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Abstract

The study aimed to form thin Bi2S3 films simultaneously on various textile materials us-
ing the environmentally friendly, low-cost successive ionic layer adsorption and reaction
(SILAR) method at ambient temperature, and to evaluate the influence of the textile’s
composition on the resulting composites’ surface phase composition, morphology, and
optical properties. The deposited films were characterised using X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, and
ultraviolet–visible (UV-Vis) diffuse reflectance spectroscopy. This paper discusses how
the structure and composition of the textiles affect the phase and elemental composition,
crystallinity, morphology and optical properties of the formed films. The properties of the
films are then compared. Depending on the textiles used, the formed films can be amor-
phous or polycrystalline, and can be rich in sulphur or near stoichiometric. Accordingly,
the normalised atomic percentages of Bi in the films range from 3.62% to 33.87%, and those
of S range from 96.38% to 66.13%. The optical energy gap value of the composites also
varies depending on the textile substrate, ranging from Eg = 1.58 eV to Eg = 1.8 eV. These
properties directly impact the films’ applications. We have obtained a rather low value of
the optical energy gap in a simpler way.

Keywords: bismuth(III) sulphide films; structural textile; SILAR; SEM; optical properties

1. Introduction
Solar photovoltaic (PV) systems are supplying an increasing share of the global elec-

tricity market. The majority employ crystalline silicon solar cells (SCs), characterised by
rigidity, brittleness, and the high processing cost of silicon. Perovskite photoelectrochem-
ical solar cells (SEs) offer simpler designs but face challenges related to high costs and
instability of organic semiconductors used for charge transfer. These systems are also
unsuitable for lightweight, flexible PV applications. Textile-based flexible PV systems have
emerged as an alternative, inspired by textiles’ excellent performance in electronic devices.
Selecting appropriate textiles and semiconductors is critical for developing efficient flexible
PV structures.

Currently, various textiles are being used: polytetrafluoroethylene (PTFE)-coated glass
fibre (GF), mesh or aramid fabric, silicone-coated fibreglass fabric, polyvinylchloride (PVC)-
coated polyester (PES) fabric, etc. PTFE-coated aramid fabric is a composite material that
combines the high-performance characteristics of aramid fibres with the non-stick and
heat-resistant properties of PTFE coating. This combination makes it suitable for industrial
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applications where strength and heat resistance are essential. Silicone-coated fibreglass
fabric is made of E-Glass fibreglass base fabric and high-purity silicone coating.

Electrically conductive textiles are produced from woven or knitted conductive yarns.
Conductivity can also be imparted by sewing, embroidery, chemical coatings, or surface
metallisation with silver, nickel, or copper nanoparticles. These fabrics typically exhibit
electrical resistance below 1 Ω/sq [1].

Semiconductor thin films are being investigated for textile integration to develop smart,
functional building materials. When deposited on fabrics such as polyester or cotton, they
enhance durability, conductivity, and energy efficiency. Nanocrystalline semiconductors
are of particular interest for advanced electronic and optoelectronic applications. Among
these, metal sulphides stand out due to their broad utility in electronics, energy storage
and conversion, optics, electrochemical sensing, photocatalysis, and biomedicine, enabled
by their unique structural and optical properties [2–5].

Bismuth(III) sulphide (Bi2S3) is used in the following: photovoltaic converters, photo-
catalysts [6], thermoelectric cooling technologies based on the Peltier effect [7], hydrogen
storage [8], thermoelectric gas sensors [9,10], optical detection for IR and UV light [11,12],
photoelectrochemical solar cells (SEs), electronic and optoelectronic devices [7], lithium-
ion batteries [13], memristors [14], and cancer diagnostics [15,16]. Bi2S3 is an n-type
crystalline semiconductor with intrinsic properties like: low direct optical energy gap
(1.3–1.7 eV), which is within optimal range for the solar spectrum, high absorption co-
efficient (104–105 cm−1), high ionic conductivity, and sufficient conversion efficiency of
incident photons to electrons (∼5%) [17], making it ideal for solar energy conversion de-
vices [18]. It has an orthorhombic, layered (lamellar) structure that is held together by
weak Bi–S bonds. Some examples of bismuth sulphide nanostructures include belts, stars,
spheres, ribbons, snowflakes, flowers, rods, tubes, and wires [19–23]. This van der Waals
material has potential as a solar absorber, and its use in optoelectronics is the subject of
extensive research [24].

Deposition of thin Bi2S3 includes the following: thermal evaporation [25], chemical
vapour deposition [26], solvothermal synthesis [27], the ultrasonic method [28], pulsed laser
deposition [29], microwave irradiation [22], spray pyrolysis [30], and electrodeposition [31].
These methods of forming Bi2S3 thin films are disadvantageous because of the requirement
for high temperatures and ultrahigh vacuums, as they are cost-inefficient.

The chemical methods, chemical bath deposition (CBD) [32] and successive ion layer
adsorption and reaction (SILAR) [33], are promising due to their user-friendly equipment,
low cost, and ability to deposit over a large surface area. The main advantage is the ability
to control the reaction rate and film thickness.

The predominantly used cationic precursor in chemical deposition methods for
bismuth-containing thin film fabrication is bismuth nitrate pentahydrate [32,33]. Sulphur-
containing precursors—thiourea, thiosulphate, thioacetamide [34], hydrogen sulphide [7],
sodium sulphide, and elemental sulphur—are commonly used in chemical deposition of
bismuth sulphide [35].

During CBD film formation, the substrate and all cationic and anionic precursors
are in the same reaction bath—the deposited materials adhere to the substrate and the
bath. The SILAR method involves immersion of the substrate in different reaction baths
containing either cationic or anionic precursors. Thin film is deposited exclusively on the
substrate. The absence of a complexing agent results in highly pure films. This constitutes
one deposition cycle. The rate of deposition is controlled by adjusting the concentration of
the precursor solutions. Film thickness is controlled by the immersion time and the number
of cycles. This enables simultaneous control of film deposition. In this study, the SILAR
method was chosen to form thin Bi2S3 films.
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The study aimed to form thin Bi2S3 films simultaneously on various textile materials
using the SILAR method, and to evaluate the influence of the textile’s composition on the
resulting composites’ surface phase composition, morphology, and optical properties.

2. Materials and Methods
2.1. Materials

For the deposition of bismuth sulphide thin films, 5 samples of textiles with different
compositions were selected: polyethylene terephthalate fabric coated with polyvinyl chlo-
ride (PET/PVC, Verseidag-Indutex GmbH, Krefeld, Germany), glass fibre fabric coated
with polytetrafluoroethylene (GF/PTFE, Verseidag-Indutex GmbH, Krefeld, Germany),
cotton/polyester/spandex (C/PES/S, Mianyang Jialian Printing and Dyeing Co., Ltd.,
Mianyang, China), polyamide/silver (PA/Ag, Kufner Holding GmbH, Unterhaching,
Germany), and polyamide/copper (PA/Cu, Kufner Holding GmbH, Unterhaching,
Germany). The textile samples were cut into (2 × 7) cm2 samples. Table 1 lists the compo-
sition of each textile sample, along with photographs and the technical data provided by
the manufacturer.

