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INTRODUCTION

Relevance of the work. During the last few decades, green synthesis of
nanoparticles has attracted a lot of attention around the world due to the lower
damage to the environment through the use of natural, biocompatible sources. The
removal of high-temperature and toxic solvents used in the process of synthesis is
the aim involving energy saving. In addition, the use of abundant and non-toxic
solvents indirectly leads to energy saving by controlling the waste of crucial
materials. Therefore, eco-friendly synthesis offers some advantages, such as
simplicity, rapidity, cost-effectiveness, low toxicity, and environmental friendliness.
It is highly important to develop a kind of this simple chemical process with low
waste and without special requirements, and SILAR synthesis is one of them. This
process does not require any capital and expensive equipment such as vacuum, high
temperature, etc. There is the possibility to control the layer thickness by changing
the number of deposition cycles during SILAR synthesis. Furthermore, aqueous
solutions of the material are used. In addition, a great advantage of the SILAR
method is the possibility of uniform film deposition and a wide coverage of
nanoparticles by epitaxial growth. Additionally, when applying this method,
nanoparticles adhere well to the substrate.

In the last decade, metal sulfides have been gaining more attention for the
application in energy storage uses. Metal sulfides have actually been studied as
promising electrode materials because of their physical and chemical properties,
such as high specific capacitance.

The physical and chemical properties and excellent electrochemical
performance of tin sulfides lead to high specific capacitance and make them eligible
as electrode materials for lithium-ion battery and supercapacitor applications [1].

With the consumption of traditional fossil energy and the worsening of the
damage to the environment, the development and utilization of renewable energy
has become extremely urgent today. Due to their unstable energy output,
electrochemical energy storage devices are key technologies to adjust and accelerate
the effective application of green energy. There has been a growing interest in the
development of environmentally friendly free energy storage devices in recent years
due to the rapid consumption of non-renewable energy [2]. Electrochemical
supercapacitors can offer better power density, a fast charge-discharge rate, and
long-cycle stability. Thus, they are expected to connect with secondary batteries
denoted by a high energy density [3]. Supercapacitors have gained an important
position in the automotive and electronic industries. These devices can be divided
into two parts, specifically, the electrical double layer capacitor [4], and the
pseudocapacitor [5]. Pseudocapacitors show much better specific capacitance
because they are activated by reversible faradaic redox reactions between the active
material and alkaline electrolytes [5].

In this work, ascorbate stabilized tin sulfide films on FTO glass slides were
synthesized by using the eco-friendly and low-waste SILAR process.
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The aim of the work was to synthesize thin films of tin sulfides on FTO glass
slides by using the SILAR method and to characterize the deposited and annealed
films. In order to reach the aim, the following tasks had to be resolved:

1.  To find the best cationic precursors for the synthesis, to determine the
optimal concentration and amount of reactants, and to set the appropriate synthesis
conditions (the number of cycles and the duration of the reaction).

2. To prepare tin sulfide films with and without the stage of immersion in
distilled water, and to study the morphology, as well as the structural and optical
properties of the prepared films.

3. To find an environmentally safe capping agent for the cationic precursor
and to deposit films by using that capping agent. To improve the crystallinity of the
films by annealing in an inert atmosphere at various temperatures .

4.  Characterization of the deposited and annealed samples with respect to
the morphology (scanning electron microscopy), phase composition (XRD),
crystallinity and molecular interactions (Raman spectroscopy) and electric
(electrochemical performance) properties.

Scientific novelty of the dissertation. Thin and smooth tin sulfide films were
deposited by using the eco-friendly SILAR method; furthermore, as a capping agent
for the cationic precursor applying L-ascorbic acid.

Practical significance of the dissertation. Mechanically stable and
electrochemically active thin tin sulfide films have been deposited by using the
SILAR method. They have been found to be promising candidates for the
replacement of films of the most active, but high-cost and rare compounds of
transition metal oxides.

Approval and publication of research results. The results of the research
work have been published in 10 papers. 2 of them are in journals included in the
Web of Science database, and 8 have been presented in the proceedings of
international and national conferences.

Structure and content of the dissertation. This dissertation contains an
introduction, literature review, an experimental part, characterization of films,
results and discussion, conclusions, a list of references, and a list of publications on
the topic of the dissertation. The list of references consists of 273 bibliographic
sources. The main results are described in 128 pages and illustrated in 9 tables and
24 figures.

Statements presented for defense

1. The eco-friendly SILAR method is suitable for thin films of tin sulfide
deposition on FTO glass slides.

2. The conditions of synthesis and annealing in an inert atmosphere affect
the crystallinity, smoothness, phasic composition, better optic results and
electrochemical calculations

13



1. LITERATURE REVIEW

In the recent years, chalcogenide thin films have been receiving considerable
attention. Chalcogenide thin films have various applications in many different areas.
Chalcogenides are a chemical compound consisting of a chalcogenide anion and an
electropositive element [6]. Among the IV-VI group compounds, the nanostructures
of GeS, InSe, SnS, and PbS are prominently significant. However, chalcogens have
some cons, for example, cadmium is toxic, whereas indium is rare in nature [7], etc.
Tin sulfide (SnS) has recently been given more attention due to its unique properties,
for instance, because Sn is cheap, abundant in nature, and non-toxic [8]. Tin is a
promising material for chalcogenide thin films. The main advantages involve the
point that tin is widely distributed in nature, and it is non-toxic as well. The same list
is applicable to sulfur. Typically, tin sulfide is classified as SnS, and SnS; is based
on the composition ratio of tin and sulfur [9]. These sulfides are the most important
and useful. SnS has a perverted GeS structure; meanwhile, SnS, has a Pbl, layered
structure [10] with a hexagonal unit cell [11]. The structural diversity in the Sn,Sy
phases is manifested because tin can adopt two different oxidation states: Sn(ll) and
Sn(1V) [12]. Thus, mixed valency phases Sn,Ss and SnsSs [13], SnsSs and SnsSs
[14] are known. SnS is an orange-to-grey-colored compound [15], and it naturally
crystalizes in a stable orthorhombic structure [7], but it also has a metastable cubic
structure [16,17]. In addition, in some cases, it features an amorphous crystal
structure [18]. The crystalline structure depends on the synthesis technique and
parameters.

1.1. Tin(Il) Sulfide

Tin(I1) sulfide with the orthorhombic structure has an indirect optical bandgap
of 1.049-1.076 eV [19], 1.07-1.66 eV [20]. Some authors calculated a relatively low
value of 0.9-1.1 eV [21]. The values of the SnS direct bandgap are 1.296 eV [19],
1.32-1.7 eV [21], 1.3 eV [22], and 1.1-1.64 eV [23]. The synthesis temperature can
affect the value of the bandgap, and it has been shown that, while the temperature
increases, the E4 value decreases [20,24]. Due to the low value of the bandgap,
which is between gallium arsenide (1.43 eV) [14] and silicon (1.0 eV) [25], tin
sulfide is a potential candidate for use in solar cells. Furthermore, the bandgap value
is close to the optimal range of 1.3-1.5 eV [26]. In the visible region, the optical
absorption coefficient of tin sulfide is 10° cm™ [27]. Usually, tin(ll) sulfide is
denoted by the p-type conductivity [28,29] arising from tin vacancies which
dominate over sulfur vacancies [27]. This semiconductor, due to the tin vacancies,
does not need extrinsic doping [30]. Meanwhile, some theoretical methods show that
n-type conductivity can exist [25,31]. This becomes visible because the low defect
formation energy of 0.68 eV for the tin vacancy formation (as acceptor) threatens
2.17 eV for sulfur vacancies (as donors), which remains the acceptor concentration
at 10 cm?® in a typical preparation state [27]. The p-type conductivity for
orthorhombic SnS has been reached after involving a lot of preparation methods.
SnS-ORT showed a layered structure [32] where Sn and S are covalently bonded
within the layer, whereas the neighboring layers are bonded by weak van der Waals
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forces [15]. Every layer consists of asymmetric pyramidal SnSs; and SSns;
substructures shown in Fig 1.1.
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Fig. 1.1. Orthorhombic structure of tin(I1) sulfide [30]

Orthorhombic tin sulfide occurs in nature as the mineral herzenbergite (PDF
39-0354) [19,33] [19]. Herzenbergite features a crystal structure which is very
similar to SnS called ‘rock-salt’ (RS) (PDF number 77-3356) [32]. In the crystalline
state, SnS is a layered chalcogenide material with a strong anisotropic behavior. All
properties depend on the film thickness, grain size, lattice parameters, etc. [34].

Paramesh K. Nair et al. [19] tried to obtain a SnS layer by using the chemical
bath deposition method. They showed that if the bath temperature is about 20 °C, tin
sulfide is in the cubic structure (SnS-CUB), but, if the bath temperature is slightly
higher, such as 40 °C, they get SnS in the orthorhombic structure (SnS-ORT). These
researchers thus declared that if the temperature of the deposition bath rises from 20
°C to 40 °C, the mainly found structure is cubic, and the orthorhombic structure can
be found as the finishing layer.

SnS-CUB immediately adopts the orthorhombic state at temperatures higher
than 40 °C [35], but, if the temperature is lower than 30 °C, the structure of the SnS
film is compact and cubic.

Tin(Il) sulfide is known to form some metastable phases, and thus it is
uncertain which phases are formed under different conditions. Five phases have now
been reported, and one of them is orthorhombic ground state Pnma phase, which is a
thermodynamically stable phase [36]. This is the low-temperature phase with a
distorted structure [12] shown in Fig 1.2.
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Fig. 1.2. Crystal structure of the SnS Pnma phase [35]

The second one is a high-temperature Cmcm phase having an orthorhombic,
tidy, and symmetric crystal structure [37]. This crystal structure is shown in Fig. 1.3.
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Fig. 1.3. High-temperature Cmcm phase [34]

The Cmcm phase is thermodynamically unstable, due to splitting into the
thermodynamically stable orthorhombic Pnma phase, and there are no possibilities
to stabilize the Cmcm phase [36]. The remaining three phases are cubic: zincblende,

rocksalt, and the m-cubic phase which has a 64-atom raw cell [12], as shown in Fig.
1.4.
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Fig. 1.4. n-cubic crystal structure [35]

This m-cubic crystal structure remains metastable up to 730 °C. The Pnma,
Cmcm and n-cubic phases of SnS are made of warped Sn(ll) tetrahedra with an
active ion pair which can occupy one of the four coordination sites [12]. M.S.Hill et
al. [37] referred to additional polymorphs of SnS: B-SnS formed above 527 °C, y-
SnS [38], 5-SnS [39].

In 2015, a new polymorph SnS with cubic structure was identified which has a
high absorption coefficient in the visible range and a direct bandgap near 1.7 eV
[33]. Also, the cubic structure shows large lattice parameters compared to the
orthorhombic structure, thus making © forms active in the near-infrared region [40].
After the density functional theory and phonon spectrum calculations, the & structure
was shown to be mechanically stable [12,41]. Thin films of cubic tin(ll) sulfide have
gained a lot of attention to use as a promising solar cell absorber layer [18]. SnS-
CUB was prepared by chemical routes as nanocrystals or as thin films. Firstly, this
material was perceived as nanocrystals and assigned to the zinc-blende structure
[42]. In theoretical studies, SnS-CUB was found to be thermodynamically unstable
[43], but, in late 2015, Abutbul et al. [44] summarized all previous results and
found SnS-CUB to be thermodynamically stable. Furthermore, all DFT calculations
showed that SnS-CUB is a stable phase [32]. In addition, it was proven that the
crystalline structure of SnS-CUB, obtained by chemical deposition, and n-SnS is
exactly the same [32]. Thus, these materials are compositionally and structurally
equivalent [44,45]. In the X-ray diffraction patterns, SnS-CUB has an individual
sign — the ‘triple peak signature’ — which occurs when 26=30-33° [19]. This
signature appears in all SnS-CUB diffractograms, regardless of whatever type of
synthesis were used [32]. The cubic tin sulfide phase remains stable after heating in
nitrogen at 300-350 °C [19]. The number of cells of all SnS structures consists of 8
atoms (4 xSnS), and a large simple cube consists of 64 atoms (32 x SnS) [32]. The
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atomic positions for tin and sulfur within the 64-atom unit per cell are shown in Fig.
1.5.

Fig. 1.5. Large simple cublc unit cell with 64 atoms [30]. Red atoms are used
for sulfur, and gray atoms show tin

By a more particular definition, SnS-CUB showed 16 pyramidal substructures
assorted into two pyramidal pair-types [32], as shown in Fig. 1.6.

[30]
Fig. 1.6. a) facing-pyramids bonding; b) chain-like bonding

The pyramidal pairs bonding consists of two contrarily charged pyramids
standing face-to-face by the bases which are closely parallel. These pairs are tightly
packed, and the distance between the mass centers is only 2.6 A. It means that this
chemical bonding is strong. In the second class of pyramidal pairs, the bases are
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nearly parallel. The distance between the mass centers is approximately 4.6 A, thus
indicating a weaker bonding. The phenomenon of the two classes of dimensional
pyramidal stances proposes that the pairs in each class are bonded through different
molecular orbitals [32]. Often, the relative dimensional stance of molecules relates
to their inner-bonding type [32]. DFT calculations show that SnS-CUB is just
slightly less stable than the orthorhombic structure [44].

The rock-salt structure has been known since 1960 [32], and it can be formed
at a high pressure [37], but, more recently, some experiments showed that SnS
belongs to the zinc-blende structure [42,46].

The zinc-blende structure can be prepared by selective phase chemical vapor
deposition at 300 °C temperature [37]. This structure is less studied. It involves
three-dimensional and highly symmetric particles, where the tin ions must be
accommodated within the near-packed structure [12].

‘o

Fig. 1.7. Zinc-blende structure of tin sulfide. <* Sn?* ions, ® S ions [41]

Also, the differences from the bulk orthorhombic structure make this form
more interesting. In addition, the optical properties in the near infrared wavelengths
are fairly unusual [42].

