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Abstract: The acid etching mechanism of FTO film using zinc powders has been explored, and
sulfuric and hydrochloric acid solutions of different concentrations were tested as etching agents.
Compact and mesoporous films of titanium dioxide were prepared by spin-coating and doctor
blade techniques on FTO glass. Tin sulfide films were formed through a successive ionic layer
adsorption and reaction (SILAR) process using different numbers of deposition cycles, and TiO2/SnS
nanocomposites were synthesized. The thin films and the prepared composites were characterized
using X-ray diffraction, UV-Vis spectroscopy, scanning electron microscopy and energy-dispersive
X-ray spectroscopy analyses. In this study, the principal characteristics of deposited tin sulfide films
on two different types of TiO2 films are shown.

Keywords: titanium dioxide; compact film; mesoporous film; tin sulfide; FTO glass

1. Introduction

Energy consumption is an urgent issue for the economic and social development of
the world [1]. This consumption of fossil fuels spreads harmful greenhouse gases that
cause global warming and a series of environmental damage [2]. In order to reduce the
consumption of fossil fuels, it is very necessary to use more renewable energy sources.
Therefore, energy storage technologies must also be developed. Electrochemical storage
and conversion devices take an important place as promising alternatives for energy storage
and renewable energy sources, and the search for efficient alternative energy sources is
getting more attention nowadays [3]. One of the most effective methods for the storage
and conversion of renewable energy is based on electrochemical technologies, and one of
the examples is supercapacitors. Supercapacitors, as a type of electrochemical capacitors,
are one of the most promising energy storage devices due to a lot of advantages, such as
high-power density, long cycle life, low cost and fast charge-discharge processes [4]. In
recent decades, tests have been performed to enhance the specific capacitance values by the
use of nanoscience and nanotechnology fields. Nevertheless, tin-based chalcogenides (such
as SnS, SnS2, SnSe, etc.) have received more attention for application as supercapacitor
materials. These layered structure materials were also explored as light absorbers in solar
cells, photodetectors, etc.

Transparent conducting glasses, including FTO (fluorine-doped SnO2) and ITO (In2O3/
SnO2), having high electrical conductivity, transparency, and thermal stability, have been
intensively used in information displays (liquid crystal displays, plasma displays, touch
panels, etc.) [5], solar cells [6,7], electrochromic devices [8], sensors [9,10], etc. To increase
the realization of transparent conducting glasses in these applications, many experiments
have been performed to make a porous structure in the conductive layer to increase the
surface area and, at the same time, maintain high electrical conductivity and transparency.
By optimizing the reaction parameters, the pores on the transparent conducting glasses can
be obtained with a size ranging from several to a couple of hundred nanometers [11].
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In recent studies, metal oxide semiconductors such as titanium dioxide have been char-
acterized due to safety to the environment and a high specific capacity of 336 mAh/g. They
also take a potential functional place toward lithium-ion battery anode materials [12,13].
However, TiO2 has some limitations for its photocatalytic performance. Furthermore, TiO2
has been used in the solar energy field, but one limiting factor was the ultraviolet (UV) light
activator due to its wide bandgap of 3.2 eV [14]. Thus, photoexcitation is highly dependent
on ultraviolet irradiation, which is only 4%–5% in the solar spectrum, while visible light
counts for 40% [15]. Another reason for the reduced photocatalytic activity of TiO2 is
the high recombination rate of photogenerated electrons and holes during the photocat-
alytic reaction [16]. To extend the response to visible light, modification methods such as
metal deposition, ion doping, semiconductor coupling, etc., could be applied [17]. TiO2
is considered to be a promising candidate for hydrogen production, photocatalysts, solar
cells, and gas detection [18]. A combination of TiO2 nanoparticles with a small bandgap
semiconductor is an effective way to extend the absorption range to the visible light region,
subsequently enhancing its photoelectrochemical (PEC) properties [13]. Tin sulfide is a
suitable candidate, having a direct energy of 1.3 eV, which is close to the optimal value
required for efficient optical absorption [18]. Moreover, tin sulfide possesses excellent
properties, such as high absorption in the visible range, little toxicity, and inexpensiveness,
which make it a photocatalyst of interest [19]. The p-type SnS semiconductor is being
studied as a promising candidate for contact with the n-type TiO2 semiconductor due to
the additive pathway associated with p-n junction formation, which can promote efficient
separation of electron–hole (e−/h+) pairs and enhanced light absorption. Direct deposition
of p-SnS nanoparticles onto the TiO2 surface poses a challenge in finding a new approach
to creating SnS/TiO2 composites [20]. Hybrid solid-state solar cells, especially those based
on TiO2, have become an object of increased interest for the creation of a new generation of
photovoltaic devices, and their efficiency has exceeded 21% [21]. Compact TiO2 layer as a
blocking layer, mesoporous TiO2 layer as an electron transport layer, and SnS layer as an
absorber layer are used to fabricate solar cells [22].

