Fig. 3. Details about
solar modules cells construction are described in Supporting Information.

To investigate the effect of the layer on the cell's electrical parameters
only, all measurements were conducted on complete systems (after
lamination process) with and without a self-cleaning layer. The devel-
oped self-cleaning layers were applied only to the front glass. For this
reason it can reduce the amount of solar radiation reaching the solar cell.
For the test monocrystalline silicon solar cells with dimensions of
4 cm� 4 cm and glass of 5 cm� 5 cm were selected. An example of a
solar cell in a complete system is shown in Fig. 4.

The summary of the results of the cells electric parameters measure-
ment with and without a self-cleaning layer deposited on the glass was
shown in Table 2. The electric parameters of the tested solar cells were
determined using a measuring system equipped with a solar radiation
simulator of AAA class, model SS200AAA EM, manufactured by Photo
Emission Tech., Inc. and the measurement system SS I–V CT-02 with PV
Test Solutions software used for determination of the electric parameters
of cells and their advanced analysis manufactured in Wrocław, Poland
[25].
Fig. 3. The layout of the layers of the tested samples, a) before lamina
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Current-voltage characteristics were also determined for each pair
(with and without the self-cleaning layer) of solar cells as it is presented
in Fig. S16. The obtained results show that the self-cleaning layer has the
greatest impact on the cell's current. The cell's short-circuit current
increased from 5.4 to 7.3% (in relative). It could be explained by possible
modification of reflective properties of the system. The cell's maximum
power is in the range from 4.5 to 8.2% (in relative).

3. Conclusions

This work presents a comprehensive experimental study with the aim
to prepare TiO2 layers without and with silver nanoparticles on glass and
silicon solar cells using a sol-gel process.

Finally, the following main conclusions can be formulated:

� The obtained TiO2 powders were characterized as a homogeneous
structure. Spherical particles of about 65 nm diameter were observed.
A significant increase to approx. 350 nm was observed for the powder
(TiO2-TIPO), which was obtained using ethanol as a solvent.

� The process of one-step chemical modification of TiO2–Ag powders
resulted in an irregular powder grain structure with different geom-
etry. The very fine particles formed large, compact agglomerates. The
analysis of chemical composition showed that with the modification
of 0.1M AgNO3 the silver content varies from 1.7% at. to 9.4% at. Ag.

� After two-step chemical modification a more refined powder
morphology was obtained. A spherical shaped powder and similar
grain diameters was observed. The most advantageous powder
morphology was obtained after application of silver nitrate (AgNO3)
of 0.1% wt. concentration. The percentage of silver for these powders
was 0.3 wt % on average.

� Layers formed by spin-coating and doctor blade techniques showed
hydrophilic behaviour, with contact angle values below 50�.
tion, b) after lamination process and self-cleaning layer deposition.



Fig. 4. The solar cells in a complete system, without self-cleaning layer (left) and with self-cleaning layer (right).

Table 2
Selection of the electrical parameters of solar cells with and without the self-cleaning layer deposited on the front glass.

Module Isc
[mA]

Voc

[mV]
Impp

[mA]
Vmpp

[mV]
Pm
[mW]

FF
[�]

Eff
[%]

ΔIsc
[mA]

ΔPm
[mW]

ΔEff
[%]

Δ

without 621.0 634.1 579.1 524.1 303.5 0.77 19.0 45.3 13.7 0.9 value
with TiO2-TBOT-i 575.7 635.7 534.9 541.8 289.8 0.79 18.1 7.3 4.5 4.5 %
witout 630.3 638.7 591.1 530.3 313.5 0.78 19.6 34.4 18.9 1.2 value
with TiO2-TBOT-i:Ag (3 þ 3 h) 595.9 635.6 563.0 523.3 294.6 0.78 18.4 5.5 6.0 6.0 %
without 634.7 637.0 581.8 545.2 317.2 0.79 19.8 47.6 26.0 1.6 value
with TiO2-TBOT-i:Ag (one-step chemical
modification)

587.1 633.5 556.7 523.1 291.2 0.78 18.2 7.5 8.2 8.2 %
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� Static contact angle can be used as simple, inexpensive and quick
quality measurement to ensure hydrophilic nature of prepared layers
and to indicate surface defect related to agglomerates or cracks
formed by mechanical damages.

� All obtained TiO2 and TiO2–Ag layers exhibited photocatalytic ac-
tivity, however their intensity depends from concentration of dye,
amount of silver, and type of modification TiO2 by Ag. The best
photocatalytic activity was shown by TiO2 powders with 1% silver
amount and in 40 cm3 of aqueous solution of BLUE with concentra-
tion of 8.75 ppm.

� Formed TiO2-sol and TiO2–Ag-sol layers exhibited time stability after
77 days.

In our opinion the layer preparation by mean of sol-gel method en-
sures the proper adhesion and higher transparency than in the case of
powders deposited from their suspended solution. Regarding the pres-
ence of silver or any metal dopant it would be ideal to use no such ad-
ditives. However, the presence of silver nanoparticles increases photo-
catalytical properties.

Concluding, proposed TiO2 and TiO2 with silver modification
demonstrated suitable properties required from a candidate as a
component for photocatalytic self-cleaning layers.
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