Table 1. Photographs of samples and technical data of textiles provided by manufacturers.

Textile GF/PTFE PET/PVC C/PES/S PA/Cu PA/Ag

Photographs

 

    

Composition PTFE-coated
fibreglass

PET yarn, coating
PVC, filler 1

75% cotton (C), 24%
polyester (PES), 1%

spandex (S) 2

100% nylon (PA),
metallisation
copper (Cu)

100% nylon (PA),
metallisation

silver (Ag)

Thickness, mm 0.58 0.56 0.35 0.05 0.10

Basis weight, g/m2 1100 850 290 52 34

Heat resistance, °C 260 70 80 30 30

Cold resistance, °C −73 −30 −30 −30 −30

1 The filler pigment is not specified, but XRD analysis showed that the dominant inorganic fillers are CaCO3
and TiO2 (XRD results are presented in Section 3.2.2). 2 The spandex fibre that is most used has at least
85% polyurethane and 15% other materials, like nylon or polyester, in it.

The following reagents were used to prepare the etching solutions: chromium(VI)
oxide (CrO3, ≥97 wt%, Sigma-Aldrich Chemie GmbH, Munich, Germany), sulphuric acid
(H2SO4, ≥96 wt%, Barta a Cihlar, Rožnov pod Radhoštěm, Czech Republic), and orthophos-
phoric acid (H3PO4, ≥60 wt%, Lach-Ner, Ltd., Neratovice, Czech Republic). Bismuth
nitrate (Bi(NO3)3·5H2O, ≥99 wt%, Sigma-Aldrich Chemie GmbH, Munich, Germany) and
sodium thiosulphate (Na2S3O3·5H2O, >98 wt%, Sigma-Aldrich Chemie GmbH, Munich,
Germany) were used to prepare solutions for the deposition of bismuth sulphide thin films.

2.2. Thermo-Oxidative Acid Treatment of GF/PTFE and PET/PVC Samples

The surfaces of the GF/PTFE and PET/PVC samples were found to be hydrophobic,
so the samples had to be chemically treated to improve their hydrophilicity and adhesion
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properties. The type of polymer, treatment time and temperature affect the process results,
such as roughness parameters, etching depth, and appearance of hydrophilic groups, so it
is important to select the appropriate etching solution and optimum etching conditions. In
order to improve the etching results prior to the treatment, the GF/PTFE and PET/PVC
samples were mechanically ground with SiO2 paper (p80 and p180 grit). The samples were
then washed with hot running water and then with distilled water. This removed any dirt,
dust, abrasive and broken particles adhering to the surface.

A thermo-oxidative acid treatment was chosen based on a literature analysis and our
experience [36]. The composition of the etching solution and the etching conditions are
given in Table 2.

Table 2. Parameters of thermo-oxidative acid treatment of GF/PTFE and PET/PVC samples.

Solution Composition and
Concentration, M

Sample Etching Conditions
Temperature, ◦C Duration, h

H2SO4, 7.2
H3PO4, 6.6
CrO3, 0.36

GF/PTFE 100 ± 1 2

PET/PVC 68 ± 1 2

Although the GF/PTFE fabric is heat-resistant up to 260 ◦C, an etching process at
around 100 ◦C was chosen to reduce the overall risk of the process. The PET/PVC fabric was
heat-resistant to 70 ◦C, so the treatment was carried out at around 68 ◦C. Experiments were
performed to determine the treatment time. At the end of the thermochemical treatment,
the substrates were washed with hot running water, then rinsed with distilled water until
the pH of the water reached a value of 7, and then air-dried at room temperature. The
samples were then stored in a desiccator containing CaCl2.

2.3. Deposition of the Bi2S3 Thin Films

The bismuth sulphide films were deposited using the SILAR method, which makes
our technology simpler and cheaper. A series of experiments was carried out to investigate
the effect of solution concentration, immersion time and number of cycles on the quality
of the films. Solutions with a concentration of 0.02–0.1 M were investigated. The number
of deposition cycles apparently has the greatest effect on film thickness, so for thin film
deposition, immersion cycles were varied from 1 to 7. Finally, the samples were alternately
immersed in solutions of 0.1 M Bi(NO3)3 and 0.1 M Na2S2O3 at room temperature and left
undisturbed for 8 h. After each immersion in the solution, the samples were washed with
distilled water. This constituted one deposition cycle. The number of immersion cycles
seemed to have the greatest effect on the film thickness, so the immersion cycles were
varied. The uniformity of the deposited film and the quality of its adhesion were checked
visually and with a strong jet of water. The highest quality and best adhesion of Bi2S3 films
to the structural textile surface was achieved after seven cycles. The basic equation of the
reaction can be described as follows:

2Bi(NO3)3(aq) + 3Na2S2O3(aq) + 3H2O(l) → Bi2S3(s) + 6NaNO3(aq) + 3H2SO4(aq) (1)

After 7 deposition cycles, the colour of the samples changed; they became grey-black
or black, and were covered with a visually uniform layer of deposited material.

2.4. Analytical Techniques

The changes in chemical structure and bond configuration on the surface of untreated
and treated GF/PTFE and PET/PVC samples were analysed using attenuated total re-
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flectance (ATR) Fourier-transform infrared (FTIR) spectroscopy. ATR-FTIR spectra were
recorded in the wavenumber range of 3500–600 cm−1. Spectra were recorded on a Perkin
Elmer FTIR Spectrum GX spectrophotometer by averaging 64 scans with a wavenumber
resolution of 1 cm−1 at room temperature.

X-ray diffraction (XRD) analysis was carried out on a Bruker Advance D8 diffractome-
ter with a tube voltage of 40 kV and a tube emission current of 40 mA. The X-ray beam
was filtered with a Ni 0.02 mm filter to select CuKα (λ = 0.15406 nm) radiation. Diffraction
patterns were recorded in a Bragg–Brentano geometry by using a fast-counting detector,
Bruker LynxEye, based on the silicon strip technology. The specimens of the samples were
scanned over the range of 2θ = 3–70◦ at a scan rate of 0.02◦min−1 by using the coupled two
theta/theta scan type.

The morphology and elemental analysis were investigated by scanning electron mi-
croscopy equipped with an energy dispersive X-ray spectroscopy detector (SEM-EDX).
For SEM images, the samples were cut into smaller sizes of approximately 5 × 5 mm and
coated with gold (Au) prior to morphological observation. SEM, observation of the samples
was performed on a ZEISS EVO MA10 microscope at an accelerating voltage of 20 kV. The
Bruker AXSX Flash 6/10 detector can detect all the elements present in the sample with
an overall accuracy of about 1% and a detection sensitivity down to 0.1% by weight. A
Lambda 35 UV-Vis spectrophotometer was used to record the UV-Vis diffuse reflectance
spectra of the structural textile and the resulting composites in the 200–800 nm spectral
range. Barium sulphate was used as a white standard. The Kubelka–Munk method was
used to determine the optical energy gap (Eg) from the UV-Vis diffuse reflectance spectrum
using the following equations [37,38]:

F(R) =
(1 − R)2

2·R , (2)

hvF∼
(
hv − Eg

)n, (3)

where F is the Kubelka–Munk function, R is the reflectance, hν is the photon energy, and Eg

is the optical energy gap, n is a constant denoting the power factor of the transition mode.
For the allowed direct and indirect transitions, n = 2 and 1/2, respectively.