When using XRD, the zinc-blende structure can be recognized due to
individual peaks which do not match the peaks of the other SnS forms. The
characteristic peaks of the ZB structure are detected at about 260=30; 45; 53° [46].
Also, this structure has a slightly intense peak at 20=26° [43,47]. One difficulty
with the ZB structure is that this structure was determined to be energetically [12]
and thermodynamically unstable in DFT studies [32]. Theoretical models showed
that a thermodynamically stable zinc-blende structure does not exist [43,47]. In the
view of these points, Parameh K. Nair et al. [19] made the decision that, because of
the lattice constants, they can assign this structure to the more common SnS-ORT.
However, these triple peaks could not be assigned to SnS-ORT [19]. Meanwhile
Greyson et al. [42] claim that they obtained the SnS-ZB structure. To obtain this
structure, a relatively high temperature (about 170 °C) was used for 1 to 3 hours.
The synthesis route involved SnCl,, and elemental sulfur and oleylamine were
applied. After two hours of reaction, the orange solution slowly became darker, and
then very quickly undertook a cloudy black color.

The latest investigations claim that there exist only three tin sulfide phases,
specifically, SnS, SnS;, Sn,Ss [48]. All of them are denoted by good chemical
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stability [49] and p-type conductivity [31]. Hence, tin(I1) sulfide is of a polymorphic

nature, and it is easy to obtain SnS having different properties by changing the

chemical synthesis route [48]. Moreover, each phase has its own properties, such as

the bandgap. As noted above, SnS—-CUB has a bandgap at around 1.7 eV [33],

whereas a bandgap of the orthorhombic structure is around 1.13 eV [15,50].
1.1.1.Methods for tin(l1) sulfide synthesis

Thin tin sulfide films can be produced by using a lot of physical and chemical
methods. The physical methods include the high vacuum and complex experimental
systems. This means that the synthesis process is expensive [48]. On the other hand,
the chemical methods based on chemical solutions give an affordable and
technically simple process, and thus the last step is easier to perform. It is easy to
control the stoichiometry of SnS [30]. That is the reason why many researches have
been done to address the different kinds of synthesis, such as thermal evaporation
[51,52], the hydrothermal technique [52], radio frequency (RF) sputtering [53],
chemical vapor deposition [54], the polyol method [55], electrodeposition [7],
doctor-blade coating [56], co-evaporation [57], or chemical bath deposition [58,59].
CBD is one of the simplest, cheapest and most effective techniques [48]. CBD
techniques are popular, but the main disadvantage is that, after the synthesis, the
solutions give out undesirable precipitates [58]. Seemingly, the synthesis recipe
formulated by Nair & Nair has been known since 1991 [35], and it has still been
applied until now [33]. This formulation allows the deposition of thin SnS films in a
cubic or orthorhombic structure, depending on the temperature (the cubic structure is
formed at 30 °C and lower, the orthorhombic structure is obtained at 35 °C and
higher) [20]. Yet, researchers claimed and showed that the orthorhombic structure is
possible in a higher temperature range of 40-70 °C [48]. Among all the given
techniques, the thermal evaporation allows making a film of high purity with
controlled morphology [52].

Other methods of SnS deposition involve spray pyrolysis [20]. All these
methods include at least one restriction, such as the difficulty in controlling the
chemical composition, a poor surface morphology, or complicated synthesis with a
high temperature or vacuum [20]. Therefore, to avoid these limitations, a successive
ionic layer adsorption and reaction method [53,60,61] is used. This is a relatively
new and less investigated method. It is basically a modified version of CBD [15].
The SILAR method is inexpensive and possible for large area deposition [62], it is
flexible, and appropriate for the direct growth of particles [63]. It is an excellent
method for thin film deposition. The quality of the films could be optimized by
changing the capping agent, the concentration of the precursors, the duration of
adsorption, reaction, and rinsing [64,65]. In addition, the pH of the precursors could
affect the thickness of the films. SILAR process can be repeated in order to increase
the amount of the deposited material and the size of the particles [66]. Also, it is
easy to make films by doping with other elements [67]. Many substrates, such as
insulators, metals, and semiconductors, could be applied for the deposition of near
room temperature [62]. A low-temperature process can help to obviate oxidation and
corrosion of the substrate. In addition, the SILAR method shows the possibility to
prepare metal chalcogenide materials in powders, and it has been changed into p-

20



SILAR for this purpose [68,69]. Thermal SnS synthesis is required in order to
prevent Sn,Ss, SnS, formation; thus, relatively high deposition temperatures (above
275 °C) are necessary, as well as CVD above 500 °C [70]. During the deposition of
thin films of SnS from SnCl,, the formation of sodium chloride leads to better
adhesion to the substrate [71]. Pejova et al. [71] claims that sodium chloride acts
like heterogeneous nucleation seeds in the deposition process.

1.1.2.Effect of annealing temperature.

Generally, the resistivity of the deposited tin sulfide films heavily depends on
the preparation conditions and techniques. As deposited SnS films can have some
faults, such as pinholes and structural faults, post-deposition heat treatment can
improve the crystalline quality. Furthermore, heating produces Sn(IV) sulfide which
decomposes into tin(I1) sulfide and sulfur [72]. The annealing of thin films improves
their structural quality and stability [73], as well as the compositional, optical and
electrical properties [27]. Furthermore, the thermal treatment could improve the
smoothness of the surface [74]. Some heating temperatures were explored. Firstly, it
is very important to apply inert atmosphere (argon, nitrogen) because of oxidation
into SnO; at temperatures higher than 250 °C [75]. In general, the use of inert gas
prevents oxidation after the synthesis of thin films [9]. Secondly, it is important to
select the appropriate temperature. Alagarasan et al. [76] claim that tin(Il) sulfide
best forms at temperatures higher than 300 °C, but, at the same time, SnS, forms at
350 °C. Mathews et al. [75] noted the formation of SnS; at temperatures higher than
250 °C is observed. If annealing takes place in air, only at a temperature higher than
250 °C SnS is converted into SnO,. They observed that the best temperature for the
synthesis of SnS is 300 °C. In addition, annealing at 300°C results in the formation
of a highly pure orthorhombic SnS phase [77]. Annealing in the temperature range
of 200-325 °C clearly leads to SnO, formation; thus, the best annealing temperature
is 450 °C [27]. Thereby, the deficiency of sulfur and the formation of cracks and
voids is commonly noticed in vacuum-annealed films. Other researchers claim that
the best temperature for tin(Il) sulfide formation is 200 °C, and that the obtained
tin(11) sulfide indicates very good properties which are useful for solar cells [78].
Furthermore, it was determined that the annealing temperature can affect the
conductivity type. When the temperature is higher than 300 °C, SnS becomes an n-
type conductor [9]. The authors of article [79] explored the properties of tin sulfides
at room temperature and at the annealing temperature interval of 100-300 °C. They
claimed that, when the temperature of annealing increases, the size of the obtained
tin sulfide particles increases as well. Arulanantham et al. [80] shows that an
increase of the annealing temperature from 300 to 400 °C shows an increase in
absorption and a decrease in the bandgap. SnS films annealed at 400 °C were found
to have more application fields. Annealing at 500 °C shows the formation of a really
pure tin(11) sulfide [81]. But, controversially, V. Robles et al. [82] showed that 400
°C is the best annealing temperature for SnS formation, while 500 °C leads to SnS;
formation. Annealing in nitrogen in a temperature range between 300-500 °C yields
the following: at 300 °C, there is still SnSy; at 400 °C, the diminishing of Sn** is
observed; and, at 500 °C, full reduction from Sn** to Sn?* is evident [83]. Also,
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highly crystalline orthorhombic tin(ll) sulfide without any secondary phases was
prepared after annealing at 600 °C [84].

1.1.3. Application of tin(l1) sulfide

During the recent years, the growing demand of energy and environmental
degradation have become the basic critical aspects [85]. To deal with these difficult
problems, it is important to search for a new type of energy storage which would
ensure the safety of the environment. For this case, lithium-ion batteries have been
widely explored. However, the deficiency of the lithium stock and its high cost lead
to the search for more friendly materials. For the replacement of lithium-ion
batteries, sodium ion batteries are used. A lot of research has been done to search for
high performance anode materials for sodium ion batteries. In this case, alloy
materials, carbon-containing materials, transition-metal sulfides, and selenides have
been used [86]. As a result of a better cycling stability and a higher theoretical
capacity, metal sulfides gained more attention. For example, tin(ll) sulfide has a
very high theoretical capacity of 1022 mAhg™* [87]. Furthermore, it shows an ideal
layer structure with a large interlayer spacing of 4.33 A, which could maintain the
fast transport of sodium ions [86]. In this case, tin(ll) sulfide has found a wide
application [87,88]. The low toxicity and the orthorhombic structure lead to the
application of tin sulfide in near infrared detectors [89]. Tin sulfide is denoted by
high stability, and it is one of the promising semiconductors that are being
investigated as photocatalysts for dye degradation, and it also has the possibility to
prevent environment pollution [90]. In addition, excellent photo-degradation of the
toxic dye malachite green efficiency of 99% and 98% is achieved by using SnS
nanoparticles having the orthorhombic and the cubic structure, respectively [91]. All
the presently mentioned aspects make SnS a potent candidate for cheap, non-toxic
absorber layers that can be used in various areas [15]. SnS, due to its low thermal
conductivity and controllable carrier density by doping, can find the potential for
application in the thermoelectrics [31]. The cleaved monolayer of SnS has a
potential to be used in valleytronic physics [92]. The use of these thin films is the
motivation for the synthesis of tin(ll) sulfide. Theoretical studies of orthorhombic tin
sulfide thin films used in solar cells showed a photovoltaic conversion efficiency n
of 32% compared to silicon solar cells [93], but n is as low as 4.63% [94].
Consequently, more advanced knowledge of the structural, chemical and physical
characteristics of SnS is claimed to lead to a better efficiency [95]. However, the 1
of the solar cells remains comparatively low generally due to the existence of mixed
phases (n-type and p-type) and the presence of structural defects, such as pinholes,
faults, etc. [25]. The main application of tin sulfide is in the manufacturing of solar
cells. Tin sulfide films thinner than 1 micrometer can absorb most of the solar
spectrum above the bandgap. Silicon is quite expensive, and thus it is more
advantageous to use tin sulfide [94]. It has been receiving more and more attention
as a candidate to replace CdTe used for a long time, which, among other things, was
used to manufacture thin film solar cells [7]. Also, it could be used as a precursor in
the synthesis of quaternary semiconductors of copper zin tin sulfide/selenide, also
named CZTS [48]. These materials are the favored materials in this field, and they
offer a conversion efficiency of around 12.6% [96]. SnS has held interest as
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photovoltaic absorber material due to its potential for large-scale, practicable and
friendly to nature power generation [51]. Here, tin sulfide has a high optical
absorption coefficient in the visible (10 cm™) region of the spectrum, the majority
carrier Hall mobility is greater than 100 cm?/Vs, and the tunable majority carrier is
between 10 — 10 ¢cm [51]. An important benefit of the SnS application for solar
cells is that this material is not difficult to prepare, and, on top of that, the
manufacturing costs are low. In 2012-2014, the application of thin-film solar cells
built on SnS grew from 1.3% to 4.36% [51]. These values are far too low to
compare to solar cells based on silicon whose efficiency is over 20% [97]. In solar
cells, it is more practicable to use SnS-CUB, because of the open circuit voltage of
Voc=470mV, which is nearly 100 mV higher than that of the SnS-ORT solar cells
(Voc=370mV) [32]. But, in some theoretical studies, researchers identified some
aspects to optimize the post-deposition thermal processing of SnS-ORT films, which
can improve the characteristics of solar cells [19]. Also, the theoretical bandgap
value of SnS-CUB is 1.7 eV [44]. The advantage is to use combined SnS-ORT/SnS-
CUB absorbers so that to produce a higher current density in solar cells [19]. SnS is
unstable under very high sunlight. Controversially, SnS-CUB is the only candidate
to remain stable in concentrated sunlight (5 suns) [32]. In contrast to organic solar
cells and perovskites containing lead iodide, SnS-based solar cells are stable in the
presence of water and oxygen [94]. Another benefit is that SnS-based solar cells
need much simpler synthesis than other alternatives [70].

Another benefit is that SnS has already been used as an optoelectronic material
in sensors and laser materials [59], and in holographic recording media [10]. It can
be used in photodetectors and optical sensors [6]. There is a growing stream of
information on SnS application in photodetectors. Modi et al. made a 2D-SnS / 3D-
Si based large area photodetector device having high-speed switching photosensing
properties (responsivity of 86.2 mAW? at low intensity at 0.02 mWcm?)
[52,98][52]. Due to the appropriate properties, it could be used in lithium-ion
batteries, electrical switching, and photocatalysts [30]

Tin sulfide, because of its preferentially orthorhombic and layered structure,
can be used to make various nanostructures, such as nanosheets, nanoparticles,
nanoflakes, nanowires, nanoflowers, etc. [30]. SnS nanoparticles could show
different properties from those of the scale material. Yet, the difficulty of preparing
very small particles is a limiting factor [89].

Tin sulfide can replace SnSe and can be applied in thermoelectric materials
[99].

1.2. Tin(1V) Sulfide

SnS; is a non-toxic and low-cost material. This sulfide has more than 70
polytype structures in which hexagonal cadmium iodide (Cdly) has attracted a great
deal of interest due to its special structure and properties [100]. This compound can
also be an n-type buffer material which can replace the often-used CdS [30]. SnS; is
a highly interesting material due to its layered bonding structure where S ions
sandwich Sn layers hexagonally and involve octahedral coordination [101]. These
layers are weakly bonded by van der Waals forces [31]. Also, the interlayer
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connection is above the surface due to the strong covalent connection between the
atoms [102]. This allows the making of stable thin crystals with a thickness of up to
a few atomic layers. The SnS; crystal structure is octahedral, and it is made of Sn(ll)
which coordinates with six sulfur ions. In article [96], the authors get SnS; as yellow
flakes and Sn,S; as shiny black needles.