The aim of this study was to form TiO2/SnS nanocomposites as thin films on FTO glass
slides and to characterize the deposited tin sulfide films on the compact and mesoporous
TiO2 films prepared using spin-coating and doctor blade techniques. Titanium dioxide is
used as a buffer layer for SnS in photovoltaic applications. For the synthesis of SnS in the
present work, the environmentally friendly SILAR method and aqueous solutions were
used, as well as L-ascorbic acid as a capping agent. Morphology, structural, compositional,
and optical properties of prepared thin films were investigated using X-ray diffraction
(XRD), scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM/EDX), and UV-Vis spectroscopy (UV-Vis) analyses.

2. Materials and Methods

FTO TEC 10 (20 mm × 15 mm, sheet resistance of 9.38 Ω) glass slides were used
as substrates which were provided from Ossila.com. Hydrochloric acid, sulfuric acid,
acetone and ethanol were delivered from Eurochemicals, while zinc powders, titanium
paste, titanium diisopropoxide and L-ascorbic acid were delivered from Sigma Aldrich,
Bellefonte, PA, USA. SnCl2·2H2O was supplied from Labochema, and Na2S·9H2O was
acquired from Honeywell.com.

FTO etching. Before FTO etching, all substrates were washed with liquid soap and
rinsed with flowing and distilled water. To remove residual contaminant, ultrasonic clean-
ing with acetone was applied for 10 min at 45 ◦C. After ultrasonic cleaning, substrates were
rinsed with distilled water and dried. To ensure repeatability and stability of the etching in
ambient atmosphere, all etching procedures were carried out with fresh solutions [23]. The
FTO etching process is trickier since FTO cannot be reduced to metal by using hydrogen
ions in a strong acid solution, so zinc metal powders are used as a catalyst [24]. Subse-
quently, the zinc powders were mashed and then covered on the part of the FTO glass
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slides, followed by HCl or H2SO4 solution while the reaction ended. After etching, all
samples were washed with liquid soap, rinsed with distilled water and dried at 100 ◦C.

Compact plus mesoporous TiO2 films on FTO glass. Depending on the techniques of
film formation, TiO2 exhibits different structural and optical properties. A compact TiO2
film with a dense and uniform surface is formed using organic titanium compounds, and
a mesoporous film containing nanoparticles with a high specific surface area is prepared
using a TiO2 nanoparticle precursor. Immediately after etching and cleaning, the FTO
substrates were transferred to a hot plate and quickly warmed up to 500 ◦C. The substrates
were left for 15 min at 500 ◦C before depositing a compact TiO2 (c-TiO2) film using the spin-
coating method. A solution for spin-coating consisted of 0.07 mL titanium diisopropoxide
added to 0.5 mL of ethanol and 0.007 mL of concentrated HCl added to 0.5 mL of ethanol.
Then, both prepared solutions were mixed, and the mixture was shaken. A compact
TiO2 film was fabricated by spin-coating the above dispersion on FTO substrates using
a speed of 2000 rpm/s and an acceleration of 10 s. Immediately after spinning, the film
was continuously dried at a temperature of 150 ◦C for 15 min, at 300 ◦C for 20 min, and at
500 ◦C for 20 min [25].

To prepare a mesoporous TiO2 (m-TiO2) film, 0.15 g of titanium dioxide paste diluted
in 1 mL of dry ethanol was used. The obtained dispersion was stirred overnight before the
use. A mesofilm of TiO2 was fabricated using spin-coating or doctor blade methods. The
above dispersion on the compact-TiO2/FTO substrate was used by spin-coating at a speed
of 5000 rpm/s and an acceleration of 20 s.