3. Results and Discussion
3.1. ATR-FTIR Spectroscopy of GF/PTFE and PET/PVC Samples

To better understand the changes in surface functional groups before and after chemi-
cal etching, the samples were analysed by ATR-FTIR spectroscopy. Figures 1 and 2 show
the ATR-FTIR spectra of the untreated and etched GF/PTFE and PET/PVC samples.

Figure 1 illustrates the ATR-FTIR spectra of the GF/PTFE samples before and after
etching. According to the literature [39], the most intense bands observed at 1145 cm−1

and 1203 cm−1 correspond to strong absorption of the valence symmetric and asymmetric
stretching of CF2, while the C-C vibration band appears as a curvature around 1250 cm−1.
The peaks observed at 640 cm−1, 553 cm−1, and 507 cm−1 correspond to CF2 deformation,
CF2 wagging, and CF2 twisting, respectively, and undergo intense changes simultaneously
with the degree of crystallinity of PTFE [40]. The strong peaks at 1093 and 798 cm−1 are
associated with asymmetric and symmetric Si-O-Si stretching vibrational bonding of glass
fibre fabric [41]. However, the characteristic peak at 1093 cm−1 of the Si-O-Si band is in the
same region as the stretching of CF2, resulting in an overlap of the peaks.
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Figure 1. ATR-FTIR spectra of GF/PTFE architectural textiles in the 4000–560 cm−1 wavenumber
range: (1) untreated, (2) etched. The inset shows a magnified view of the x-axis.
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Figure 2. ATR-FTIR spectra of PET/PVC structural textiles in the 4000−560 cm−1 wavenumber range:
(1) untreated; (2) etched.

To understand structural changes in the etched surface, the x-axis was magnified
(Figure 1, inset). New functional groups appear in the ATR-FTIR reflectance spectrum of
the etched GF/PTFE sample surface (inset in Figure 1, spectrum 2). The peak at 3675 cm−1

is attributed to the valence vibrations of the -OH bond. The observed peaks at 2998 cm−1,
2900 cm−1 and 1409 cm–1 are assigned to valence asymmetric and valence symmetric C-H
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and valence C=C bond vibrations, respectively. The unsaturated vibration of the C-F bond
is fixed at 925 cm–1.

Figure 2 shows the ATR-FTIR spectra of an untreated and an etched PET/PVC sample
surface. The coexistence of different types of functional groups in PET/PVC has a combined
effect and, as a result, the positions of the infrared absorption peaks are different from
those reported in the published data for the pure form. The ester group in PET/PVC
textile is confirmed by an intense >C=O stretching vibration mode at 1725 cm−1, stretching
vibrations of C=O bond at 1192 cm−1, a band at 1148 cm−1 corresponding to asymmetric
stretching vibrations of O-C-C group and a very weak absorption peak at 1040 cm−1

resulting from C-O-C stretching vibrations [42–44]. The group of small vibrations in the
spectral region from 2950 cm−1 to 2860 cm−1 could be attributed to the superposition of
C-H stretching vibrations of -CHCl, CH3, and -CH2 groups of esters and -CH2 groups in
PVC. The C-H wagging and rocking vibrations of the methylene groups are reflected in
the bands at 1435 cm−1 and 965 cm−1, respectively. The bands associated with the -CHCl
functional group appear at 1380 cm−1, 1073 cm−1, and 693 cm−1 and correspond to the
stretching vibrations of C-H, the skeletal vibration of -CHCl, and the stretching vibrations
of C-Cl, respectively. The appearance of an intense peak at 1274 cm−1 can be related to
the complex superposition of three vibrations, such as C-H wagging in methylene groups
of PVC chain, C-H bending vibrations of -CHCl moieties, and C=O stretching vibrations
of ester group. This peak is observed at higher wavenumbers compared to the spectral
position of the three peaks discussed above in pure PVC and the ester group of PET. Two
weak absorption peaks at 1600 cm−1 and 1580 cm−1 are related to -C=C bond vibrations,
while C-H out-of-plane bending vibrations of benzene rings are represented by peaks at
877 cm−1, 799 cm−1, and 745 cm−1 [42,45]. The minor peak at 841 cm−1 can be attributed
to CaCO3 acting as a filler [46]. As shown (Figure 2, spectrum 2), slight changes were
observed in the ATR-FTIR spectra of the etched sample. All the peaks described for the
untreated PET/PVC surface are slightly diminished or shifted. The minor peak attributed
to CO3

2− disappears, while CaCO3 dissolves in an acidic medium. The appearance of the
broad band in the region from 3656 cm−1 to 3075 cm−1, accompanied by a small shoulder
in the region from 2443 cm−1 to 2194 cm−1, confirms the formation of new -OH and/or
-C-OH functional groups on the etched PET/PVC textile surface.

The ATR-FTIR spectra show a functionalised surface of GF/PTFE and PET/PVC
samples after thermo-oxidative acid treatment with oxygen containing >C=O and -C-OH
functional groups. The reactivity of the surface with these groups is much higher, while its
hydrophilicity, and consequently the adhesion of deposited thin Bi2S3 semiconductor films,
is increased.

3.2. Structural, Morphological and Optical Characterisation of Obtained Composites

A visual evaluation of the surface of the resulting composites revealed a significant
colour change to dark brown or black, confirming the formation of a new phase on the
surface of the textile samples (Figure 3).

The deposited films were tested for adhesion by subjecting them to a steady stream
of distilled water [47]. The tests show that deposited thin films adhered well to the
textile substrates.

XRD was used to characterise the phase composition of the Bi2S3 thin films obtained.
SEM-EDX spectroscopy was used to evaluate the surface morphology and elemental
composition. UV-Vis DR spectroscopy indirectly measures the electronic structure of a
solid to provide information about the electronic transitions of its different orbitals [38],
and is the most effective method for evaluating the optical properties of textile fibres [48].
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(a) (b) (c) (d) (e) 

Figure 3. Images of obtained composites: (a) GF/PTFE/Bi-S; (b) PET/PVC/Bi-S; (c) C/PES/S/Bi-S;
(d) PA/Cu/Bi-S; (e) PA/Ag/Bi-S.

3.2.1. Characterisation of GF/PTFE/Bi-S Samples

XRD analysis was performed to better understand the changes in the surface phase
composition of the untreated and etched GF/PTFE samples, as well as the GF/PTFE/Bi-S
composite. XRD diffractograms are shown in Figure 4. The XRD data was analysed in
detail using a combination of data from the literature and JCPDS reference templates.
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Figure 4. XRD diffractogram of (1) untreated GF/PTFE sample; (2) etched GF/PTFE sample;
(3) GF/PTFE/Bi-S composite. (a) Full range; (b) zoomed-in view between 30 and 70 2θ; (c) scraping
from a GF/PTFE/Bi-S composite surface.