Q Q

Fig. 1.8. Crystal structure of SnS; [35]

SnS; has a 2D crystal structure which is very similar to the structure of WS,
and MoS; [99,102]. 2D crystal materials have been gaining more attention due to
their tunable band structures, a strong interactivity with light, and the quantum
confinement effect [103]. SnS; is a 2D semiconducting material [8]. Altogether,
rustic SnS; is denoted by the n-type conductivity [96] and a larger direct bandgap of
2.3 eV [31], 2.8-2.9 eV [96], which leads to use in numerous advanced applications
in optoelectronics. By controlling the synthesis parameters, it is possible to convert
tin(1V) sulfide so that it would have the p-type conductivity [104] and thus make it
more applicable [105]. The bandgap value depends on the synthesis method and the
polytype of materials [31,102]. To change the bandgap, there are some methods, for
example, by doping of outside chemical elements, strain outside, forming
heterostructures with other materials, etc. [105]. This compound has a high
absorption coefficient of >10* cm™ [100] and a high carrier mobility of 18.3-230
cm?/V s [106]. One more interesting fact is that tin disulfide can have three phases:
the defective cubic structure a-SnS, which is stable till 415 °C, the defect spinel
structure B-SnS; stable till 723 °C, and the y-SnS; structure stable up to 723 °C
[104]. In addition, tin(IV) sulfide is an applicable material for making nanostructures
of various sizes. Nanorods, nanobelts, nanoparticles, nanotubes, and nanosheets with
size ranges between 10-100 nm can be made [101]. However, tin-based anode
materials usually maintain a huge volume extension of ~250% during lithium
insertion/dissection, which leads to poor electrochemical reversibility and cycling
stability [107]. Unfortunately, the capacity fading of tin-based electrode materials is
quite high — it is higher than 300% during cycling in Li-ion batteries, but it is very
unstable. To improve the cycling stability, it is necessary to use tin(1V) sulfide as
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nanoparticles, so it is very good that this material is easy to make in the nanometer
size. Due to the mixed tin valency, very often, thin films of tin disulfide are obtained
with secondary phases, SnS and Sn,Ss. These discrepancies could influence the
optical, morphological, structural, and electrical properties [102,108]. One of the
most powerful methods to analyze mixed tin sulfide compounds is Raman
spectroscopy. Mainly, this method is used along with XRD analysis, but Raman
spectroscopy can identify the polytype of sulfur [108,109].

1.2.1. Synthesis of tin(1V) sulfide

Tin(IV) sulfide thin films can be synthesized by a variety of methods, such as
closed-spaced vacuum sublimation [102], SILAR [11,106], plasma enhanced
chemical vapor deposition [100], the hydrothermal method [110], the minispray
pyrolysis technique [104], chemical vapor deposition[111], and the solvothermal
method [112,113]. The other already described methods are: wet chemical synthesis
[114], solid state reaction [115], one-step pyrolysis[116], the refluxing method
[117], ultrasound-assisted synthesis [118], the sulfurization process on tin nanowires
[119], coevaporation of tin and sulfur [120], and molten salt synthesis [121]. Also,
there is the possibility of synthesis by the reaction of pure elements — tin and sulfur —
by using chemical vapor transport in a quartz ampoule [122]. In addition, it is
possible to synthesize SnS, by using the spin coating technique [123],
electrochemical performance [124], and simple precipitation [125]. Recently, Jin et
al. showed a simple way to prepare SnS, quantum dots via a quite low-temperature
(95 °C) bath process by adding KCI [126]. In spite of the abundance of methods,
hydrothermal and solvothermal syntheses are still being used [127].

1.2.2. Application of tin(I1V) sulfide

SnS; offers unique properties associated with outstanding electronic properties
and a high specific surface area, which is important for energy saving, catalysis,
sensing, and field-emitting application [128]. Meanwhile, the good qualities of SnS,
make it applicable in devices for energy storage, light emission, catalysis, and
sensors [43,102,129]. Tin disulfide has been investigated in the application of
supercapacitor [130], and also in thin film solar cells, as well as an alternative
material to the CdS window layer [102]. Thin films of SnS; have been shown to
offer a significant potential for nanoelectronic application owing to its high carrier
mobility [111]. Furthermore, as an earth-abundant and environmentally friendly
option, tin disulfide is particularly suitable for use in optoelectronic applications.
Furthermore, tin disulfide has been shown to be the building blocks for
nanoelectronics [122].

SnS; has the possibility to be used as a water splitting photocatalyst with a
photon-to-current conversion efficiency of 38.7% [131]. Due to the suitable
distribution of the SnS; energy level and the extensive bandgap values, this material
is acceptable for use as a buffer layer between the absorber and the active layer in
photovoltaic devices [14,104], as well as high surface area photocatalysts [99]. Tin
disulfide is notable for great prospects in high performance and low power using
photodetectors [132]. A photodetector based on a SnS; layer showed a very high
responsivity of 100 A/W [111]. In addition, chemical doping of SnS; has been
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shown to be a coherent optikonof regulating the optical and electronic characteristics
of tin disulfide in order to improve the photodetection performance of SnS»-based
photodetectors [103,133]. Sainbileg et al. [105] claimed that an indirect bandgap
changed to a direct bandgap of nickel-doped SnS,, which is more useful for
optoelectronic applications. Iron doping for SnS; could increase the carrier mobility
[134]. Antimony doping reduced the Schottky barrier between Au and tin disulfide
electrodes as a result of an improvement in the photocurrent at the metal-
semiconductor contact by electron tunneling. Sb-based SnS, phototransistors show
n-type conductivity with high mobility which is higher than that of rustic tin
disulfide [135]. Indium doping could improve the photodetection performance
[132]. Due to the high theoretical capacity, two-dimensional metal chalcogenide
SnS; has been investigated as a potential electrode material for sodium ion batteries
[136]. On the basis of alloys formation, NaxSy tin based materials have gained a lot
of attention as sodium storage materials [137]. Sodium ions can settle due to a large
interlayer spacing of 0.59 nm [137]. Wang et al. [138] prepared SnS,/C nanospheres
having a high initial discharge capacity of 1100 mAhg™ and a reversible capacity of
510 mAhg* after 100 cycles. Tao et al. [139] synthesized a nitrogen-doped graphene
sheet composite (SnS2/NGS) having a discharge capacity of 1147 mAhg? and a
reversible capacity of 453 mAhg? after 200 cycles. Regardless of these outstanding
properties, the high irreversible capacity loss after the first cycle needs further
investigation [136]. There are two factors assigned to this matter: firstly, the
separation of an electrolyte to form a solid-electrolyte interface [140], and secondly,
the irreversible structural changes in the SnS; nanostructure upon the first sodiation
[136]. The authors of article [141] prepared a Na-CO, battery with a MoS,/SnS;
cathode with a cutoff capacity of 500 mAh/g after 100 cycles. Tin disulfide was
studied for a lithium-ion electrode as the anode material [101,112], a gas sensor
[142], and a field emitter [128]. Due to the higher bandgap, SnS; is suitable for
window layer materials in thin-film photovoltaics [143,144]. Tin disulfide also
appears to exhibit a high photocatalytic activity [145] and serve in antibacterial
equipment [109].

Thick SnS; layers can be used as an electron transport material and as energy
storage devices [128]. Due to the presence of sharp edges, tin(IV) sulfide is
applicable as an efficient edge emitter for electron emission [146].

1.3. Tin Sulfide Ottemanite Sn,Ss;

All the presently listed tin sulfides have been studied for their respective
properties [59]. These materials have been found to be dynamically stable and can
be flaked to give separated nanosheets [12].

Among the known tin sulfides, tin monosulfide and tin disulfide have received
much attention, while Sn,Ss crystals and thin layers have been still very poorly
studied. Sn,Ss has similar properties to SnS, such as a similar bandgap, color, and a
similar macroscopic structure. This is the reason why Sn,S; can easily be
misidentified as SnS [99]. Sn,Sz; exhibits clear differences from the other tin
sulfides, but it is considered to be unstable and decompose to SnS and SnS;
according the reaction: Sn,Sssy — SnSas) + SnSg). This material contains equal
proportions of Sn(ll) and Sn(lV); thus, the structural features depend on the
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oxidation states of tin [12,27]. In nature, it occurs as the mineral ottemanite [99].
SnyS; is a semi-conducting member of a very small class of stable binary
compounds having two different valence states of the same element [147]. This tin
sulfide is a semiconductor having an orthorhombic (Pnma) crystal structure. Sn;Ss is
investigated as a mixed valence compound with the semiconductor behavior,
whereas the optoelectronic properties are dependent on the crystalline structure and
stoichiometry [143]. Bandoffset diagrams [21] show that the formation of n-
Sn,Ss/p-SnS junctions is available. This is based on an orthorhombic SnS ionization
potential of 4.70 eV with an electron affinity of 3.59 eV, while Sn,S; has an
ionization potential of 5.35 eV with an electron affinity of 4.24 eV. However, the
permanent properties of Sn,Ss are relatively low as compared to those of SnS and
SnS,. The structure of this sulfide is shown in Fig. 1.9.

Fig. 1.9. Crystal structure of Sn,Ss [35]

The structure consists of two distinct tin sites and can be considered as being
packed of ribbons of four tin atoms per layer running along the short b axis [147].
David J. Singh [147] performed calculations of the electrical and optical properties.
The authors confirmed that tin occurs in divalent and tetravalent forms in this
compound.

Following theoretical studies, it can be stated that Sn,Ss has an indirect
bandgap of 0.87 eV and a direct bandgap of 0.97 eV [147]. However, the bandgap
values obtained in thin films of materials are higher [148,149]. This material offers
good electrical conductivity [147], and it is generally reported that Sn,Ss has the n-
type conduction type [96,150]. Burton et al. marked the possibility of having both
n-type and p-type conductivities which depend on the way of the synthesis of the
material [21]. This appears due to the defect formation energy of 1.17 eV for Sn-
vacancy creation in Sn,Ss, which leads to an acceptor concentration of 7 x 10 c¢m=,
while that of 1.38 eV for S-vacancy leads to a donor concentration of 5 x 10 cm
under typical growth [27]. Thus, the surrounding processes can affect the relative
donor/acceptor concentration, which would result in a material of the n-type or the

p-type.
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SnySs has numerous particle boundaries resulting in easy recombination of
electrons and holes. Therefore, the efficiencies of Sn,Ss-based solar cells are
restricted. Sn,Ssz is a material which could exhibit a 3D nanostructured network
based on synthesis [151]. It has been recently shown that, in 3D nanostructured
networks containing semiconductor nanoparticles, high electron transport could be
reached as these networks provide direct conduction pathways for the rapid
collection of photogenerated electrons [152]. To improve the conversion efficiency,
one promising idea is to enhance relaxation-light harvesting by multiple scattering
[153].

The mixed type of tin sulfide (Sn;Ss) would be detrimental to its transport
characteristics which would lower the performance of photovoltaic devices [151].
Single phase Sn,Ss is essential, which can be achieved by controlling the tin and
sulfur vacancies in order to improve the performance of the photovoltaic device.

1.3.1. Synthesis of Sn;S;

Sn,S; was synthesized by thermal processing [154], chemical bath deposition
[155], chemical vapor deposition [10], spray pyrolysis [156,157], chemical
deposition[154], radio frequency magnetron sputtering [158-160], gas-phase laser
photolysis [161], thermal co-evaporation [162], the hydrothermal method [163],
solvothermal synthesis [164], potentiostatic electrodeposition [165], and ‘soft
chemistry’ reactions [166]. Also, other applicable methods are ultrasonic spray
[167], precipitation [168], co-evaporation [169], and the pyrometallurgical method
in a rotary tilting tube furnace [170].

1.3.2. Application of ottemanite

As mentioned above, Sn.Sz has been scarcely studied [131], but preliminary
characterization showed that the properties of Sn,S; make it an applicable
photovoltaic material [99]. Binary tin sulfide semiconductor compounds have gained
more attention due to their application in photovoltaic and photoactivated devices
[159] with a conversion efficiency of ~25% [143]. Sn.S; could be used to form
multicomponent semiconductors, such as Cu2ZnSnS, [12], and they could be applied
in solar cells [94]. This material has been reported as the anode material for sodium
ions batteries having a theoretical capacity of 1104 mAhg™ [171]. It is very difficult
for this substance to reach its theoretical capacity even at a low current density
[171]. SnySs is used as a gas detection material which could be made at room
temperature [159]. Is it possible to group Sn,Ss with ZnO to form a low-dimensional
heterostructure [160]. One more application field is to use it in order to prepare
near-lattice-matched hetero junctions such as Sn,Ss/CdTe, Sn,Ss/GaSh, Sn,Ss/AlSb,
etc., for applications in the detection and generation of infrared radiation [151].

1.3.3. Tin sulfide application for supercapacitors

The increased use of energy, together with the progress in economic
development, has caused heavy pollution, which poses serious problems for
environment and human health. The contradiction between the dependence on
energy of humans and the burning of fossil fuels leads to the development of various
energies, such as solar energy, wind energy, tidal energy, and nuclear energy. Due to
the rapid consumption of fossil fuels, there is a growing interest among scientists
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and engineers in the creation of pollution-free energy storage devices. To estimate
the most important storage solution, one must consider the lifetime, reliability,
storage capacity, cost, and the environmental impact [172]. Electrochemical
supercapacitors offer excellent properties, such as a significant power density, a fast
charge-discharge rate, and a long cycle stability. These characteristics are associated
with secondary batteries featuring a high energy density [173,174]. In the
automotive and electronic industry, supercapacitor devices take an important place
[3] and, depending on the energy storage mechanisms, can be divided into two parts
— electrical double layer capacitors, and pseudocapacitors. The first type stores
electrical energy electrostatically from the reversible adsorption of ions onto their
surfaces, which leads to a high power supply at the cost of a low energy density
[175]. In the electrical double-layer mechanism, a double layer of charge forms on
the boundary surface of the electrode and the electrolyte. It should be noted that the
electrical double layer mechanism does not include any chemical reaction as is the
case with pseudocapacitance [176]. Materials with a high surface area, such as
carbon, carbon nanotube, carbon black and graphene oxide materials are used in
electrical double layer capacitors [177]. Carbon-based materials offer some
advantages, such as a high surface area, high conductivity, an ultra-fast charge
discharge process, and outstating cyclic stability [178]. For pseudocapacitors, the
processes are simpler: a fast and reversible redox reaction occurs on the surface or in
the near-surface region of the electrode to accumulate an electric charge [174].