Thin tin sulfide films were deposited applying 30 SILAR deposition cycles as in the
previous paper [26]. All procedures for the preparation of samples are given in Figure 1.
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Figure 1. Schematic diagram of the preparation of films. Figure 1. Schematic diagram of the preparation of films.

Film thickness. A MarSurf WS1 (Göttingen, Germany) white light interferometer
was used to measure the thickness of the film. First, on the prepared sample, a line was
scratched diagonally in order to seek FTO glass, and then a picture of the sample surface
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was recorded. A point measurement system was used. The heights between the FTO
glass and the deposited film were measured, and this process was repeated 15 times in
different parts of the film to measure the thickness precisely. Then, the average thicknesses
were calculated.

X-ray diffraction analysis. X-ray diffraction analysis of the deposited titanium dioxide
and tin sulfide films on the FTO glass substrate was carried out by using a D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) operating at a tube voltage of 40 kV and
a tube current of 40 mA. Diffraction patterns were obtained in a Bragg–Brentano geometry
using a quick counting 1-dimensional detector Bruker LynxEye, which is based on the
silicon strip technology. A 0.02 mm Ni filter was applied to filter the X-ray and inhibit
Cu-Kβ radiation. The examples were tested in the range of 2θ = 5–70◦. The scanning speed
was 6◦/min, and the coupled two theta/theta scan type was used. The diffractometer was
involved with the software package DIFFRAC.SUITE (Diffract. EVA. v. 4.5, Bruker AXS,
Karlsruhe, Germany). X-ray diffractograms of the deposited films were written using the
Search Match software package Crystallographica Search Match v.2.1.

Scanning electron microscopy and electron dispersive X-ray analysis. The surface
morphology of TiO2 and SnS films was analyzed by scanning electron microscopy (SEM,
Hitachi S-3400N, Chiyoda, Tokyo, Japan). EDX imaging of the samples was carried out
using QUANTAX EDS with X-Flash Detector 3001 (Bruker AXS Microanalysis GmbH,
Berlin, Germany) and ESPRIT 1.9 software was installed.

UV-Vis characterization. The optical properties were studied by ultraviolet-visible
(UV-Vis) light spectroscopy. The optical absorption spectra were recorded by using a
PerkinElmer Lambda 35 UV-Vis Spectrometer (SpectraLab, Alexandria, VA, USA) fea-
turing the Labsphere RSA-PE-20 Diffuse Reflectance Sphere. The recording range was
200–900 nm. The bandgap (Eg) was calculated using Tauc’s plot [27]. Tauc’s plot is based
on the theory that the energy-dependent absorption coefficient α can be obtained by the
following Equation (1):

αhν = B(hν − Eg)n (1)

where the value of the exponent n marks the nature of the sample transition:
n = 2 marks indirect allowed transition, n = 1/2 marks direct allowed transition,

n = 3/2 marks direct forbidden transition, and n = 3 marks indirect forbidden transition;
α—absorption coefficient; h—Planck constant; ν—photon’s frequency; Eg—bandgap

energy; B—constant related to absorption;

α = (ln10·A)/d (2)

where: A—absorption; d—layer thickness.
The linear format of the graph indicates the transition type. It is obtained by plotting

the graph between (αhν)n versus the photon energy (hν) and then extrapolating the linear
part of the plot until it crosses the abscissa axis. Consequently, Eg = hν, when A = 0.

3. Results and Discussion
3.1. Etching of FTO Glass Substrates

The etching procedure was done in order to prepare a nonconductive and porous
substrate with macro- and mesopores. This method can increase charge transfer [7]. Hy-
drochloric acid or sulfuric acid with zinc powder were used for the etching, and after the
etching procedure, the FTO substrate became nonconductive. The FTO glass samples were
etched using the solution of 2 M and 3 M hydrochloric or sulfuric acids. From the results
obtained, it can be seen that hydrochloric acid was more suitable for etching, resulting in
clear and transparent glass, while sulfuric acid resulted in the formation of gray residue on
the glass substrate.

A mixture of HCl and Zn precursor is a good combination to clearly seen bubbles of
H2. It means that H+ ions are formed, and they are needed to activate the SnO2 etching
reaction [28]. Compared to the reaction of zinc powders and HCl, the reaction between
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SnO2 and H+ is mild [11,29]. Obviously, both the FTO etching procedures and preparation
are supernatant. Controversially, the kinetics of the reaction between Zn and HCl should
be opposite to the reaction between SnO2 and H+, at the same time enhancing the FTO
etching procedure. The etching mechanism is given in Figure 2.
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Figure 2. The etching mechanism of FTO glass.