According to the literature [49], PTFE is characterised by one intense X-ray diffraction
peak at 2θ = 18◦ and six peaks of low intensity appearing at 2θ = 30◦ to 70◦. These peaks
correspond to (100), (110), (200), (210), (300), (220), and (310) crystal planes. Analysing
the obtained XRD data of the untreated GF/PTFE construction textile sample (Figure 4,
diffractogram 1), the diffraction peaks at 2θ = 18.05◦, 31.66◦, 36.88◦, 41.40◦, 49.32◦, 56.48◦,
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and 66.10◦ were recorded in the specified interval, which are attributed to crystalline PTFE
(JCPDS: 47-2217).

After etching, no significant changes were observed in the position of any of the
characteristic peaks of untreated GF/PTFE (2θ = 18.09◦, 31.65◦, 36.82◦, 41.40◦, 49.27◦, 56.35◦,
and 66.10◦, Figure 4, diffractogram 2), although the intensity of the peaks at 2θ = 18.09◦

and 31.65◦ increased. No new peaks appeared. A sharp increase in the intensity of the
peak indicates both an increase in the size of the crystallites and their preferred orientation.
The grain size, calculated using XRD patterns according to Debye–Scherer’s formula [50],
is 23.72 nm for the untreated GF/PTFE textile samples at the (100) crystal plane. For the
etched samples, the grain size is 24.37 nm, i.e., it increases. Increasing the average grain
size of a GF/PTFE surface decreases its available surface area for deposition. This can
hinder chemical reactions and alter adhesion, resulting in a surface that is less uniform and
reactive for thin film deposition. This is because larger grains create fewer nucleation sites,
resulting in a rougher surface with more pronounced voids between particles that can trap
reactants or hinder coverage.

A diffractogram similar to that of the etched GF/PTFE sample was obtained after Bi2S3

thin films were deposited (see Figure 4, diffractogram 3). As previously reported [51], chem-
ically deposited Bi2S3 films are often amorphous or polycrystalline in their as-deposited
state. SEM images (Figure 5b) show that the GF/PTFE surface is covered with nanostar-
shaped crystallites that are characteristic of the Bi2S3 nanostructure. Therefore, we scraped
a deposited layer from a composite surface and analysed it using XRD. The presence of XRD
peaks at 2θ = 28.45◦ and 31.57◦ in the scraped material indicates that it is polycrystalline
(see Figure 4c). These peaks are attributed to the orthorhombic phase of Bi2S3, with the
following crystallographic planes: (211) and (221) (JCPDS: 17-320). EDX spectra (Figure 6c)
showed that the deposited film was rich in sulphur. However, no sulphur peaks were
registered. These results lead us to conclude that the deposited film is much thinner than
the substrate, so no new phases could be detected in the diffractogram.

  
(a) (b) 

Figure 5. SEM images of GF/PTFE/Bi-S composite: (a) 300× magnified; (b) 40,000× magnified.

Figure 5 shows SEM images of the GF/PTFE/Bi-S composite. Figure 5a shows that
the surface is uneven, with cracks separating smooth clusters of various sizes. Increased
magnification (Figure 5b) reveals nanostar-shaped structures on the substrate surface, which
are characteristic of the Bi2S3 nanostructure. The nanostar particles and their aggregates
vary significantly in size, ranging from approximately 300 nm to around 1.2 µm.
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(a) (b) (c) 

Figure 6. EDX elemental maps of Bi (yellow) and sulphur (blue) (10,000× magnified) of GF/PTFE/Bi-
S surface: (a) spatial distribution of elements; (b) elemental concentration distribution; (c) represen-
tative EDX spectra. The normalised atomic percentages of Bi and S in the films are shown in the
corresponding inset.

The elemental distribution was analysed using energy dispersive X-ray spectroscopy
(EDX). Spatial and concentration distributions of bismuth and sulphur on GF/PTFE are
shown in Figure 6. Spatial distribution shows a clustered distribution of both elements.
Yellow spots (bismuth) appear to form dense clusters; brighter white spots correspond to
nanostar-shaped Bi2S3 structures visible in SEM analysis. Blue matrix (sulphur) surrounds
these clusters, suggesting sulphur is more evenly distributed over the substrate. Image B
shows small yellow-green spots scattered across a darker background, confirming localised
enrichment of certain elements. The surface shows heterogeneous concentration distribu-
tion, reinforcing the idea of nanostar-structured deposition rather than a uniform layer. As
can be seen from the representative EDX spectra presented in Figure 6c, the Bi and S peaks
are clearly visible in the EDX spectra of the samples, alongside additional peaks due to the
GF/PTFE substrate, the substrate holder used in the EDX instrument, or the Au coating
applied prior to morphological observation. The inset in Figure 6c shows the normalised
atomic percentages of bismuth and sulphur. The atomic ratios of Bi and S vary within the
respective ranges of 3.62% and 96.38%. This indicates a high excess of sulphur. The excess S
in Bi2S3 films prepared using Na2S2O3 may also be due to thiosulphate, since thiosulphate
can decompose into elemental S in an acidic medium [52]. This acidic medium is formed
during the hydrolysis of Bi(NO3)3.

Figure 7a shows the reflectance values of the untreated and etched GF/PTFE textile
and GF/PTFE/Bi-S composite in the UV–Vis region. PTFE, a key component of the textile,
has an average reflectance of over 93% from 250 to 400 nm, reaching around 99% in the
visible and near-infrared spectrum [53]. However, its high diffuse reflection decreases
with increasing GF content in textiles. For the untreated GF/PTFE textile, the percentage
reflectance increases gradually from 25% at 200 nm to 76% at 800 nm (Figure 7a, spectrum
1), whereas for the etched textile, it increases gradually from 32% at 200 nm to 73% at the
same wavelength (Figure 7a, spectrum 2). Depositing Bi2S3 films influences the reflectance
of the GF/PTFE/Bi-S composite. Reflectance plateaus at around 13% between 200 and
500 nm before steadily increasing to 36% at 800 nm (Figure 7a, spectrum 3).
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Figure 7. (a) Optical reflectance spectra as a function of the wavelength in the range of 200–800 nm
for (1) untreated GF/PTFE; (2) etched GF/PTFE; (3) GF/PTFE/Bi-S composite; (b) Eg determination
by Kubelka—Munk method.

The Eg value was determined from the UV-Vis DR spectrum by applying the
Kubelka–Munk method. The experimental data show a long straight-line section in the
(hvF)2 vs. hv chart (Figure 7b), whereas the (hvF)1/2 vs. hv plots exhibit no linear behaviour,
ruling out the possibility of an indirect optical energy gap. The intersection between the
linear fit and the photon energy axis gives an Eg value of 1.8 eV (Figure 7b).