The electrode material plays a significant role in the development of high-
performance capacitors. So far, three types of electrode materials have been reported
for the pseudocapacitor application: carbonaceous materials [179], metallic
materials [30] (oxides and hydroxides [176]), and conjugated organopolymers [180].
The first group is the most widely studied for application in pseudocapacitors and
batteries [172]. In addition, these materials are denoted by some advantages, such as
abundance, a low cost, easy manufacturing, non-toxicity, a higher specific surface
area, excellent mechanical and electrical properties, high chemical stability, and an
extensive working energy range [172]. Also, carbonaceous materials feature a high
electrical conductivity and long cycling stability, while metallic materials and
organopolymers store energy in a Faradaic or redox-type process similar to batteries,
which gives a high energy density and falls under the category of pseudocapacitors
[3]. Metallic materials and conjugated polymers show a better capacity behavior as
compared to carbonaceous materials [173,181,182]. Metal organic frameworks are a
new kind of a class of promising materials. The best points of metal organic
frameworks are controllable porosity, a large specific surface area, a high aspect
ratio, the presence of redox metal centers, tunable organic linker or metal centers,
and abundant active sites [176]. In these systems, the metal center is connected with
the organic linker via strong covalent bonds. Usually, transition metal ions, alkaline
earth metals or lanthanides are used as metal parts [176]. Organic linkers are
typically molecules containing donoric atoms of oxygen (O-) or nitrogen (N-) donor
atoms (pyridyl, polyamines, carboxylates, etc.) [178]. The functionality of the
material depends on ligands with side chains [176]. However, the polymers show
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poor recyclability during the charge-discharge process because of the change of the
oxidation states, which lowers the electrical conductivity of the working electrode.

To increase the realization of electrochemical capacitors, those metal oxides
which combine with carbon were investigated to receive the dual advantages of the
double layer capacitor and the pseudocapacitor [183,184]. In recent years, metal
sulfides have been gaining a lot of attention as perfect candidates for application
regarding their energy storage potential. Physical (electrical conductivity,
mechanical and thermal stability) and chemical (redox chemistry) properties of these
candidates lead to high specific capacitance and make them applicable as an
electrode material for lithium-ions batteries and supercapacitor applications [1].

Several papers have reported about energy storage devices using various metal
sulfides, such as iron, nickel, copper, cobalt, manganese, molybdenum, etc. [1,185].
Compared to pure metal sulfides, a combined system of metal sulfide with a
carbonaceous material showed excellent performance in supercapacitor and battery
applications [1]. Sn-based metal chalcogenide materials, such as SnS, SnS;, SnSe,
etc., are applied in pseudocapacitors [186].

1.4. Auxiliary Materials for Deposition
Often used capping agents play a key role due to their positioning during the
synthesis of nanoparticles [187]. As such, these attributes result in changes of the
synthesis product. For the synthesis of stable tin(ll) sulfide, many capping agents are
used. In order to control the functionality of nanoparticles, molecular-level control
over their surfaces is required, which is often achieved by adding surfactants. Most
examples of surfactants are amines and carboxylic acids [40]. Oleylamine is often
used due to its mild reducing force and non-coordinative properties [188].
Oleylamine works together with oleic acid because this combination performs well
with inorganic particles [189]. Abutbul et al. [40] reported about the synthesis of
SnS nanoparticles through the amidation reaction using the cooperative role of the
mixture of oleylamine and oleic acid. In its unreacted form, oleylamine acts as a
proton acceptor of oleic acid and regulates the deprotonation of this acid, which
subsequently yields acid—base complexes [190]. Abutbul et al. [40] synthesized the
powders of tin(ll) sulfide by using two precursors: tin(Il) chloride mixed with
oleylamine and oleic acid, as well as thiourea mixed with oleylamine. The synthesis
was performed in an inert atmosphere by using a three-neck flask. The use of pure
oleylamine and oleic acid helps to obtain pure n-SnS with no traces of a-SnS. In
response to the deposition of the thin tin sulfide layer on the soda-lime glass slides,
ammonium citrate was used as a complexing agent [95]. This deposition was made
by applying the chemical bath deposition method. Here, SnS was mainly obtained
with the traces of SnS; which disappears after annealing in air at 285 °C for 30
minutes. Annealing in air led to the formation of SnO, which was detected by
photoluminescence spectroscopy. The authors of source [11] were applying the
SILAR method while employing TEA to obtain uniform thin films of pure SnS2
over glass slides [11]. Galvanostatic deposition of 3-SnS on FTO glass slides was
reported in [39]. Here, tartaric acid led to the uniformity and adherence during the
electrodeposition process of tin sulfide as a thin film. This acid is a mild reducing
agent. Impurities of Sn and a-SnS were found in the film deposited at pH 1.5 and at
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50 °C and 90 °C, respectively. After annealing at 350 °C, only thin films of a-SnS
were formed. Ethylene glycol is also a reducing agent, and polyvinylpyrolidone as
the capping agent was applied to control the size of SnS by using the polyol method
at 150 °C in a silicon oil bath [55]. Dwyer et al. [55] obtained SnS which formed
together with SnS; and Sn,Ss, but determined that, by increasing the Sn:S source
concentration ratio, the formation of SnS, and Sn,S; phases decreases.
Kergommeaux et al. [191] showed that the differences in the formed tin sulfides
depend on the source of sulfur. With the use of elemental sulfur, pure SnS; is
obtained, while the use of thioacetamide led to the formation of a-SnS having no
secondary phases. The growth of nanoparticles proceeds via controlled gathering of
the initially formed polyhedral seed nanoparticles which themselves originate from
an intermediate tetrachlorotin-oleate complex. Gedi et al. [192] obtained ©-SnS by
using the chemical precipitation method. Firstly, they obtained nanoparticles, and
then annealing was made at 300 °C for 3 hours to improve the physical properties of
the powders. Later, a drop-casting technique for the deposition of thin films was
developed. While using a lower Sn source concentration, Raman spectra detected a
slight hump assigned to Sn,Ss. Yet, when researchers used a higher concentration of
the Sn source, pure n-SnS was obtained. For this process of synthesis, pure EDTA
was applied as a chelating agent. Zhang et al. [193] prepared ultrapure triclinic
copper tin sulfide by using the one-pot hydrothermal route. EDTA-Na, was used as
a chelating agent. Thioglycolic acid was adopted as a stability agent and as a sulfur
ion precursor for the pure SnS preparation by applying hydrothermal synthesis at a
relatively low temperature [194]. Also, experiments with other chalcogens (HgsS,
PbS, CdS) were performed. They showed that thioglycolic acid is a good material to
prevent aggregation of chalcogenide nanocrystals [195]. Microwave-assisted
synthesis was applied for the preparation of SnS and SnS, nanoflakes, where
ethylene glycol was used as a suitable solvent and a reducing agent [196]. In this
research (i.e., in [196]), the authors obtained orthorhombic SnS and amorphous
SnS,, but, after heating under argon atmosphere for 1 hour at 425 °C, the structure
cardinally changed into a crystalline hexagonal phase. Oluwalana et al. synthesized
SnS nanoparticles at three different temperatures (150, 190 and 230 °C) by using
oleic acid and octadecylamine as capping agents [197]. Transmission electron
microscopy images show spherically shaped nanocrystals for oleic acid-capped SnS,
while those capped with octadecylamine are cubic. Larger particles were obtained
by increasing the synthesis temperature. Additionally, as a capping agent,
polyvinylpyrolidone is used as it can control the particle size of SnS [55]. A
permutation of two complexing agents was used in order to synthesize nanoscale
particles. Polyethyleneimine was used to control the reaction and regulate the size.
Acetylacetone was used as a dispersant. In addition, for the deposition of powders,
and in order to get adherence on an immersed glass slide, a mixture of ammonium
hydroxide with ammonium chloride was tested [166]. Here, nanoparticles, powders
and thin films of orthorhombic Sn,S; from aqueous compounds were obtained by
using the main precursor compounds of tin and sulfur. Because of a low solubility of
tin(11) chloride, it was decided to use a low concentration of this precursor. First, tin
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was complexed with polyethyleneimine and stirred ultrasonically. Then, slowly,
acetylacetonate was added. As a sulfur precursor, thioacetamide mixed with
acetylacetonate was used. Glass slides were applied as the substrates for the
deposition of films. SnS; and In**-doped SnS, were synthesized by the hydrothermal
route by using the L-cysteine assisted method [198]. Here, L-cysteine takes an
important role, both as an assistant and as a source of sulfur. As a source of tin,
SnCl, -5H,O was used. The obtained SnS; sports a high photocatalytic activity,
whereas doped In®* enhances the photoactivity of tin(IV) sulfide.

In this work, we used L-ascorbic acid. L-ascorbic acid is also known as
vitamin C, an abundant and irreplaceable compound in the living system [199]. This
acid is used in the green synthesis of metals and semiconductors due to its non-
toxicity, mild reducing and antioxidizing properties [200]. In the preparation of
SnSe nanoparticles, L-ascorbic acid worked as an antioxidizing agent to prevent tin
from oxidation of Sn?*to Sn** [201]. Copper micro and nanoparticles were prepared
by chemically reducing Cu-citric acid complexes while using L-ascorbic acid as a
reducing agent [202]. Vivas et al. [203] obtained Cu and Cu,O by using AA, the
addition of which not only slowed down the kinetics of the reaction, but also
provided a better control for the self-assembly of nanostructures. A chemical
reduction process of copper nitrate with different concentrations of NaOH took place
in the presence of L-ascorbic acid. A pure phase of copper nanoparticles was
obtained by using low concentrations of a reductor. Meanwhile, the formation of
pure nano cubes, truncated octahedron, polygon-shaped, and, finally, spherical
shaped Cu,O particles was the result of a higher concentration of NaOH. The thin
Cu0 films on the glass slides were obtained by using AA and ethanol mixture as a
reducing agent for the copper precursor solution by applying the spray pyrolysis
technique [204]. Furthermore, copper nanoparticles were prepared by reducing Cu?*
ions with ascorbic acid by the aqueous solution reduction method [205]. Vitamin C
was used as a reducer and stabilizer agent for the copper precursor solution to
precipitate Cu(ll) oxide thin films by the successive ionic layer adsorption and
reaction method on soda-lime glass slides [206]. Also, L-ascorbic acid could prevent
stainless steel from corrosion [207]. AA is a mild reductant, and it allows for fast
gold reduction when gold nanoparticles are involved in the synthesis reaction
between the [AuCl4]  complex and L-ascorbic acid [208]. This fast reduction leads to
homogenous nucleation. In addition, L-ascorbic acid works as a good stabilizer of
gold nanoparticles. AA is a green and cost-effective reducing agent for the
deposition of thin films of ZnO on soda-lime glass substrates [209]. L-ascorbic acid
was used as a complexing agent for the deposition of cadmium selenide thin films
by the dip method on glass slides [210]. Firstly, the cadmium-ascorbate complex
was obtained which was later broken, CdSe and was formed. L-ascorbic acid was
used to prolong the life of the electrochemical solution baths and allowed synthesis
at a higher pH range, while low-stress FeCoNi films were deposited to prevent
precipitate formation [211]. Here, thin films were electrochemically deposited from
an acidic chloride bath. Ascorbic acid can promote the growth of crystals and slow
down the formation of Sn**. It was shown that the synthesis of CsSnl; was done by
the spin-coating technique [212]. Furthermore, AA was taken as the basis and the
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first step for thin film reduction for an environmentally and economically friendly
reduction method and used for the reduction of graphene oxide thin films [213].

As described above, L-ascorbic acid was applied in many fields of synthesis,
but, regarding the deposition of tin sulfides, no literature reviews are available to the
best of our knowledge. Thus, this study is the first work on the synthesis of tin
sulfide films by using ascorbic acid as a capping agent and the mechanism of
formation.
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2. EXPERIMENTAL PART

2.1. Materials

All of the chemical reagents were of pure and analytical grade and were used
as received. SnCl, (tin(ll) chloride) with a purity of 98% was received from
labochema.com. Na,S (sodium sulfide) with a purity of 98% was acquired from
Honeywell.com. CsHsOs (L-ascorbic acid) with a purity of 99% was bought from
Sigma-Aldrich.

2.2. Glass Substrate Preparation

For this research, FTO glass slides were used which were of a size of 20mm x
15mm. FTO TEC 10 glass slides were purchased from Ossila.com and used as
substrates. The thickness of the glass was 3.2 mm. FTO glass slides have a
roughness of 45 nm and a sheet resistance of 9.39 + 0.38 (/square. All the
purchased glasses were washed by using warm water and distilled water, and dried
afterwards. Then, they were cleaned in an acetone bath ultrasonically by using
Sonoswiss SW 3 H cleaner for 10 min at 40 °C in the sweep mode. After that, all the
samples were dried in air and used for film deposition.

2.3. Film Deposition
Tin sulfides films were deposited by the SILAR method. Two different SILAR
methods were applied in this research.

2.3.1.Thin films of tin sulfide deposition without capping agent

Three different (0.1, 0.25 and 0.5M) concentrations of SnCl, solution were
used as the cationic precursor at 40 °C. Aqueous 0.1M Na,S solution was used as an
anionic precursor at 40 °C. For the deposition of tin sulfides, each sample was
prepared in the following steps: firstly, the precleaned sample was immersed into a
solution of a cationic precursor for 30 s, where tin ions were absorbed on the top of
the substrate; secondly, the sample was immersed into a solution of an anionic
precursor for 30 s, where sulfide ions react with tin ion absorbed on the top of the
substrate.