In order to investigate the surface composition of etched FTO glass slides, XRD
measurements were done. The etching with sulfuric acid (Figure 3a) led to the detection
of grey residues that are assigned to elemental tin (JCPDS card number 4-673) and can be
formed due to the reduction of Sn4+ and Sn2+ [30]. The formation of elemental tin marks
peaks at 2θ = 32.24 and 33.96◦. The sulfuric acid concentration is probably low, so elemental
tin could form [11]. The peaks at 2θ = 26.69, 30.71 and 45.01◦ are assigned to SiO2 (JCPDS
card number 80-2148). Furthermore, the peak at 2θ = 51.78◦ is assigned to SnO2 (JCPDS
card number 41-1445), which shows that tin dioxide remains on the substrate after etching.
In Figure 3b, it can be seen that after etching with hydrochloric acid, only two peaks of SiO2
at 2θ = 26.41 and 51.69◦ were detected in the samples. The results obtained show that the
surface composition does not depend on the concentration of the acid used, so for further
studies, we considered using 2M hydrochloric acid as the etching agent.
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3.2. Compact and Mesoporous TiO2 Films

Scanning electron microscopy images in the top view of compact TiO2 film deposited
on the etched FTO glass slide are shown in Figure 4. This picture illustrates that smooth
film with compactly packed spherical grains with a size of 0.1–0.2 µm on the surface is
formed [31]. The surface consists of well-defined grains of shape and size depending on
TiO2 deposition route. Despite the distribution, the FTO glass substrate was well coated
with TiO2 particles.

Data in Figure 5 represent SEM images of mesoporous TiO2 films obtained using the
spin-coating technique. The surface of mesoporous TiO2 film is quite similar to compact
film. The high-magnification SEM image (Figure 5b) shows microcracks along with TiO2
nanoparticles. Microcracks could appear on the surface due to different thermal expansion
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coefficients between the substrate and the deposited material [32]. Summarizing the results,
it could be said that the surfaces of compact and mesoporous TiO2 films formed using the
spin-coating method are quite similar to each other.
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Figure 5. SEM images of the mesoporous TiO2 film deposited by spin-coating technique. Magnifica-
tion of 10,000× (a) and 20,000× (b).

A structure of mesoporous TiO2 films deposited using the doctor blade method is
shown in Figure 6. Here, the sample has randomly connected pores in their structures
and lacks apparent order in the pore arrangement. In addition, the agglomeration of
monodispersed TiO2 particles can be clearly seen in the SEM image with higher magni-
fication. Suppose that close-packed agglomeration of uniform nanoparticles causes the
mesoporous structure, which shows even the monodispersity of the mesopores. This
growth of nanoparticles builds narrow channels that may serve as electronic injections or
membranes [33].

The thickness of the mesoporous TiO2 film is one characteristic point for the composi-
tion of the active layer and improves the conversion efficiency of solar cells [34]. Generally,
the thickness of TiO2 film has an important place in morphology, porosity, and composi-
tion [35]. The surfaces formed using the spin-coating technique have a few small holes
formed due to atmospheric dust [36]. These samples had less dust allocated on the surface.
In addition, dust could appear due to changes in annealing temperature [37]. The thickness
was measured 15 times in different parts of the film. The compact TiO2 film was smooth
with a thickness between 0.02 and 0.04 µm. The thickness of the mesoporous film formed
using the spin-coating method was between 0.15 and 0.21 µm. Using the doctor blade
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method for the deposition of mesoporous TiO2 film, the obtained films were transparent
but much thicker (0.45–0.52 µm) than those deposited using the spin-coating technique. The
thickness can be derived by the concentration of the solution, the size of the gap between
the blade and the substrate and the speed of the coating [37–39]. The thickness of the
samples prepared using both methods (compact film by spin-coating and mesoporous by
doctor blade method) was 0.3–0.4 µm.
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Figure 6. SEM images of the mesoporous TiO2 film deposited using doctor blade technique. Magnifi-
cation of 10,000× (a) and 20,000× (b).