3.2.2. Characterisation of PET/PVC/Bi-S Samples

The diffractogram patterns of the PET/PVC samples before and after thermochemical
treatment, as well as the obtained composites, are shown in Figure 8. A combination of
data from the literature and JCPDS reference templates was used to analyse the XRD data
in detail.
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Figure 8. XRD diffractogram of (1) untreated PET/PVC sample; (2) etched PET/PVC sample;
(3) PET/PVC/Bi-S composite. Peaks are labelled as follows: •—PET (JCPDS: 50-2275); #—PVC
(JCPDS: 64-1628); ∆—rhombohedral CaCO3 (JCPDS: 05-0586); ▼—tetragonal TiO2 (JCPDS: 04-006-
1890); □—orthorhombic Bi2S3 (JCPDS: 17-320); ■—monoclinic S (JCPDS: 76-183).

The XRD diffractogram of the untreated sample (Figure 8, curve 1) shows a broad,
weak characteristic peak of PVC at 2θ = 18.78◦, corresponding to the (110) crystal plane
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(JCPDS: 64-1628). The PET peak is observed at 2θ = 23.07◦ (JCPDS: 50-2275), and the peak
at 2θ = 25.78◦ can be attributed to both PET and PVC. The five characteristic peaks at
2θ = 29.49◦, 39.49◦, 43.38◦, 47.69◦, and 48.63◦ correspond to the (104), (113), (202), (016),
and (018) crystal planes of rhombohedral calcite (CaCO3, JCPDS: 05-0586). Similarly,
six characteristic peaks at 2θ = 27.50◦, 36.14◦, 41.28◦, 54.38◦, 56.83◦, and 69.23◦ correspond
to the (110), (101), (200), (211), (220), and (301) crystal planes of the tetragonal rutile phase
of titanium dioxide (TiO2; JCPDS: 04-006-1890).

In general, no phase changes occur after thermochemical treatment. However, there is
a clear variation in the diffraction peaks corresponding to the peaks of both the organic
components and the inorganic filler (Figure 8, diffractogram 2). The broad, weak PVC
characteristic peak at 2θ = 18.78◦ and the small PET peak at 2θ = 23.07◦ disappear. Following
treatment, the intensity of all TiO2 peaks decreases compared to the untreated sample, as
do those corresponding to CaCO3. This suggests that the crystalline quality of the inorganic
fillers has been reduced. A decrease in the intensity of all XRD peaks in a sample compared
to an untreated sample suggests a change in the material’s crystallinity or composition.
As no new phase was identified, this could be due to factors such as reduced crystal
size, increased lattice strain or an increased concentration of amorphous phases. The
reduced crystallinity of the samples appeared to hinder fibre agglomeration and facilitate
the diffusion of precursor ions.

After the deposition of thin films, a series of new peaks appear (see Figure 8, diffrac-
togram 3). As reported [54], prominent 2θ peaks for orthorhombic phase bismuthinite
(Bi2S3) in XRD patterns are typically found at around 28.6◦ and 31.8◦. However, the specific
2θ values and their corresponding intensities may differ slightly depending on the syn-
thesis method used and the quality of the Bi2S3 crystal. Therefore, the peak at 2θ = 28.67◦

(211) is attributed to the orthorhombic phase of Bi2S3 (JCPDS: 17-320). Additional Bi2S3

peaks may be observed at 2θ = 25.32◦ (310), 47.05◦ (350), 52.02◦ (540), and 53.37◦ (061).
The increased intensity of the peak at around 2θ = 48.63◦, initially attributed to calcite,
shows that it overlaps with an additional Bi2S3 peak at 2θ = 48.62◦ (060). Similarly, the
increased intensity of the peak at around 2θ = 56.83◦, initially attributed to rutile, shows
that it overlaps with an additional Bi2S3 peak at 2θ = 56.53◦ (451). Peaks at 2θ values of
14.48◦ (210), 19.94◦ (120), 31.22◦ (−601), 37.76◦ (133), and 41.76◦ (−721) can be assigned
to monoclinic sulphur (JCPDS 76-183). Similarly, to Bi2S3, the increased intensity of the
peak at around 2θ = 29.49◦, initially attributed to calcite, shows that it overlaps with an
additional sulphur peak at 2θ = 29.32◦ (420).

Figure 9 shows SEM images of the deposited Bi2S3 thin film onto PET/PVC. From
image Figure 9a, it is concluded that the surface is even; no cracks or pores are visible.
Higher magnification (Figure 9b) shows uniform nanosphere-shaped structures that differ
in size (individual spheres measuring 100 nm and agglomerates measuring 1.14 µm), with
no gaps separating them. It can be speculated that the films grew by forming separate
groups of nanoparticles in specific locations, gradually covering the entire textile surface
with each subsequent deposition cycle.

Elemental distribution was analysed using EDX. Spatial and concentration distribu-
tions of bismuth and sulphur on PET/PVC are shown in Figure 10. The distribution of Bi
and S appears relatively uniform. There are no large agglomerations of Bi or S; the two ele-
ments seem co-localised throughout the surface of the substrate, although sulphur seems to
be more evenly spread out across the surface. Results suggest a homogeneous composition,
consistent with a well-formed composite. Image Figure 10b shows small yellow-green spots
scattered across a darker background, confirming localised enrichment of certain elements.
While concentration distribution is relatively even, higher concentration in certain areas
suggests influxes that might be attributed to larger nanostructures.
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(a) (b) 

Figure 9. SEM images of PET/PVC/Bi-S composite: (a) 300× magnified; (b) 40,000× magnified.

  

(a) (b) (c) 

Figure 10. EDX elemental maps of Bi (yellow) and sulphur (blue) (10,000× magnified) of
PET/PVC/Bi-S surface: (a) spatial distribution of elements; (b) elemental concentration distribution;
(c) representative EDX spectra. The normalised atomic percentages of Bi and S in the films are shown
in the corresponding inset.

As can be seen from the results presented in Figure 10c, the Bi and S peaks are clearly
visible in the EDX spectra of the samples, alongside additional peaks due to the PET/PVC
substrate, its fillers, the substrate holder used in the EDX instrument or the Au coating
applied prior to morphological observation. The inset in Figure 10c shows the normalised
atomic percentages of bismuth and sulphur. The atomic ratios of Bi and S vary within the
respective ranges of 4.19% and 95.81%. This indicates a high excess of sulphur, and the
obtained results are in good agreement with XRD data.