In order to increase the quantity of tin ions, the final step was to place the
prepared sample in the cationic precursor solution. By this way, samples 1, 2, 3 and
4 were prepared. Therefore, to eliminate loosely bonded ions, some samples were
washed with distilled water for 10 s after treating with cationic and anionic
precursors. Both types involve the same last step — placing in a cationic precursor for
30 s, rinsing with distilled water, and drying. The process of the deposition of tin
sulfides was advanced by changing the number of the SILAR cycles and the
concentration of tin(ll) chloride solution. The sample numbers and conditions of the
deposition are shown in Table 1.
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Table 1. Sample numbers and conditions of the deposition of tin sulfides by
SILAR method. Numbers 1-4 mark samples prepared by synthesis route SnCl,-NazS
and repeat. Letter w marks samples prepared by the synthesis route SnCl,-Na,S-H.0

and repeat
Concentration of SnCl; Number of SILAR
Solution deposition cycles
20 40
0.1M 1and 1w 2 and 2w
0.25 M 3 and 3w
0.5M 4 and 4w

2.3.2. Thin films of tin sulfide deposition with a capping agent

For this deposition type, also the SILAR technique was used. As a cationic
precursor, SnCl, solution was used with a different mass of L-ascorbic acid (0.6;
0.8; 1.0 and 1.3 g), dissolved in SnCl,. In order to prepare a 0.04 M cationic
precursor, 0.226 g SnCl,-2H,O was mixed with L-ascorbic acid and dissolved in
distilled water until 25 mL. The mixture was heated at 70 °C for 10 min by using a
magnetic stirrer until a clear and transparent solution was obtained. As a cationic
precursor NazS solution was used. For the preparation of 0.04 M solution, 0.24 g of
Na2S-9H>0 was dissolved in 25 mL of distilled water. For the deposition of films of
tin sulfides, firstly, the precleaned glass sample was immersed into a cationic
precursor solution for 30 s where tin ions were adsorbed on the top of the glass.
Secondly, the sample was immersed into an anionic precursor solution for 30 s,
where sulfide ions reacted with tin ions adsorbed on the surface. Later, the sample
was immersed in distilled water for 20 s to remove loosely bonded ions. The final
stage of the deposition was the treatment with cationic precursor for 30 s, rinsing
with distilled water, and then drying in air. The synthesis scheme is shown in Fig.
2.1.

Adsorption ‘ Reaction | ‘ Rinsing |

FTO glass
substrate

Cation solution:
tin (1I) chloride
+ ascorbic acid

Anion solution:

sodium sulfide Distilled water

Fig. 2.2.1. Schematic picture of SILAR process for the deposition of tin
sulfide
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By using this type of deposition, the samples were prepared by changing the
number of SILAR cycles and the mass of L-ascorbic acid. The sample numbers and
conditions of the deposition are shown in Table 2.

Table 2. Sample numbers and conditions of the deposition of tin sulfide films

Number of SILAR deposition 20 30
cycles

Mass of L-ascorbic acid in 06 | 08| 10|13 |06 |08 ]| 10| 13
SnCl; solution, g

Sample number 5.20 | 6.20 | 7.20 |1 8.20 | 5.30 | 6.30 | 7.30 | 8.30

2.3.3. Annealing of films

Both types of synthesis share one disadvantage — after deposition in the films,
a second unnecessary phase — Sn,S; — is left. In order to remove this phase and make
the film smoother, thermal annealing in inert atmosphere was applied. Annealing
was carried out in a SNOL 6.7/1300, No. 1398 (UAB Snoltherm, Lithuania) muffle
electric furnace with a precision for temperature maintenance of =1 °C at room
temperature. Inert nitrogen gas flotation of 2 L/min was used. The annealing
temperatures in use were: 200, 250, 300, 350 and 400 °C. The annealing mode was
established by the following steps: the sample was heated at a rate of 10 °C/min
until reaching the annealing temperature, and then held for 30 min at this
temperature. Finally, the sample was cooled together with the furnace to room
temperature.

2.4. Characterization of Films

2.4.1. X-ray diffraction analysis

X-ray diffraction analysis of the deposited tin sulfides films on the FTO glass
substrate was performed by using a D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany) operating at a tube voltage of 40 kV and tube current of 40
mA. Diffraction patterns were written in a Bragg-Brentano geometry using a quickly
counting 1-dimensional detector Bruker LynxEye which is based on the silicon strip
technology. A Ni 0.02 mm filter was used to filter the X-ray and inhibit Cu-Kf3
radiation. The examples were scanned in the range of 26=5—70°. A scanning speed
was 6°/min, and the coupled two theta/theta scan type was used. The diffractometer
was coherent with the software package DIFFRAC.SUITE. X-ray diffractograms of
the deposited films were investigated by using the Search Match software package.
The most intensive peaks of tin sulfide in the diffraction patterns were used to
calculate the size of the particles. For this purpose, DIFFRAC.SUITE EVA v. 4.5
software was used.

2.4.2. Raman analysis

A combined Raman and SNOM microscope Alpha 300RS (Witec, Germany)
were used to measure the Raman scattering spectra. Laser light was pointed onto the
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sample with a 20x objective. A 1 mW laser power having an excitation 532 nm laser
source was used.

2.4.3. Bandgap characterization

The optical properties were studied by using ultraviolet-visible (UV-Vis) light
spectroscopy. The optical absorption spectra were recorded by using a PerkinElmer
Lambda 35 UV-Vis Spectrometer (SpectraLab, United States) featuring the
Labsphere RSA-PE-20 Diffuse Reflectance Sphere. The range of recording was
400-900 nm. The bandgap (Eg) was calculated by using the Tauc’s plot [214]. The
Tauc’s plot is based on the theory that the energy dependent absorption coefficient o
can be obtained by the following Equation (1):

ahv=B(hv-Eg)" 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;

a — absorption coefficient;

h — Planck constant; v — photon’s frequency; Eq— bandgap energy;

B — constant related with absorption;
In10-A
= 2
where: A — absorption; d — layer thickness.
The linear format of the graph marks the transition type. By plotting the graph
between (chv)" versus the photon energy (hv) and then extrapolating the linear part
of the plot until it crosses the abscissa axis. Consequently, Eg=hv, when A=0.

2.4.4. Film thickness

A MarSurf WS1 (Goéttingen, Germany) white light interferometer was used to
measure the thickness of the film. First of all, on the prepared sample, a line was
scratched diagonally in order to obtain FTO glass, and then a picture of the sample
surface 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 at different parts of the film in order to measure the thickness precisely.
Then, the average thicknesses were calculated.

2.4.5. Scanning electron microscopy characterization (SEM)

The surface morphology was analyzed by using scanning electron microscopy.
Two different types of equipment were used to analyze entire samples (with and
without a capping agent). The analysis of the samples prepared without a capping
agent was carried out by using a Raith GMBH e-Line instrument. This instrument is
equipped with a field emission gun operating at 2-10 kV speed up voltage. For
depiction, a secondary electron signal was used; thus, no sample coating was applied
in advance. QUANTAX EDS with X-Flash Detector 3001 and the ESPRIT software
was used to depict EDX.

SEM and Hitachi S-3400N equipment was used to analyze samples prepared
with a capping agent and after annealing.
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2.4.6. Electrochemical measurements

All electrochemical measurements were performed with an SP-150 (Bio-Logic,
France) potentiostat/galvanostat employing a three-electrode system. As the counter
electrode a platinum wire was used, and, as the reference electrode, Ag,AgCI|KCI
(sat) was used. As the working electrode, the deposited films on the FTO glass
substrate were used. The EC-Lab® V10.39 software was used for gathering and
analysing the experimental data. Cyclic voltammograms (CV) were recorded in 0.1
M NaCl solution with a scanning speed of 20 mV/s in the potential range of -1 V to
+1 V. One by one, the films were scanned for 10 times, and only the last cycle was
taken up to collation and calculations. Galvanostatic charge-discharge was tested at
1 A/g specific current in 0.1 M NaCl solution. The following equations were used to
calculate the energetic parameters: specific capacitance (SC, F/g), specific energy
(SE, Whikg), and specific power (SP, W/kg) [4]:

It
SC =2
AVm

3)

_ 1/2‘SC‘AV2
3.6

SE &)

_ 3600-SE

sp =22 5),

where: 1 is the applied current (A) at the discharge time (tp), AV is the
potential window (V), and m is the mass of the active substance (g).

2.4.7. X-ray photoelectron spectroscopy

The XPS measurements were performed in a VG ESCA3 Mkll electron
spectrometer with a base pressure higher than 10-9 mbar. Al Ko radiation was used
for the excitation of the electrons. The electrons were analyzed regarding their
energy by using a hemispherical analyzer operating at a constant pass energy of 20
eV. The spectra were calibrated by setting the main feature of C 1s region to the
binding energy of 284.8 eV. The surface atomic content was accomplished assuming
a homogenous distribution of atoms and the Scofield photoionization cross-section.
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3. RESULTS AND DISCUSSION
3.1. Thin Films of Tin Sulfide Deposition without Capping Agent

3.1.1. X-ray diffraction analysis

The as-deposited films were thin, strongly adhesive to the FTO glass
substrates and were of a blackish-brown color [50]. The X-ray diffraction results
confirmed the existence of tin sulfides and gave information on the crystallite size.
Fig. 3.1 shows the XRD results of tin sulfides thin films deposited on FTO glass
substrates without the distilled water immersion stage. The orthorhombic SnS
(JCPDS card number 83-47) is the dominant phase in the films. The most intensive
peak observed at 26=37.8° is assigned to orthorhombic tin(Il) sulfide (JCPDS card
number 83-47). This peak could also be assigned to SnO, (JCPDS card number 46-
1088). The other intensive peaks that are at almost the same position at 26 = 26.59
and 51.5°. The reflectance of FTO is not masked, and thus the peaks of SnO, are
detected which are at the top of the substrate. In Table 3, values of the inter-planar
spacing (d) of the obtained phases are given. The data in this table shows that SnS
and SnO; peaks are at very similar locations; hence, this time, they can overlie each
other. In Fig. 3.1, the peaks at 26 = 31.8; 45.5; 54.5 and 65.5° are assigned to
orthorhombic SnS. Two small peaks at 26 = 30.8 and 39.2° are assigned to Sn»Ss
(JCPDS card number 72-31). According to the results in Fig.3.1, when the number
of cycles is the same, but the concentration of the cationic precursor increases from
0.1 M (Sample 1) to 0.25 M (Sample 3), and to 0.5 M (Sample 4), the phasic
composition is the same, and the same intensive peaks between the XRD patterns
are manifested. In addition, when the concentration of the cationic precursor is the
same, but the number of SILAR deposition cycles increases from 20 (Sample 1) to
40 (Sample 2), the phasic composition also remains the same (containing SnS and
Sn,S3). Sn.Sz  peaks were not observed in the pattern of Sample 4 when the
concentration of the cationic precursor is the highest.
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Fig. 3.1. X-ray diffractograms of tin sulfides prepared without the water immersion
stage. Numbers 1, 3 and 4 mark the concentration of SnCl, 0.1, 0.25 and 0.5M,
respectively. Numbers 1-2 mark the same cationic precursor concentration, but refer
to an increase of the number of SILAR cycles from 20 to 40

Table 3. Comparison of the observed d-values with standard d-values [215,216]

Observed d-value, A | SnS (83-47) d value, A | SnO, (46-1088) d value, A
3.3492 3.3520 3.3510
2.3778 2.3751 2.3799
1.7730 1.7792 1.7649

The results of tin sulfides prepared with the water immersion stage are given in
Fig. 3.2. There are some similarities with the samples prepared without the water
immersion stage. Firstly, the most intensive peak at 26 = 37.8° was assigned to
orthorhombic SnS (JCPDS card number 83-47), but also for SnO, which is on the
top of the substrate. Other intensive peaks also overlap SnS with SnO, (26 = 37.8;
26.59, and 51.5°). As well as in the previous results, when the number of SILAR
cycles is the same (20), and the concentration of tin(ll) chloride solution increases
from 0.1 M (Sample 1w) to 0.25 M (Sample 3w) and 0.5 M (Sample 4w), the peaks
assigned to SnS phasic composition remain the same. Also, the peaks of SnS slightly
increase when the number of the SILAR cycles increases. When SILAR cycles are
used with the immersion stage of water, the peak of Sn,S; is only one, and it
increases with an increase of the concentration of the cationic precursor (0.1 M
(Samples 1w and 2w) to 0.25 M (Sample 3w), and to 0.5 M (Sample 4w).
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Fig. 3.2. X-ray diffractograms of tin sulfides prepared by using the water immersion

stage. Numbers 1w, 3w and 4w mark the concentration of SnCl, 0.1, 0.25 and 0.5M,

respectively. Numbers 1w—2w mark the same cationic precursor concentration, but
refer to an increase of the number of SILAR cycles from 20 to 40

The crystallite size was calculated by using the Debye-Scherrer [217] Formula

(6): o
= BcosO (6),

where: D is the crystallite size (nm), kis a constant (0.94 for spherical

particles), 1 is the wavelength of x-ray radiation (Cu-Ko = 0.1541 nm), g is the full

width at half maximum (FWHM) of the intense and broad peaks, and @is the

Bragg’s, or diffraction, angle.

It was calculated that tin sulfide thin films are composed of 14-20 nm
crystallites when films are prepared with the water immersion stage. Thin films
prepared without the water immersion stage contain 17-31 nm nanoparticles. The
biggest nanoparticles were found in Samples 3 and 3w. Therefore, tin sulfide
nanoparticles are smaller in the films prepared without the water immersion stage.
And, as it can be seen from the SEM results, tin sulfide, which is formed with
sodium chloride, forms larger agglomerates.