XRD measurements were performed to investigate the structural characteristics and
phase composition of the samples. Figure 7 represents X-ray diffractograms of titanium
dioxide deposited on the FTO glass slides. It can be seen that in all samples, there are
anatase peaks at 2θ = 25.76; 37.73 and 54.49◦ (JCPDS card no 76-1939) and rutile peak at
2θ = 61.55◦ (JCPDS card no 84-1285) for TiO2. Some peaks have similar intensity, and no
phase changes were observed when the deposition route was changed. The existence of a
rutile phase in the films was suggested to appear due to the epitaxial force between TiO2
and FTO [40]. In addition, the absence of more anatase and rutile peaks also indicates the
epitaxial growth of TiO2 particles [39,40]. Peaks at 2θ = 33.66; 51.48 and 65.43◦ mark the
existence of SnO2 (JCPDS card no 41-1445). This phase could be fixed due to very thin TiO2
films [41,42].

TiO2 is assigned to wide bandgap polymorphs and there are three common poly-
morphs: rutile, anatase and brookite [43]. The average bandgap of rutile is close to
3 eV, while brookite and anatase have a higher bandgap of 3.3–3.5 eV [42,43]. The op-
tical bandgap energy of the TiO2 films was calculated using the Tauc plot. The calculation
is briefly characterized in Materials and Methods. The plots of (αhϑ)2 versus the photon
energy hϑ were used to calculate the bandgap energy of the films. The extrapolated linear
part of the plot where (αhϑ)2 = 0 until it crosses the photon energy axis (A = 0), there
Eg = hϑ [26]. The value n = 1/2 shows an indirect transition type. The calculated plots
are given in Figure 8. The data obtained illustrate that the optical bandgap energies of
TiO2 films prepared using different methods are 3.3; 3.4 and 3 eV. The bandgap values
of TiO2 films are close to the theoretical values of TiO2 [43,44] because titanium dioxide
has a bandgap value of 3.2 eV [18,45,46] or 3.0 eV [47]. Such bandgaps were probably
due to the presence of rutile (3.0 eV) and anatase (3.2 eV) phases in TiO2 films, and this is
consistent with the XRD results [47]. The bandgap of TiO2 film prepared using the doctor
blade method is a little bit lower. This can be explained by the thickness of the film since as
the film thickness increases, the bandgap decreases [43].



Coatings 2024, 14, 88 8 of 15Coatings 2024, 14, 88 8 of 16 
 

 

 

Figure 7. X-ray diffraction patterns of titanium dioxide films on the FTO glass substrate. 

TiO2 is assigned to wide bandgap polymorphs and there are three common poly-

morphs: rutile, anatase and brookite [43]. The average bandgap of rutile is close to 3 eV, 

while brookite and anatase have a higher bandgap of 3.3–3.5 eV [42,43]. The optical 

bandgap energy of the TiO2 films was calculated using the Tauc plot. The calculation is 

briefly characterized in Materials and Methods. The plots of (αhϑ)2 versus the photon en-

ergy hϑ were used to calculate the bandgap energy of the films. The extrapolated linear 

part of the plot where (αhϑ)2 = 0 until it crosses the photon energy axis (A = 0), there Eg = 

hϑ [26]. The value n = 1/2 shows an indirect transition type. The calculated plots are given 

in Figure 8. The data obtained illustrate that the optical bandgap energies of TiO2 films 

prepared using different methods are 3.3; 3.4 and 3 eV. The bandgap values of TiO2 films 

are close to the theoretical values of TiO2 [43,44] because titanium dioxide has a bandgap 

value of 3.2 eV [18,45,46] or 3.0 eV [47]. Such bandgaps were probably due to the presence 

of rutile (3.0 eV) and anatase (3.2 eV) phases in TiO2 films, and this is consistent with the 

XRD results [47]. The bandgap of TiO2 film prepared using the doctor blade method is a 

little bit lower. This can be explained by the thickness of the film since as the film thickness 

increases, the bandgap decreases [43]. 

Figure 7. X-ray diffraction patterns of titanium dioxide films on the FTO glass substrate.
Coatings 2024, 14, 88 9 of 16 
 

 

   

Figure 8. The plot of (αhϑ)2 versus hϑ of TiO2 films: (a) compact, (b) compact + spin-coating meso-

porous, (c) compact + doctor blade mesoporous. 