Figure 11 shows the UV–Vis DR spectra of the untreated and etched PET/PVC samples,
as well as the PET/PVC/Bi-S composite. PET fibres, which have a structure based on
aromatic components, exhibit strong absorption of shorter ultraviolet wavelengths [55].
PVC is reported to exhibit absorption maxima at 280 and 245 nm in the UV region due
to π–π* electronic transitions in the polymer backbone [56]. However, the PET/PVC
textile used in this study exhibits a sharp absorption profile beyond 430 nm and minimal
reflectance at 330 nm. This UV-Vis absorption profile is similar to that of CaCO3/TiO2

hybrid particles [57], which are utilised commercially. XRD analysis has revealed that the
PET/PVC textile contains well-dispersed microparticles of CaCO3 and TiO2 acting as fillers.
The polymer industry commonly employs TiO2 in two capacities: as a white pigment and a
UV-blocking additive. The primary function of these two applications is to prevent polymer
degradation caused by UV exposure. TiO2 is also a photocatalyst, which makes it perfect
for use in self-cleaning coatings on different materials [58]. The reflectance intensity of the
untreated PET/PVC sample in the 200–360 nm range is about 10–20%. Then, at 360 nm, it
increases sharply, reaching 100% at 430 nm. Reflectance then gradually decreases, reaching
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86% at 800 nm (Figure 11, spectrum 1). In the spectrum of the etched PET/PVC sample
(see Figure 11, spectrum 2), a red shift was observed in the region of high absorption up
to 370 nm due to the incorporation of functional groups in the PVC matrix. Within the
200–370 nm spectral range, the reflectance intensity of the etched PET/PVC sample is
around 7–13%. Then, from 370 to 430 nm, this value increases sharply to 60%, continuing
to rise until it reaches a nearly constant value of around 75–79% at 800 nm. Two additional
broad absorption peaks were observed at 430 and 635 nm, which are associated with the
functionalised surface. Within the 200–635 nm wavelength range, the PET/PVC/Bi-S
composite’s reflectance reaches a value of around 7% (see Figure 11, spectrum 3). This
then increases monotonically to 24% at 800 nm. This composite demonstrates very good
sunlight absorption.
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Figure 11. (a) Optical reflectance spectra as a function of the wavelength in the range of 200–800 nm
for (1) untreated PET/PVC; (2) etched PET/PVC; (3) PET/PVS/Bi-S composite. Photograph of the
PET/PVC/Bi-S sample shown in the inset; (b) Eg determination by Kubelka—Munk method.

An Eg value of 1.68 eV for the PET/PVC/Bi-S composite is given by the intersection
between the linear fit and the photon energy axis (Figure 11b).

3.2.3. Characterisation of C/PES/S/Bi-S Samples

XRD was performed to obtain further information on the crystalline structure of the
C/PES/S samples and the obtained composites (Figure 12). The XRD pattern of cellulose I,
which is found within the cotton fibres, peaks are typically observed at the following 2θ

angles: 15.2◦, 16.7◦, and 23.1◦ (JCPDS: 03-0226). The diffraction patterns of the C/PES/S
samples exhibited the peaks at 2θ = 15.01◦, 16.67◦, 22.99◦, and 34.23◦, corresponding to
the crystal lattice planes 110, 200, 220, and 004 of cellulose [54,59]. In the C/PES/S/Bi-S
composite, the intensity of these peaks decreased and shifted to 2θ = 14.42◦, 16.20◦, and
22.66◦ compared to the initial sample. The peak at 34.23◦ disappeared. This suggests that
the crystalline structure of cellulose changes after deposition of Bi2S3 films. In addition,
new peaks appeared at 2θ = 25.05◦◦ (310), 28.43◦ (211), 31.61◦ (221), and 46.57◦ (501),
which belong to the orthorhombic phase of Bi2S3 (JCPDS: 17-320). No sulphur peaks
were detected.

Figure 13 shows SEM images of deposited Bi2S3 thin film onto C/PES/S. Image
Figure 13a shows that the deposited Bi2S3 coated the individual strands of material evenly.
Figure 13b reveals an unorganised variety of differently shaped structures, including
nanoflakes and nanoflowers. No cracks or pores are visible. The varying shapes are likely
to have formed due to the uneven C/PES/S surface.
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Figure 12. XRD diffractogram of samples: (1) C/PES/S; (2) C/PES/S/Bi-S. The peaks are labelled as
follows: ∆—cotton (JCPDS: 03-0226); ▼—orthorhombic Bi2S3 (JCPDS: 17-320).

  
(a) (b) 

Figure 13. SEM images of C/PES/S/Bi-S composite: (a) 300× magnified; (b) 40,000× magnified.

Spatial and concentration distributions of bismuth and sulphur on C/PES/S are shown
in Figure 14. Spatial distribution (Figure 14a) shows an equal distribution of both bismuth
and sulphur; no large clusters of either element are visible. Figure 14b shows a moderately
large concentration of elements, which suggests large nanostructures with some lower
concentration zones indicating smaller ones. These results confirm the formation of smaller
nanoflakes and larger nanoflowers. As can be seen from Figure 14c, the EDX spectra of the
samples clearly show peaks of bismuth (Bi) and sulphur (S), as well as additional peaks
resulting from the substrate, the substrate holder used in the EDX instrument or the gold
(Au) coating applied before morphological observation. The inset in Figure 14c shows the
normalised atomic percentages of Bi and S. The atomic ratios of Bi and S vary within the
respective ranges of 33.87% and 66.13%. The results obtained indicate a slight excess of
amorphous sulphur (no S peaks were detected) and are in good agreement with the XRD
data. It was reported [60,61] that atomic percentages of 40% Bi and 60% S in Bi2S3 films
indicate stoichiometry. This suggests that the films formed on the C/PES/S substrate have
a bismuth-to-sulphur molar ratio approaching that of the Bi2S3 compound.

Diffuse reflectance spectra were recorded to measure the amount of light reflected
by a sample across the ultraviolet and visible light spectrums. Cotton generally reflects
a significant portion of visible light. Its reflectance spectrum shows a gradual increase
with increasing wavelength, reaching a plateau in the visible region. Its reflectance in the
UV region (wavelengths below 400 nm) is particularly useful for distinguishing it from
other textile fibres, such as viscose, bamboo, modal and Tencel, which tend to have a
higher reflectance in this region [62]. The way light is reflected by cotton changes as its
colour changes. In our study, the C/PES/S samples were coloured green/yellow. As these
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samples are a blend of three types of material (cotton, polyester and spandex), their UV-Vis
DRS spectra differ from those of pure cotton fibres (Figure 15a).

  

(a) (b) (c) 

Figure 14. EDX elemental maps of Bi (yellow) and sulphur (blue) (10,000× magnified) of C/PES/S/Bi-
S surface: (a) spatial distribution of elements; (b) elemental concentration distribution; (c) represen-
tative EDX spectra. The normalised atomic percentages of Bi and S in the films are shown in the
corresponding inset.
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Figure 15. (a) Optical reflectance spectra as a function of the wavelength in the range of 200–800 nm
for samples: (1) C/PES/S; (2) C/PES/S/Bi-S. Photograph of the C/PES/S/Bi-S sample shown in the
inset; (b) Eg determination for C/PES/S/Bi-S by Kubelka–Munk method.