3.1.2. Measurement of thin tin sulfide films by using Raman spectroscopy
Raman scattering measurements were performed on tin sulfide nanoparticles.
By using Raman spectroscopy, monolayer, bilayer and trilayer SnS films were
characterized [218]. Raman spectroscopy is often used to find secondary phases of
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SnS (SnS; and Sn,S3) [219]. Also, this analysis method is consistent with X-Ray
spectroscopy, when, in the XRD patterns, phases overlap each other. At this time,
Raman measurements were applied for all samples — that is, for those grown for
different numbers of SILAR cycles and different concentrations of the cationic
precursor with or without immersion in distilled water. All the marked peaks in the
Raman spectra have the same position, but the only difference of these is the
intensity. Fig. 3.3 shows the results of two deposited tin sulfide films. SnS has
characteristic peaks at 84 and 224 cm™, of which, the peak at 84 cm™ corresponds to
the B2g mode [26,44], and the peak at 224 cm™ corresponds to the Ag mode of
orthorhombic SnS [22,220]. These results were confirmed with the XRD results,
showing the formation of orthorhombic tin(ll) sulfide. Raman spectroscopy clearly
shows the existence of a secondary phase — that of Sn,S3 having a corresponding
peak at 308 cm™ [30]. The peaks at 124 and 243 cm™ were assigned to SnO, which
is on the top of the substrate [221-223].
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Fig. 3.3. Raman spectra of Samples 3 and 3w (prepared with 0.25 M SnCl; solution
without and with water immersion stage, respectively)

3.1.3. UV-Vis spectroscopy

The optical properties of the thin films of tin sulfide deposited on the FTO
glass substrates with and without the water immersion stage were studied by UV-Vis
spectroscopy. The Tauc’s formula ahv=B(hv-Eg)? was used to calculate the bandgap
energies. The estimated bandgap energy values obtained by extrapolating the
formula (ahv)? versus the hv linear plot is given in Fig. 3.4. Sample 3 was found to
have a bandgap value of 1.1 eV, while the bandgap of Sample 3w was 1.4 eV. The
bandgap energy values for SnS were found to be 1.06 + 0.15 eV [96], 1.0-1.5 eV
[224], 1.10 eV [225], or 1.3 eV [30].
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For Sn,Ss, the bandgap energy values of 1.10 £ 0.15 eV [96], 1.09 eV [30], and
2.03-2.12 eV [155] were reported. Nevertheless, the bandgap energy determined
here is in agreement with some previous studies where tin sulfide was also found to
have an orthorhombic crystal structure [21,226]. Sodium chloride served as the
dopant, and thus the bandgap value of Sample 3 is smaller than that of Sample 3w
[227]. The decrease of the bandgap after doping is a well-known phenomenon for
semiconductors. The cause of the higher bandgap value could be the formation of
Sn,Ss which features similar bandgap values compared with SnS. X-ray diffraction
measurements show that the peaks of Sn,Ss; in the films prepared with the water
immersion stage are more intensive than without the immersion stage, and so the
bandgap values are higher. The smallest bandgap values were obtained for Samples
3 and 3w. Probably, the decrease of the E; of Samples 3 and 3w was due to the
optimal synthesis parameters, such as 0.25M cationic precursor concentration,
because only these two samples were prepared with such a precursor. According to
the XRD results, diffractograms show the most intensive peaks of SnS in those
samples, and Raman analysis agrees with this. Because of the formation of a very
thin layer, Samples 1 and 1w have the highest bandgap values. Supposedly, it is
because of SnO, which is on the top of the substrate and has bandgap values of 3.6
eV [228], 3.2 eV [229], 3.51 eV [230]. The high quantities of oxygen in the samples
with the immersion stage in water are shown in the EDX analysis. Therefore,
Sn(OH), could form, which could be then decomposed into SnO and H,O. SnO has
a theoretical band gap value of 2.5-3 eV [231]. To summarize the calculated
bandgap values, it could be said that the concentration of 0.25 M of the cationic
precursor is the most suitable for the synthesis of tin sulfide [61].
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Fig. 3.4. Plots of (ahv)? versus hv of tin sulfides prepared without (a) and with (b)

the water immersion stage. Numbers 1w, 2w and 4w mark the concentration of

SnCl; 0.1, 0.25 and 0.5M, respectively. Numbers 1w—2w mark the same cationic
precursor concentration, but with an increase of the number of SILAR cycles from
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3.1.4.Scanning electron microscopy and energy-dispersive X-ray analysis

Scanning electron microscopy was used to study the surface of the samples.
Fig. 3.5 shows the SEM images of the samples prepared by changing the
concentration of the cationic precursor and the number of the SILAR cycles. This is
related to the XRD results, since, as the number of the SILAR cycles and the
concentration of the cationic precursor increase, the intensity of the peak also
increases. SEM shows the presence of crystallites with a well-grown surface along
an agglomeration of smaller crystallites. The thick film, overlaid by closely packed
spherical grains, is obtained when the concentration of the cationic precursor
increases. The formed crystals consist of clusters of different sizes with or without
voids and pinholes. The water immersion stage affects the size of the synthesized
cluster, because, when applying the water immersion stage, the formed clusters get
bigger. The reaction of tin sulfide formation is as follows:

SNClaag) + NazSg) — SnSs) + 2 NaClag).

Steinmann et al. [232] states that the addition of sodium could increase the
grain growth (Fig. 3.5, 1 and 3). It is visible that without the addition of sodium
(Fig. 3.5, 1w, 3w and 4w), the films are smoother, and the formed clusters are
smaller and better packed. The SEM micrographs show that, when the number of the
SILAR cycles increases from 20 (Fig. 3.5, 1) to 40 (Fig. 3.5, 2), the film becomes
smoother and thicker with the formed clusters. The same phenomenon is seen when
the concentration of the cationic precursor increases (Fig. 3.5, 3 and 4). The water
immersion stage clearly affects the appearance of the films as they look deeper with
bright and clearly seen tin sulfide clusters. The surface is denoted by a more
homogeneous and compact structure with individual standing grains [233].

Fig. 3.5 also shows the EDX spectra of Samples 3 and 3w (prepared without
and with the water immersion stage). Very intensive peaks assigned to tin and sulfur
in these spectra show the formation of tin sulfides. Sample 3 exhibits very intense
peaks assigned to sodium and chloride. They appear due to not applying the water
immersion stage. The water immersion stage is the cause of the thinner film of
Sample 3w, and thus oxygen is detected. This sample has a highly intensive peak of
tin, less intensive peaks of sulfur and oxygen, and a very small peak assigned to
sodium. Probably, a very small amount of sodium chloride was formed.

The identification of the elemental composition was carried out by using EDX
analysis. The elemental compositions of the prepared samples are given in Table 4.
The results in the table show that, when we do not apply the water immersion stage,
the samples contain a high amount of sodium and chloride. It could be explained
that, by the reaction shown above, the formed sodium chloride crystallizes with
tin(I) sulfide, and thus the EDX analysis clearly detected this. With an increase in
the number of the SILAR cycles, the amount of sodium and chlorine increases as
well. When using the water immersion stage (Samples 1w, 2w, 3w, 4w), sodium
chloride is washed out from the films until the amount of sodium and chloride
becomes insignificant. These samples show a high percentage of oxygen. It is due to
the fact that the obtained films were thinner, and the EDX analysis detected SnO,.
When the number of the SILAR cycles increases, the weight of oxygen decreases.
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The final reason for oxygen detection is because of tin(ll) hydrolysis and the
formation of Sn(OH), [234].

Fig. 3.5. SEM micrographs with magnification of 20000x and EDX spectra of
the prepared tin sulfides. Sample numbers are given on the images and the spectra.
Numbers 1w—2w mark the same cationic precursor concentration, but with an
increase of the number of the SILAR cycles from 20 to 40
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Table 4. Elemental composition of tin sulfide films on FTO glass slides by EDX
analysis (excluding Si)

Element
Sn, at.% S, at.% O,at.% | Na,at.% | Cl, at. %
Sample L-series | K-series | K-series | K-series | K-series
number

1 38.494+2.5 | 20.68+0.5 | 15.84+0.5 | 5.62+0.1 | 9.20+0.1
2 42.97+2.6 | 28.55+0.6 | 4.16+0.1 | 8.10+0.1 | 11.224+0.2
3 43.28+2.7 | 30.13+0.6 | 6.09+0.2 | 7.34+0.1 | 10.95+£0.2

4 46.61£2.9 | 31.42+0.7 | 6.83£0.2 | 5.29+0.1 | 8.71%0.1

1w 29.04+1.8 | 13.34+0.2 | 54.06+2.5 | 0.38+0 0.43+0

2w 33.74£2.1 | 17.74+0.4 | 46.61+£2.0 | 0.41+0 0.46+0

3w 37.29+£2.3 | 24.05+0.5 | 34.14+1.8 | 0.58+0 0.61+0

4w 44.45+£2.9 | 27.3620.6 | 26.83+0.8 | 0.53+0 0.56+0

These results were reprinted/adapted by permission from Elsevier: Chemical
Physics Journal/ Preparation and characterization of tin sulfide films with or without
sodium chloride / A. Bronusiene, A. Popov, R. Ivanauskas, |. Ancutiene,
535:110766. 2020 https://doi.org/10.1016/j.chemphys.2020.110766

3.2. Thin Films of Tin Sulfide Deposition with a Capping Agent

In order to have a more stable tin(ll) salt solution, another synthesis was
performed with a capping agent, specifically, L-ascorbic acid. The mass of AA was
chosen due to the thickness and stability of the film because a smaller mass leads to
a very thick film, while a higher mass produces the outcome that the deposited films
are not stable and fall down from the glass. Here, by changing the number of the
SILAR cycles and the mass of L-ascorbic acid, other samples (marked with numbers
5-8) were prepared afterwards. L-ascorbic acid is used to prevent tin salt hydrolysis
because, when tin ions dissolve in water, Sn(OH), forms easily. To prepare the final
product, the metal ion complexes help to prevent the formation of oxides and
hydroxides faster than the formation of free metal ions [235]. L-ascorbic acid was
shown to be used as a ligand to prevent the oxidation of tin [201]. Depending on the
pH range, L-ascorbic acid could form the mono-anionic and the di-anionic type
[236]. At low pH values (pH 4-5), the mono-anionic type (HCsHsOs) is the
dominant one, but, in the higher pH range (pH 11-12), the di-anionic type
(HCsHsOg)? is dominant [201]. In the present synthesis, the pH range was kept
acidic. When the mass of L-ascorbic acid increased, the pH value decreased from 2
to 1. Thus, ascorbic acid was coordinated with Sn?* mono-dentately through oxygen
atoms to form the [Sn(HAsc)s]* complex. In addition, from the aqueous sodium
sulfide solution, S% ions were taken. Subsequently, the contained complexes later
were broken down by sulfide ions and released tin ions which would react with
sulfide ions to form tin sulfide nanoparticles (Fig. 3.6) [237]. The following
reactions help understand the film formation:
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SnCl, + 4

OH
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3.2.1. Scanning electron microscopy

20 cycles

Fig. 3.7. SEM images of samples

0.0k Si

prepared by using 20 or 30 SILAR

deposition cycles. Numbers 5, 6, 7 and 8 mark the mass of L-ascorbic acid 0.6, 0.8,
1.0 and 1.3, respectively. Numbers 20-30 mark the number of SILAR cycles
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The films obtained by this reaction route were analyzed by scanning electron
microscopy with a magnification of 15k, and the obtained results are given in Fig.
3.7. The SEM images indicate morphological changes with an increase in the
number of the SILAR cycles. In Fig. 3.7, it is clearly seen that the samples consist of
irregular morphology nanoparticle clusters [236] which are distributed on the whole
surface with good adhesion to the substrate [238]. The increase in growth of some
individual nanoparticles is also visible. The particles are spherical in shape, they do
not have an identical size and form, they grow in different sizes and directions [239]
and have a layered structure [237]. No large clusters of tin sulfide are observed when
using 20 SILAR cycles. The increase in the cycles affects the growth of the
particles, especially for Sample 8.30 [237].

Tin sulfide films were thin, with good adherence to the substrate. The number
of the SILAR cycles and the mass of ascorbic acid affect the thickness of the films.
The average thickness of the films is given in Table 5. It varies in the range of 310-
1050 nm.

Table 5. Thickness of tin sulfide films. Numbers 5, 6, 7 and 8 mark the mass of L-
ascorbic acid of 0.6, 0.8, 1.0 and 1.3 g, respectively. Numbers 20-30 mark the
number of SILAR cycles

Sample number | Film thickness, nm | Sample number | Film thickness,
nm

5.20 310 5.30 705

6.20 420 6.30 850

7.20 535 7.30 947

8.20 640 8.30 1050

3.2.2. X-ray diffraction analysis

Furthermore, it was observed in XRD that the obtained tin sulfide featured an
orthorhombic crystal structure. Mineral herzenbergite (JCPDS card number 39-
0354) is assigned to the individual dominant peaks 26=26.9, 37.8, 51.5, 54.5 and
65.5° of the deposited material. The peaks at 26=33.82 and 61.62° are assigned to
SnO; which is on the top of the FTO glass. This is due to the reflection of FTO
being not masked. Fig. 3.8 illustrates that, when the number of the SILAR cycles is
the same (20), but the mass of ascorbic acid increases from 0.6 g (Sample 5.20) to
0.8 g (Sample 6.20), to 1.0 g (Sample 7.20), and to 1.3 g (Sample 8.20), the phase
composition is the same with the same location and a similar intensity between the
XRD patterns.
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Fig. 3.8. X-ray diffractograms of tin sulfide films obtained by using 20 SILAR
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Fig. 3.9 illustrates the XRD results obtained by using 30 SILAR deposition
cycles. In this figure, mineral herzenbergite has the same locations as in Fig. 3.8 at
20=26.9, 37.8, 51.5, 54.5 and 65.5°, whereas the most intense peak is at 26=37.8°.
When the mass of L-ascorbic acid increased from 0.6 g (Sample 5.20), to 0.8 g
(Sample 6.20), to 1.0 g (Sample 7.20), and to 1.3 g (Sample 8.20), the intensity of
this peak increased as well. The SnS peaks at 26=54.5 and 65.5° show prolongation
with an increase of the mass of ascorbic acid (from Sample 5.20 to Sample 8.20).
One weak peak with no clear form at 26=30.8° could be assigned to tin sulfide Sn»Ss;
(JCPDS card number 72-31). This peak slightly grows, starting from the mass of L-
ascorbic acid of 0.8 g (Sample 6.30) to 1.0 g (Sample 7.30), and the most intensive
growth is when the mass of L-ascorbic acid is 1.3 g (Sample 8.30).
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Fig. 3.9. X-ray diffractograms of tin sulfide films obtained by using 30 SILAR
deposition cycles. Numbers 5, 6, 7 and 8 mark the mass of L-ascorbic acid of 0.6,
0.8, 1.0 and 1.3 g, respectively

To sum up the results, the peaks of SnS are more intensive when using 30
SILAR cycles, and they are prolonged by increasing the mass of L-ascorbic acid.
However, when 30 SILAR cycles were applied, a secondary phase — Sn,S; — was
obtained. It is possible that sodium sulfide contains impurities of polysulfide ion
(S2%), and therefore Sn,S; could form according to the following reaction:

2[Sn(HC6H606)4]2+ +822' +S% Sn,S3 +8 HCsHeOs .