3.3. TiO2/SnS Nanocomposites 

Thin tin sulfide films of grey-black color were deposited using the SILAR method 

and applying 20; 30 and 40 cycles. SnS thin films on the FTO glass slides were character-

ized in previous papers [26,48]. In this paper, the characterization of TiO2/SnS composites 

is developed. The XRD patterns of TiO2/SnS nanocomposites are shown in Figure 9. Ac-

cording to the XRD patterns, the most intense peaks are assigned to orthorhombic tin sul-

fide (JCPDS card no 83-1758). The peaks at 2θ = 26.44; 37.74; 51.45; 54.47 and 65.45°, which 

can be indexed to planes 021; 041; 221; 240 and 171, respectively, indicating that the sam-

ples are composed of highly crystalline tin sulfide. The XRD peaks at 2θ = 25.31 and 61.53° 

can be assigned as 101 and 213 planes of TiO2 (JCPDS card no 84-1285). A peak at 2θ = 

33.63° attributed to SnO2 is still visible in the patterns. The reason for the tin dioxide peak 

could be the porous structure of the obtained films. 

 

Figure 8. The plot of (αhϑ)2 versus hϑ of TiO2 films: (a) compact, (b) compact + spin-coating
mesoporous, (c) compact + doctor blade mesoporous.

3.3. TiO2/SnS Nanocomposites

Thin tin sulfide films of grey-black color were deposited using the SILAR method and
applying 20; 30 and 40 cycles. SnS thin films on the FTO glass slides were characterized
in previous papers [26,48]. In this paper, the characterization of TiO2/SnS composites
is developed. The XRD patterns of TiO2/SnS nanocomposites are shown in Figure 9.
According to the XRD patterns, the most intense peaks are assigned to orthorhombic tin
sulfide (JCPDS card no 83-1758). The peaks at 2θ = 26.44; 37.74; 51.45; 54.47 and 65.45◦,
which can be indexed to planes 021; 041; 221; 240 and 171, respectively, indicating that the
samples are composed of highly crystalline tin sulfide. The XRD peaks at 2θ = 25.31 and
61.53◦ can be assigned as 101 and 213 planes of TiO2 (JCPDS card no 84-1285). A peak at



Coatings 2024, 14, 88 9 of 15

2θ = 33.63◦ attributed to SnO2 is still visible in the patterns. The reason for the tin dioxide
peak could be the porous structure of the obtained films.
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Figure 9. X-ray diffraction patterns of TiO2/SnS nanocomposites. SnS film prepared using 20, 30 or
40 SILAR cycles. Mesoporous TiO2 film deposited using spin-coating (a) or doctor blade (b) method.

The absorbance of the obtained films was measured in the wavelength range of
200−900 nm at room temperature. The optical bandgap was estimated according to
Tauc’s law:

(αhϑ)n = A
(
Eg − hϑ

)
(3)

where n = 2 for direct transmission. The Tauc plots of (αhϑ)2 and the photon energy (hϑ)
are shown in Figure 10. Here, two bandgap values corresponding to TiO2 and SnS were
obtained. Calculated TiO2 bandgap values are very close to the results described before
and to theoretical ones. The bandgap energy of SnS was determined by extrapolating
the straight-line portion of the plot to intersect the hϑ axis and was 1.4 eV and is close to
the optimal bandgap of 1.5 eV [15,19], 1.3 eV [18,49], the direct value of 1.4 eV [46] and
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1.3 eV [47]. However, quantum confinement could be the reason for the enlargement of
the bandgap due to particle size. There were no significant differences in the value of
the direct bandgap of the samples. In addition, the incorporation of narrow bandgap SnS
nanoparticles could reduce the bandgap of TiO2 [15]. Previously, the bandgap values of
TiO2 were found to be in the range of 3–3.4 eV, while the TiO2 values in the nanocomposite
were in the short range of 3.3–3.4 eV, and the TiO2 deposition method did not affect the
bandgap value.
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Figure 10. Bandgap energies of TiO2/SnS composite thin films. Mesoporous TiO2 was deposited
using spin-coating technique and SnS using 20 (a), 30 (b) and 40 (c) SILAR cycles. Mesoporous TiO2