Typically, UV-Vis absorption spectra of cellulose I show minimal absorbance in the
visible region (380–700 nm), with a decrease as the wavelength increases. A peak in the
UV region, usually around 270–283 nm, is often associated with impurities such as lignin.
Reflectance minima (peaks of absorbance) at around 200 and 225 nm are typical of π→π*
electronic transitions in CC double bonds in polymer chains. Cotton fabrics have some
disadvantages, such as low ultraviolet blocking [62]. Therefore, textiles are treated with
a UV stabiliser. A peak at 310 nm could indicate the presence of a UV stabiliser, which
typically has a peak in the range of 290–315 nm [63]. As shown in Figure 15a, spectrum
2, the absorption of samples increases after deposition of Bi2S3 thin films, reaching about
92% in the ultraviolet and visible regions. The Eg value for the C/PES/S/Bi-S composite
is 1.58 eV, as determined by the intersection of the linear fit and the photon energy axis
(Figure 15b). The C/PES/S/Bi-S composite also demonstrates great potential for use as a
solar cell absorber component.
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3.2.4. Characterisation of PA/Cu/Bi-S Samples

The PA/Cu textile under investigation was manufactured by depositing a layer of
copper nanoparticles on the surface of the PA6 fibre fabric. The crystalline structure of the
PA/Cu samples and the obtained composites was investigated using XRD (see Figure 16).
The diffraction patterns of the PA/Cu samples (Figure 16, diffractogram 1) exhibited two
small peaks at 2θ = 20.15◦ and 23.41◦, assigned to the crystal lattice planes 200 and 002/202
of the α-crystalline form of PA6 (JCPDS: 022-0700). Two intense peaks were observed at
2θ = 43.10◦ and 53.10◦, corresponding to the 111 and 200 crystal lattice planes of metallic
copper, respectively. These results are consistent with JCPDS: 003-1018.
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Figure 16. XRD diffractogram of samples: (1) PA/Cu; (2) PA/Cu/Bi-S. The peaks are labelled as
follows: ∆—PA6 (JCPDS: 022-0700); ▼—Cu (JCPDS: 003-1018).

Despite the colour changing from copper-coloured to black after thin films of Bi2S3

were deposited, the XRD patterns of the PA/Cu/Bi-S composite (Figure 16, diffractogram
2) did not detect any peaks assigned to the Bi2S3 phase, except for those assigned to PA6
of the untreated PA/Cu sample. The Cu peaks had disappeared. The absence of peaks is
probably due to the formation of an amorphous phase or very small crystallites. The small
size of these crystallites reduces the scattering power of the incident X-ray beam, resulting
in the disappearance of peaks in the diffraction pattern.

Figure 17 shows SEM images of the deposited Bi2S3 thin film onto PA/Cu. Bi2S3

coated the surface of PA/Cu individual strands. After further magnification, it is visible
that the thin film is not evenly deposited, with some deficit areas. Structures formed
vary in size (250–900 nm) and shape, including a layer of fine nanostars and individual
larger nanoflakes.

  
(a) (b) 

Figure 17. SEM images of PA/Cu/Bi-S composite: (a) 300× magnified; (b) 40,000× magnified.
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Spatial and concentration distributions of bismuth and sulphur on PA/Cu are shown
in Figure 18. Spatial distribution (Figure 18a) shows an evenly spread-out sulphur layer
that covers the surface with sparse spots of bismuth, some of them forming larger structures.
This is supported by concentration distribution (Figure 18b), as there are spots of higher
concentration, surrounded by dark blue areas.

  

(a) (b) (c) 

Figure 18. EDX elemental maps of Bi (yellow) and sulphur (blue) (10,000× magnified) of PA/Cu/Bi-S
surface: (a) spatial distribution of elements; (b) elemental concentration distribution; (c) represen-
tative EDX spectra. The normalised atomic percentages of Bi and S in the films are shown in the
corresponding inset.

As can be seen from the representative EDX spectra (shown as an inset in Figure 18c),
the normalised atomic percentages of bismuth and sulphur are 32.68% and 67.32%, respec-
tively. These values are very close to those obtained for the C/PES/S/Bi-S samples and
tend to approach stoichiometry.

The reflectance spectrum of nylon fabric can vary depending on factors such as the
type of nylon, its surface treatment and whether it is coated or dyed. Nylon generally has
high reflectivity in the near-infrared (NIR) range, with untreated nylon reflecting up to 90%
of NIR radiation. However, due to its chemical structure, which includes amide groups
(N-H) and carbonyl groups (C=O), PA6 fabric can absorb UV radiation through electronic
transitions. Absorption in the 270–300 nm region is common for molecules containing a
C=O group, corresponding to an n→π* transition. Nylon typically absorbs UV radiation,
particularly in the 290–315 nm range [64]. In the NIR region, the diffuse reflectance of
copper thin films tends to increase with wavelengths above 600 nm. Thicker films generally
exhibit higher reflectance [65]. The presence of copper additives in the PA/Cu textile sample
indicates a change in its optical properties of neat PA6. Consequently, the sample exhibits
an absorption maximum at 260 nm, with a reflectance of 9% (see Figure 19a, spectrum
1). Reflectance then increases stepwise from 260 nm to 550 nm, reaching 18%. Further
reflectance shows an even stronger increase, reaching 55% at 800 nm. This is lower than
that of woven fabrics, where the yarns are often interwoven. As the studied PA/Cu textile
is a knitted fabric, the pores between the yarns are generally larger, which suggests lower
reflectance. After the deposition of a thin film of bismuth sulphide, the deposited materials
covered the individual yarns and reduced the pores. Consequently, the reflectance in the
region from 200 nm to 550 nm was approximately 10%, except for a slight increase to 13%
at 260 nm (Figure 19a, spectrum 2). In the spectral region beyond 550 nm, reflection slowly
increases, reaching 27% at 800 nm. The Eg value for the PA/Cu/Bi-S composite is 1.68 eV,
as shown in Figure 19b. This was determined by plotting the linear fit and the photon
energy axis.
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Figure 19. (a) Optical reflectance spectra as a function of the wavelength in the range of
200–800 nm for samples: (1) PA/Cu; (2) PA/Cu/Bi-S. (b) Eg determination for PA/Cu/Bi-S by
Kubelka–Munk method.

3.2.5. Characterisation of PA/Ag/Bi-S Samples

The PA/Ag textile was produced by coating the surface of the PA6 fibre fabric with sil-
ver nanoparticles. The diffraction patterns of the PA/Ag samples (Figure 20, diffractogram
1) exhibited one peak at 2θ = 21.38◦. Specifically, in JCPDS 12-923, this peak is attributed
to the (001) crystal lattice plane of the γ-phase of PA6. Three additional peaks of different
intensity were also registered at 2θ = 37.98◦, 44.18◦, and 64.37◦, which correspond to the 111,
200, and 220 face-centred cubic silver crystal lattice planes (JCPDS: 04-0783), respectively.
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Figure 20. XRD diffractogram of samples: (1) PA/Ag; (2) PA/Ag/Bi-S. The peaks are labelled as
follows: ∆—PA6 (JCPDS: 12-923); ▼—Ag (JCPDS: 04-0783).

The XRD patterns of the PA/Ag/Bi-S composite (Figure 20, diffractogram 2) show
that all the initial peaks registered for the PA/Ag samples disappeared. Three broad
peaks, with maxima at approximately 2θ = 15.6◦, 30.9◦ and 41.2◦, were registered on the
diffractogram. As can be seen in Figure 21a, the PA/Ag textile consists of yarns. It is elastic
and has small holes called eyelets. It can therefore be assumed that, during the formation of
bismuth sulphide, the precursor solutions penetrated the knitted fabric and the precipitated
materials coated the yarns. The presence of these broad peaks indicates an absence of a
defined crystal structure, with only short-range order present.
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(a) (b) 

Figure 21. SEM images of PA/Ag/Bi-S composite: (a) 300x magnified; (b) 40,000× magnified.