Samples prepared without L-ascorbic acid had prominent Sn,Ss peaks, while
those prepared with the acid had the peaks of this phase which were almost
insignificant. The X-ray diffraction results show that L-ascorbic acid really helps to
prevent the oxidation of tin ions.

The X-ray diffractograms were used to calculate the crystallite sizes with the
Scherrer’s formula given above. The crystallite size for tin sulfide thin films
obtained by using 20 SILAR cycles was found to be between 9 and 10 nm. After 30
SILAR cycles, the particles were larger, specifically, from 11 to 15 nm. The mass of
L-ascorbic acid affects the particle size, since, as it increases, the particle size also
increases, and the biggest particles were obtained by using the cationic precursor
with 1.3 g L-ascorbic acid. The synthesized particles are very small, potentially due
to a low deposition temperature. It was claimed that, at room temperature, particles
measure 6.4-8.5 nm [236]. With an increase in the deposition temperature, larger
particles are formed [194].

3.2.3. Raman spectroscopy
Raman spectroscopy is a suitable method for investigating the material structure and
the vibrational characteristics of molecules by detecting the active Raman
vibrational modes present in the material. In Fig. 3.10, the results of thin tin sulfide
films deposited by using 20 and 30 SILAR cycles and several quantities of L-
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ascorbic acid are shown. Herzenbergite has characteristic peaks: at 96 and 224 cm?,

there are peaks of Ay mode SnS [80], whereas the peak at 165 cm™ is Bsg mode SnS
[44]. These peaks are not obtained in all spectra, and they represent low intensity.

The Raman peaks located at 124 and 243 cm™ correspond to SnO; [240]. As claimed

above, the reflectance of FTO is not masked. The results of Raman spectroscopy are

related to the results of XRD. Only two samples have clear peaks — the one prepared
by using 1.0 g of ascorbic acid after 20 SILAR deposition cycles, and the one with
0.8 g of ascorbic acid with 30 SILAR cycles. Such a remark allows us to make the

decision that the thickness of tin sulfide films increases when a bigger mass of
ascorbic acid is used. There is an intensive peak at 309 cm™*. This was found in all
the samples and was assigned to Aig mode Sn,Sz [241,242]. It should be noted that
the intensity of the peak increased when using a bigger mass of ascorbic acid and
when 20 SILAR cycles were used, wherein such dependence was not observed in
the case of 30 SILAR cycles.
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Fig. 3.10. Raman spectra of samples prepared by using 20 (a) and 30 (b) SILAR
deposition cycles. Numbers 5, 6, 7 and 8 mark the mass of L-ascorbic acid of 0.6,
0.8, 1.0 and 1.3 g, respectively
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3.2.4. UV-Vis spectroscopy
For the samples prepared by using L-ascorbic acid, UV-Vis spectroscopy
measurements were also done.
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Fig. 3.11. Plots of (ahv)? versus hv for samples prepared by using 0.6 g (a) and
0.8 g (b) L-ascorbic acid. Numbers 20 and 30 mark the number of SILAR deposition
cycles
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Fig. 3.12. Plots of (ahv)? versus hv for samples prepared by using 1.0 g (c) and
1.3 g (d) L-ascorbic acid. Numbers 20 and 30 mark the number of SILAR deposition
cycles
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This time, n=2 shows the linear fit. The plot of (ahv)? versus the photon energy
hv was used to calculate the bandgap energies of the films. The linear part of the plot
was extrapolated when (ahv)?=0 until it crosses the photon energy axis (A=0), so
Eg=hv. The plot of (ahv)? versus hv for all the samples is shown in Figs. 3.11 and
3.12. The bandgap values are given in the legends.

In addition, literature reviews give that orthorhombic tin sulfide has a wide
range of bandgap values. Barman et al. [28] synthesized tin sulfide with a bandgap
value from 0.9 to 1.8 eV, while other authors obtained 1.22-1.41 eV [7]. A
relatively small value of 1.10 eV was calculated in [96], and 1.3 eV was obtained in
[16,243]. The bandgap values of the obtained SnS are very similar to those
theoretically described. As claimed before, the value of the bandgap could affect the
secondary phase — Sn,S; — and it is not masked by FTO reflection.

The bandgap energy is very close to the theoretical one, so it could be ascribed
to quantum confinement. The detachment of the excited electron-hole pair is a
crucial factor for powerful photocatalytic activity.

3.2.5. Electrochemistry measurements

In Fig. 3.13, cyclic voltammograms of all tin sulfide films on the FTO glass
substrate are shown. Symmetric shapes were observed for the recorded curves which
clearly indicated about the capacitive behavior of the films throughout both faradaic
and non-faradaic redox reactions [81]. This dual mechanism may be detected due to
the multiple composition of films consisting of two forms of tin sulfide — SnS and
Sn,S;. These materials can individually or simultaneously participate in surface
reactions. It is known that tin sulfide can show electrochemical response in both
anodic and cathodic areas [186]. Due to the extension of tin sulfide application
possibilities, the potential window is widened. The number of cycles and the mass of
L-ascorbic acid exert special influence on the performance of films in this potential
range. Generally, the higher number of SILAR deposition cycles increases the mass
of the films and, therefore, the current density is enhanced by the reactions occurring
in the deeper layers of the active substance. Simultaneously, no strictly direct
relation between the mass of ascorbic acid and the generated current density of films
was observed. Meanwhile, some superiorities of the higher mass of the film which
increases with higher mass of ascorbic acid may be seen. The increase in the current
density showed in the films of 7.30 and 8.30 may be the consequence of their more
porous structure which is usually advantageous for redox reactions. The porosity of
the surface may be the determining factor for better intercalation of electric charges
in the electrode material [186].

In order to investigate the capacitive response of the deposited films more
precisely, GCD scans were applied (Fig. 3.14). To summarize the results, it is clear
that the number of the SILAR deposition cycles has a meaningful effect on the
discharge time of films as the application of 30 cycles instead of 20 increases tp by
up to 7 times. Nevertheless, the detrimental impact of the higher mass of ascorbic
acid is evident as well. The shape of the GCD curves is a result of two factors: a
resistive component related to the sudden voltage drop due to the internal resistance,
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and a capacitive component generating a curved part which is associated with the
energy changes within the active material [244].
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Fig. 3.13. Cyclic voltammograms of tin sulfide films on FTO glass in 0.1 M
NaCl solution at 20 mV-s™* scan rate. Numbers 5, 6, 7 and 8 mark the mass of L-
ascorbic acid of 0.6, 0.8, 1.0 and 1.3 g, respectively. Numbers 2030 represent the
number of SILAR cycles

Table 6 serves for the comparison of the energetic parameters of the films
calculated from the GCD results. On the whole, this confirms the benefit of the
synthesis of 30 cycles over 20 cycles and the diminution effect on the performance
of the films with the increasing mass of ascorbic acid during the synthesis
procedure. The low values of specific capacitance, specific energy, and specific
power can be related with the small size of SnS particles. Of all the films tested in
this work, the film with the lowest mass of ascorbic acid which was formed after 30
SILAR cycles (5.30) was able to generate the highest specific capacitance of 6.35 F
g! along with the best SE value of 3.53 Wh kg. The obtained values are in good
agreement with those reported in previous literature: 4.19 F g [245] or 19.25 F g*
[246]. Furthermore, the evaluation of the specific power of the films revealed that tin
sulfide is able to provide a high power impulse, which is one of the characteristics of
a good supercapacitor.
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Table 6. Energetic parameters of tin sulfide films on FTO glass slides

Sample SC,Fg! | SE,Whkg' | SP,Wkg*
5.20 0.93 0.51 1000
6.20 0.36 0.20 769
7.20 0.15 0.09 625
8.20 0.74 0.41 500
5.30 6.35 3.53 500
6.30 4.77 2.65 500
7.30 2.43 1.35 500
8.30 0.68 0.38 500

Potential, V

35

Fig. 3.14. Galvanostatic charge-discharge curves of tin sulfide films on FTO
glass in 0.1 M NaCl at 1 A-g* specific current. Numbers 5, 6, 7 and 8 mark the mass
of L-ascorbic acid of 0.6, 0.8, 1.0 and 1.3 g, respectively. Numbers 20-30 represent

the number of SILAR cycles

These results were reprinted/adapted with permission from Elsevier: Surfaces
and Interfaces Journal / Effect of ascorbic acid on the properties of tin sulfide films
for supercapacitor application / A. Bronusiene, A. Popov, |. Barauskiene, I.
Ancutiene, 25:101275. 2021 https://doi.org/10.1016/j.surfin.2021.101275

3.3. The Effect of Annealing of Tin Sulfide Films Synthesized with a
Capping Agent

To improve the crystallinity of the SnS films, after deposition, heat treatment
in a controlled inert environment was used. For the process, a temperature range of
200400 °C (specifically, 200, 250, 300, 350 and 400 °C) and the annealing duration
of 30 min were applied. The mass of L-ascorbic acid was also taken into account — it
was 0.8 g (for the samples marked number 6) and 1.0 g (for the samples marked
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number 7). The numbers of SILAR cycles are given on the graphs. Additionally, it
was observed that, with an increase of the annealing temperature, the obtained films
became smoother and thicker.

3.3.1. X-ray diffraction analysis

The crystalline structures and the phase purity of the thin films were analyzed
by XRD. The results in the XRD pattern of the as-deposited films agree with the
typically reported structure of herzenbergite (JCPDS card number 39-0354). After
annealing, the main phase in the films changed into orthorhombic SnS (JCPDS card
number 83-47). The diffraction patterns corresponding to orthorhombic SnS after
annealing at different temperatures while using various masses of L-ascorbic acid
are shown in Figs. 3.15 and 3.16.

Compared with the previously obtained results, it was firstly seen that all the
diffraction patterns were enhanced after annealing. Before high temperature
treatment, the diffractograms are more amorphous (see Figs. 3.8 and 3.9, the ‘hill’
could be seen between 20=18-35°). After annealing, the diffractograms are more
crystalline, and the “hill’ is lower. The mass of L-ascorbic acid also affects the
crystallinity. The higher amount produces a significant effect because, when using
1.0 g of acid, diffractograms get smoother. It can be seen in the patterns that the
phase composition is the same, and that it does not depend on the mass of L-ascorbic
acid or on the number of SILAR cycles. It was shown that the annealing temperature
affects the phase composition. When the temperature is 300 and 350 °C, a small
peak at 20=14.7° assigned to SnS, (JCPDS card number 83-1705) could be seen. In
these samples, no other impurity phases are present. At the highest annealing
temperature (400 °C), the peak of SnS; is completely gone. It was concluded that
SnS; is converted to SnS at a temperature under 400 °C by the following reaction:

SnSz(s) — SIIS(S) + S(g).

Therefore, more pure SnS was obtained by increasing the annealing
temperature. Well-defined peaks at 26=26.64, 37.88, 51.65, 54.63 and 65.58° match
the standard pattern of orthorhombic tin sulfide (JCPDS card number 83-47). The
most intensive peak at 20= 37.88° is assigned to SnS (JCPDS card number 83-47).
In addition, the background of the FTO mirroring is not masked, so there are two
peaks at 26=33.8 and 61.7° (hkl indexes are 101 and 310) assigned to SnO, (JCPDS
card number 46-1088). Also, the peaks at 26=26.64, 37.88, 54.63° could also be
assigned to SnO, which is on the top of the substrate due to very close d-spacing
values. Furthermore, the small bump at 26=31.68° (hkl index is 310) is assigned to
SnySs (JCPDS card number 75-2183). This ‘bump’ was seen when the annealing
temperature was 200 and 250 °C. In the other patterns, this peak did not appear, so it
shows that these temperatures are too low to obtain pure SnS. All the interplannar
spacing values are given in Table 7. After XRD analysis, it was decided to use only
the samples prepared by using 20 SILAR cycles for further research.

59



Table 7. Comparison of observed d-values with standard d-values of all annealed

samples
d — values, A
Observed SnS (83-47) with SnS; (83-1705) SnO- (46-1088)
hkl indexes with hkl indexes with hkl indexes

5.9416 5.9377 (002) 5.8800 (001)
3.3460 3.3520 (112) 3.3510 (110)
2.6492 2.6518 (101)
2.3735 2.3751 (005) 2.3799 (200)
1.7750 1.7792 (116)
1.6730 1.6760 (224) 1.6642 (103) 1.6649 (211)
1.5021 1.5012 (310)
1.4223 1.4268 (401)
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Fig. 3.15. X-ray diffraction pattern of samples prepared with 0.8 (Sample 6)
and 1.0 g (Sample 7) of L-ascorbic acid when using 20 and 30 SILAR deposition
cycles. Annealing temperature range: 200-300°
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Fig. 3.16. X-ray diffraction pattern of samples prepared with 0.8 (Sample 6)
and 1.0 g (Sample 7) of L-ascorbic acid by using 20 and 30 SILAR deposition
cycles. Annealing temperature range: 350—400°

The most intensive XRD peaks were used to calculate the crystallite size. In
comparison to the previously obtained results, it could be seen that annealing
strongly affects the size of the crystallite. After annealing, the crystallite size was
enhanced. When 0.8 g of L-ascorbic acid was used, the particle size changed slightly
and was in the range of 33-35 nm. When using 1.0 g of L-ascorbic acid, the
obtained particles are larger. The higher temperature decreases the particle size.
When increasing the annealing temperature, the particle size changes significantly in
a wider range of 30-35 nm. In order to form smaller particles, it is absolutely
necessary to apply a higher annealing temperature and a lower mass of L-ascorbic
acid.