was deposited using doctor blade technique and SnS using 20 (d), 30 (e) and 40 (f) SILAR cycles.
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The morphology TiO2/SnS composite films was characterized by scanning electron
microscopy. The SEM images of the obtained thin films are given in Figure 11. The surface
consists of well-defined grains of shape and size with some voids depending on the TiO2
deposition route and the number of SnS deposition cycles. The films obtained were almost
uniform and well-covered over the entire surface. Tin sulfide films on TiO2 deposited using
the spin-coating technique (Figure 11a) are quite uniform and covered all over the surface
with only a few parts of denser agglomeration. With an increase in the number of SILAR
cycles, the content of SnS on the surface of TiO2 increases. TiO2 films deposited using the
doctor blade method led to the formation of more uneven SnS films with higher and denser
agglomerates. SEM pictures with a magnification of 20,000× illustrate the formation of the
more porous surface. Summarizing the results obtained, it is clearly seen that the quality of
tin sulfide film depends on the TiO2 deposition route. In addition, the number of SILAR
deposition cycles also affects the formation of SnS film.
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Figure 11. SEM images with magnification of 10,000× (left) and 20,000× (right) of TiO2/SnS
nanocomposite films. Mesoporous TiO2 film was deposited using spin-coating (a) or doctor blade
(b) method. SnS film prepared using 20 (1), 30 (2) or 40 (3) SILAR cycles.

Elemental composition of the samples was estimated using EDX spectroscopy. The
peaks of tin, titanium, oxygen, and sulfur are seen in Figure 12.

EDX results, especially for film marked b (Figure 12 and Table 1), show that the
stoichiometric ratio is slightly sulfur-rich and confirms the formation of SnS [19]. Figure 13
represents the maps of elements, and it can be seen that elements of O, Ti, Sn and S are
contained in all samples. Moreover, these constituent elements are evenly distributed in
the obtained composite, suggesting that heterojunctions are likely formed between any
two semiconducting materials in TiO2/SnS [50]. According to the data in Table 1, the
main difference between the samples is the sulfur atomic percentages. Using the doctor
blade method for the deposition of mesoporous TiO2, the atomic percentages of sulfur
and tin are very similar, and the stoichiometric ratio is close to 1:1. Using the spin-coating
technique for TiO2 formation, it is clearly seen the excess of tin. Figure 13 shows the
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dependence of tin atoms on titanium because both elements have visual signals at the
same place. The concentration of tin stays almost the same, and these atoms cover all the
substrate. Figure 13b shows quite thick agglomerates of tin sulfide. It can also be seen that
the concentration of sulfur depends on the concentration of tin.
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Figure 12. EDX spectra of TiO2/SnS nanocomposite films. Mesoporous TiO2 deposited using
spin-coating (a) or doctor blade (b) method. SnS prepared using 30 SILAR deposition cycles.

Table 1. The elemental composition by EDX analysis (excluding Si and C).

Elements Thin Film (a) Thin Film (b)

Ti (at.%) 9.28 11.93
O (at.%) 67.96 54.07
Sn (at.%) 16.01 15.11
S (at.%) 2.61 12.11
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4. Conclusions

TiO2/SnS nanocomposites on the FTO glasses were prepared using simple and eco-
friendly methods. In this study, the best etching agent for FTO glass was found to be
2 M HCl due to the resulting clear and transparent glass surface. Using scanning electron
microscopy, the surfaces of both compact and mesoporous spin-coated TiO2 films were
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found to be smooth and densely packed, whereas the surface of the mesoporous TiO2
film formed using the doctor blade technique was uneven and noticeably porous. X-ray
diffraction analysis showed the formation of an anatase phase with a small amount of rutile
phase in compact and mesoporous TiO2 films and orthorhombic SnS in a tin sulfide film.
Using electron dispersive X-ray spectroscopy, it was observed that the molar ratio of S to Sn
in the composite was 1:1 when a thick mesoporous TiO2 film was deposited using the doctor
blade technique. Detailed morphological characterizations showed good crystallinity of the
deposited SnS films. The synthesized TiO2/SnS nanocomposites increased absorption in
the UV, visible and near-IR ranges, and the absorption intensity increased with increasing
film thickness. Calculated bandgap energy values are close to theoretical TiO2 and SnS
values and were 1.4 eV for SnS and 3.3–3.4 eV for TiO2.
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