Figure 21 shows SEM images of a deposited Bi2S3 thin film on a PA/Ag textile. The
film coated the individual yarns of fabric evenly, with no visible imperfections (Figure 21a).
Figure 21b shows an evenly deposited layer consisting of differently shaped structures, in-
cluding fine nanostars and larger nanoflakes (150–600 nm). Cracks or pores are not visible.

Spatial and concentration distributions of bismuth and sulphur, on PA/Ag, obtained
by EDX, are shown in Figure 22. Spatial distribution (Figure 22a) provides the information
that sulphur is more evenly distributed and that bismuth forms either smaller or larger
clusters that result in nanostructures of differing size and shape. The results are supported
in Figure 22b, as there are areas indicating a surplus of elements. Representative EDX
spectra (see inset in Figure 22c) show the normalised atomic percentages of bismuth and
sulphur to be 17.68% and 82.32%, respectively. These differ from the results obtained for
composites C/PES/S/Bi-S and PA/Cu/Bi-S, and demonstrate that the obtained films are
rich in sulphur.

  
 

(a) (b) (c) 

Figure 22. EDX elemental maps of Bi (yellow) and sulphur (blue) (10,000× magnified) of PA/Ag/Bi-S
surface: (a) spatial distribution of elements; (b) elemental concentration distribution; (c) represen-
tative EDX spectra. The normalised atomic percentages of Bi and S in the films are shown in the
corresponding inset.

Figure 23 shows the UV–Vis DR spectra of the PA/Ag textile samples, as well as the
PA/Ag/Bi-S composite. As mentioned above, nylon PA6 fabric has characteristic absorp-
tion peaks in the UV region, typically in the 290–315 nm range. Therefore, the absorption
peak at 295 nm we attribute to the PA6. The metallic grey colour of the sample, resembling
silver, suggests a change in its optical properties. Depending on their size, shape and distri-
bution in nanostructures, monodisperse silver nanoparticles have two absorption bands:
a broad peak in the range of 420–430 nm and a shoulder at 580–590 nm [66]. Therefore, a
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broad absorption peak, with a maximum at 425 nm, can be attributed to a small quantity of
silver nanoparticles.
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Figure 23. (a) Optical reflectance spectra as a function of the wavelength in the range of
200–800 nm for samples: (1) PA/Ag; (2) PA/Ag/Bi-S. (b) Eg determination for PA/Ag/Bi-S by
Kubelka–Munk method.

As shown in Figure 23, spectrum 2, absorption of the samples increased after deposi-
tion of the Bi2S3 thin films, reaching approximately 95% in the 200–600 nm region. There
was also an absorption decrease in the visible and near-infrared regions. At 800 nm, the
absorption level was 85%. We determined the Eg value for the PA/Ag/Bi-S composite to
be 1.6 eV by intersecting the linear fit with the photon energy axis (see Figure 23b).

4. Conclusions
The main objective of this study was to synthesise Bi2S3 semiconductor thin films

on various flexible textiles simultaneously using the SILAR method. In the absence of a
complexing agent, Na2S2O3 was used as the sulphur precursor. The influence of textile
composition on the phase composition, surface morphology and optical properties of the
deposited films was investigated. A comparison of the results obtained in the present study
is shown in Table 3.

Table 3. Comparison of structural, morphological and optical results of obtained composites.

Composite Bi/S Ratios 1 Crystallinity Eg, eV

GF/PTFE/Bi-S 0.038 Polycrystalline orthorhombic Bi2S3 1.8

PET/PVC/Bi-S 0.044 Polycrystalline orthorhombic Bi2S3, monoclinic sulphur S8 1.68

C/PES/S/Bi-S 0.512 Orthorhombic Bi2S3 1.58

PA/Cu/Bi-S 0.485 Amorphous phase or very small crystallites of Bi2S3 1.68

PA/Ag/Bi-S 0.215 Absence of a defined crystal structure, with only
short-range order present 1.6

1 The stoichiometric ratio of Bi/S is 0.67.

As can be seen, the substrate strongly influenced the crystal structure of the film,
the Bi/S ratio, and the optical energy gap. The interaction between the film and the
substrate also plays a role. For example, increasing the average grain size of a GF/PTFE
surface after etching reduced the available surface area for deposition, thereby altering
the surface’s reactivity for thin film deposition by creating fewer nucleation sites. This
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trapped reactants and hindered coverage. Consequently, the layer of Bi2S3 was very thin.
The excess of sulphur in some films can be interpreted in terms of the surface properties
of the textile being studied, such as its density and porosity, as well as the properties of
thiosulfate ions. The diffusion properties of S2O3

2– ions in aqueous solutions indicate
a characteristic translational diffusion length of approximately 2 nm over a given time
period [67]. While the porosity of these surfaces was small, the radius of S2O3

2– ions with a
tetragonal structure was high, and the surfaces of these textile samples were supersaturated
with S2O3

2– ions. Thiosulfate ions in acidic Bi(NO3)3 solution, due to hydrolysis, give
various sulphur rings [68]. Consequently, a high concentration of sulphur was found on
the surfaces of the GF/PTFE/Bi-S and PET/PVC/Bi-S composite materials. The Bi/S
ratios were found to be 0.038 and 0.044, respectively. In other textile materials (C/PES/S,
PA/Ag and PA/Cu) that are more porous, S2O3

2– ions can penetrate deeper into the
textile matrix and react with Bi3+ ions to form Bi2S3. Therefore, the composites obtained
consist of an amorphous phase or very small crystallites of orthorhombic Bi2S3. A very
significant increase was seen in the Bi/S ratios. SEM analysis revealed that Bi2S3 films
did not grow uniformly; rather, they formed individual agglomerates of nanoparticles
at specific locations, gradually covering the entire textile surface with each subsequent
deposition cycle. The resulting bismuth sulphide nanostructures depend on the textile used
and can take the form of stars, spheres, snowflakes or flowers. EDX spectroscopy was used
to confirm the distribution of bismuth (Bi) and sulphur (S) within the nanoparticles and
agglomerates. These elements were found to be concentrated in the top layers of the films.
They may have been present at different concentrations in the textile matrix. Secondary
electrons (SEs), on the other hand, typically originate from within a few nanometres of
the sample surface [69]. Additionally, EDX analysis revealed elevated levels of sulphur
in the Bi2S3 films on individual textile samples. In its monoclinic form, sulphur is not
a constituent of standard PV cells. However, it can be used in combination with other
materials to produce components for energy storage, which could potentially impact PV
technology indirectly [70,71]. The presence of sulphur impurities in Bi2S3 thin films did
not significantly affect the optical energy gap values. Optical characterisation revealed that
the deposited films are optical energy gap semiconductors with an Eg ranging from 1.58 to
1.8 eV. Future research should focus on selecting suitable textiles to produce semiconductor
films with an appropriate optical energy gap that do not require annealing for use in
manufacturing flexible photovoltaic materials. Thus, the formation of thin bismuth(III)
sulphide films simultaneously on various textile substrates with a low optical energy gap
value should be of interest for many applications due to the simplicity and low cost of
the process.
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