3.3.2.Raman spectroscopy
It should be marked here that the possible existence of secondary phases in the
synthesized SnS cannot be rejected with the XRD analysis alone just because XRD
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may have failed to detect the trace amounts of Sn,Ss and SnS; phases. In this case,
Raman analysis is a good choice for the quality control of tin sulfide films. In Fig.
3.17, we can see Raman spectra of annealed films. The peaks allocated at 87 and
192 cm? are clearly seen for all the analyzed films, and are assigned to the Ag mode
of SnS [44,108,247]. The characteristic SnS peak at 165 cm™ could be seen only in
the samples prepared by using 0.8g of the capping agent and after annealing at 300
°C and with 1.0 g of the capping agent after annealing at 250 °C. Two Raman peaks
located at 120 and 239 cm™ correspond to SnO; [240]. The results are confirmed
with the XRD data. However, the sharp Raman peak at 310 cm™ signals the
presence of a secondary phase of SnS; or Sn,Ss. The presence of a secondary phase
has also been confirmed for as-deposited films, and this may also be the result of the
annealing process. The formation of the secondary SnS; phase was observed at
temperatures higher than 250 °C. The amount of L-ascorbic acid also affects the
formation of SnS,. Only one sample, the one prepared by using 0.8 g of the capping
agent after annealing at 400 °C temperature, did not have the peak of SnS,. X-ray
diffraction analysis confirms this result.
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Fig. 3.17. Raman spectra of tin sulfide films deposited on FTO glass slides by
using 20 SILAR cycles: a) 0.8g L-ascorbic acid; b) 1.0g L-ascorbic acid

3.3.3. Scanning electron microscopy

The SEM images of the samples prepared by using 0.8 g (the left column) and
1.0 g (the right column) of L-ascorbic acid and annealed are shown in Fig. 3.18. The
morphology of the presently shown thin films exhibits sphere-shaped grains that
were combined into agglomerates. Most of the particles are spherical in nature, have
a tight size distribution, and feature a clustered and irregular morphology. SEM
images show that the compactness of the films depends on the annealing
temperature. Annealing of the samples improved the morphology and compactness
of the films, and, compared to samples before annealing (the previously given
results), the formation of more densely packed particles and the growing
agglomeration are clearly seen. This phenomenon could be attributed to the high
surface energy [13]. It should be noted that the annealing of the samples slightly
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increased the coalescence of the grains, but it did not affect the other morphological
characteristics of the samples [95]. In addition, the obtained particles combined into
bigger agglomerates after annealing at 200° temperature. Furthermore, with an
increase of the annealing temperature, fragmentation of agglomerates also increases.
Also, the higher mass of L-ascorbic acid has an effect on their morphology. When
comparing the left column and the right column SEM images, it can be seen that the
presence of the capping agent results in the formation of more spherical-like and
smooth films. In addition, deep valleys are also seen. The existence of densely
distributed spherical grains can be observed throughout the film surface. There are
no cracks in the SEM images, while previous results showed some pinholes. Fig.
3.18 shows the merging of smaller particles, thereby providing compactness and
good adhesion to the substrate.
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6) and 1.0 g (Sample 7) of L-ascorbic acid by using 20 SILAR deposition cycles.
Annealing temperatures are given on the pictures

3.3.4.Thickness of the films

Annealed tin sulfide films were adhered to the substrate well. After heat
treatment, the films are thicker. The smoothness of the films is dependent on the
annealing temperature. At a lower temperature, it was clearly seen through the
interferometer that tin sulfide was uneven, with higher humps and deeper holes. The
values of the thickness of the humps are higher, but the average values are relatively
low because of compacting of the films. It should be indicated that the films became
smoother with the increasing temperature of annealing. The notable annealing
temperature is 400 °C due to the non-changing values of thickness, and thus the
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obtained films are smooth. As-deposited films had an average size of thickness of
310-1050 nm, while, after annealing, the thickness decreased and was between 90—
430 nm. The film thickness decreased with an increase of the annealing temperature
and was in the range of 240-90 nm for the samples prepared by using 0.8g of L-
ascorbic acid, and 430-100 nm for the samples prepared by using 1.0g of L-ascorbic
acid. An increase of the number of SILAR cycles and the mass of L-ascorbic acid
increased the thickness. When the annealing temperature is the same, but the mass of
L-ascorbic acid increases from 0.8 g to 1.0 g, the thickness of the layer also
increases. Thus, a bright effect of the precursor in use is seen well. Temperatures
higher than 120 °C are a consequence of the degradation of L-ascorbic acid [248].
This means that the destruction of the complex of L-ascorbic conjugated with tin
ions has begun [249]. Probably, such a prominent decrease in thickness is due to the
destruction of L-ascorbic acid with an increase in the annealing temperature. The
structure began to be more compact, probably due to the removed intercalated ions
or fragments of ascorbic acid. The results of the thickness of the annealed films are
given in Table 8.

Table 8. Thickness of tin sulfide films

Sample number Annealing The range of Average
temperature, °C thickness, nm thickness, nm
*6.20 200 35-590 240
*6.20 250 30-670 235
*6.20 300 20-460 230
*6.20 350 30-470 160
*6.20 400 90 90
*7.20 200 50-1900 430
*7.20 250 40-910 340
*7.20 300 30-590 250
*7.20 350 20-450 210
*7.20 400 100 100

3.3.5. UV-Vis spectroscopy

UV-Vis analysis was performed in order to analyze the optical properties of
the thin films annealed in different temperatures. The bandgap is one of the most
important parameters of the semiconducting material. Usually, a semiconductor has
a direct or indirect bandgap, and its use contradicts the expected property. Materials
with a direct bandgap value are often used in optoelectronics, such as light-emitting
and laser diodes. Indirect bandgap materials are applied to solar cells and batteries
[105]. The measurement and handling of the bandgap is most important not only for
the basic study of materials, but also for their application. As mentioned above, the
Tauc’s plot is used to calculate the bandgap value. The annealing temperature could
affect this value.
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The results of the indirect bandgap of samples annealed at different
temperatures are shown in Fig. 3.19. The bandgap values are given on the pictures.
It can be seen that, when using the larger mass of L-ascorbic acid, the bandgap value
is lower, but only at 300 °C the bandgap value is higher. An increase in the
annealing temperature led to an increase in the bandgap value for Sample *6.20.
Theoretically, tin(Il) sulfide has an indirect bandgap value of 0.9-1.1 eV [21], 1.3eV
[9], 1.3-1.6 eV [250], 1.35 eV [251], 1.2 eV [27], 1.1 eV [225]. Meanwhile, the
direct values are higher; they are 1.66 eV [20], 1.7 eV [21], 1.65 eV [252], 1.7 eV at
300 °C [253]. The obtained values suggest the formation of SnS.

Fig. 3.20 shows the curves of (ahv)? as a function of photon energy at different
annealing temperatures. Here, it is clearly seen that the direct bandgap values are
higher, but the curves are straight too. The higher mass of L-ascorbic acid increased
the bandgap at the same temperature. With the increasing temperature, this value
decreased, but, at a temperature of 300 °C, it is higher than anywhere else.
Theoretically, SnS; has indirect bandgap values higher than 2, for example, 2.18—
2.55 eV [254], 2.34 eV [105], 1.97-2.37 eV [255]. Meanwhile, in other articles
[255-259], the calculated direct bandgap values are given as equal to (or ranging
between) 2.44 eV, 2.17 eV, 2.18 eV, 2.7-3.17 eV, 2.19-2.41 eV, respectively. In the
present research, the obtained bandgap values are lower, but they are very close to
the theoretical SnS; values. The substrate mirroring was not masked, so it could
affect the bandgap value. SnO; has conditionally high bandgap values of 3.2-3.72
eV [259], 3.6 eV [228], 3.7 eV [240], 3.3 eV [229]. But, in this case, the bandgap
values for the samples are significantly lower, and this means that tin sulfide is
compactly packed on the substrate without substrate mirroring. Furthermore, the
presence of Sn,Ss could affect the bandgap value because of its bandgap of 1.09 eV
[21], 1 eV [147], 1.46-1.64 eV [260], 1.25eV (indirect) and 1.75eV (direct,
forbidden) [154]. Comparing the results in Fig. 3.19 and Fig. 3.20, it could be stated
that the obtained bandgap values are very close to SnS and SnS..
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Fig. 3.20. Plots of (ahv)? versus hv for samples prepared with 0.8 (Sample 6)
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3.3.6. Electrochemistry measurements

Fig. 3.21 presents the galvanostatic charge/discharge curves of all tin sulfide
films on the FTO glass substrate annealed at 200-400 °C. The shapes of the GCD
curves signify a dual charge-storing mechanism. A capacitor that stores energy
because of the presence of an electrical double layer (EDLCs) should present a
triangle-shaped plot in GCD and a rectangular-shaped CV. Meanwhile, a capacitor
with the battery-type behavior exhibits more complex curves as a result of the redox
(Faradaic) reaction during CV or GCD measurements [261]. When observing the
recorded CV curves, no significant anodic or cathodic peaks were detected, and only
the increase in both anodic and cathodic currents was noticed. Both XRD and
Raman analysis identified very similar structures of all films with SnS as the
dominant phase and found only traces of secondary phases of Sn(IV) sulfide.
Therefore, the differences in the electrochemical behavior arise, presumably, from
the morphology, surface appearance, and porosity. Tin sulfide thermally treated at
250 and 300 °C should be observed as the most active candidate with respect to its
current response to the applied potential. Since its composition presumably is the
same (mineral-type SnS), other parameters, such as morphology and porosity, may
be the determining factors. SnS has a layered structure that is favorable for the
intercalation of ions, and, therefore, it demonstrates enhanced capacitive properties
[81]. With an increasing temperature, the thickness of the coatings becomes smaller.
This is probably because intercalated ions or fragments of ascorbic acid are being
removed, and the structure comes to be more compact. Furthermore, the crystallites
can be positioned more closely to the surface, thus turning it to a smoother one. It is
known that the optimized porosity facilitates the accessibility of electrolyte ions and
increases the active surface area. The results of the CV and GCD techniques indicate
that the optimal morphology is achieved when the coatings are annealed at around
300 °C. According to the SEM results, thermal treatment at 300 °C leads to the
reconfiguration of the spherical grains to a more compact surface without any visible
cracks. It is known that optimized porosity facilitates the accessibility of electrolyte
ions and increases the active surface area. However, compact films may help to
overcome the undesired side processes occurring in the pores, for example, slow
diffusion [262]. A summarizing comparison of the basic energetic parameters of all
films is given in Table 8. The variation in the quantitative values of the specific
capacitance (SC) generally agrees with the regularities of the CV and GCD curves.
Raising the temperature results in an enhanced capacitive behavior, but only until
300 °C is reached. Later, with further annealing, the parameters start to get worse.
This might be related to the optimal surface morphology that — apparently — is
obtained at 300 °C. The results of CV and GCD measurements along with a
summarizing comparison of the basic energetic parameters in Table 9 suggest that
annealing at 300 °C provides an advantage over as-deposited films due to the more
enhanced porosity combining the benefits of both porous and compact surfaces.
Taking into account the impact of ascorbic acid, the higher amount appears to have a
positive effect. Presumably, this can be associated with a higher probability of
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intercalation of ions and organic fragments between layers during SILAR synthesis.
This assumption is also supported by an increase in the layer thickness when 1.0 g of
ascorbic acid is used. The higher amount of a precursor also boosts the electric
processes, and, therefore, the anodic current in the CV curves. When the capacitive
behavior of annealed and as-prepared coatings, as discussed above, is compared, a
clear advantage of annealed films can be seen. The values of untreated tin sulfide
synthesized under the same conditions were 0.36 F g-1 (with 0.8 g of ascorbic acid)
and 0.15 F g-1 (with 1.0 g of ascorbic acid). Such low values are mainly attributed
to the dominant presence of the Sn,Sz phase which transforms to SnS during
calcination. However, the signal of these films is more unstable and may be a
consequence of a variety of impurities in the interlayer spacing. The number of
SILAR cycles, meanwhile, provides a multiple view. The higher number positively
affects films prepared with 0.8 g of L-ascorbic acid, while the films synthesized with
1.0 g of L-ascorbic acid demonstrate better results after 20 SILAR deposition cycles.
These results comply with the XRD data and can be attributed to the presence of
Sn(1V) phases.

Referring to the literature review, tin sulfide can theoretically combine the
well-known Na-S conversion reaction with an alloying reaction to yield a high
capacity anode that effectively operates as a S—Na and Sn—Na nanocomposite [263].
Furthermore, in the cathodic scan, the decomposition of SnS and SnS; takes place,
while, in the anodic scan, the step-by-step dealloying reaction from NaxSn to Sn is
observed [264-266]. For SnS;, the reactions are as follows:

SnS2 + 4Na+ + 4e- < Sn + 2Na28,

Sn + xNa+ + xe- <> NaxSn,

While, for SnS, they are as follows:

SnS + 2Na+ + 2e- <> Sn + Na2S§,

Sn + xNa+ + xe- «» NaxSn.

Probably, during the galvanostatic charge/discharge process, sodium ions were
reversibly reacted with tin sulfide to form NaxSn and Na.S by previously given
reactions [81,263,267-270].

This capacity stems from the conversion reactions of both tin sulfide in formed
films (1 and 3) which enhances the alloying/dealloying reaction (2 and 4) [271-273].
The discharge cycle is related to the conversion reactions of SnS and the alloying
process [265].

The reported values were as follows: specific capacitance of 42F g-1 at a
current density of 2 A g-1 [81], specific capacitance of 36.16 F g-1 [274], specific
capacitance of 70 F g-1 [275], 0.025 F g-1 [276]. In this study, tin sulfide films,
obtained before annealing in an inert atmosphere, are able to generate specific
capacitance from 0.15 to 6.35 F g-1, while annealed samples yielded values from
0.07 to 39.00 F g-1. These results are in good agreement with the theoretical ones.
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Fig. 3.21. Galvanostatic charge-discharge curves of tin sulfide films annealed at
different temperatures. Supporting electrolyte 0.1 M NacCl, current density 1 A g*. Numbers
5, 6, 7 and 8 mark the mass of L-ascorbic acid of 0.6, 0.8, 1.0 and 1.3 g, respectively.
Numbers 20-30 refer to the number of SILAR cycles

Table 9. Values of energetic parameters of all samples

Sample Temperature SC(Fgh) | SE(Whkg?l) | SP (W kg?)

number (°O)
*6.20 200 0.07 0.04 1000
*6.20 250 1.05 1.14 697
*6.20 300 6.90 13.11 1847
*6.20 350 3.50 4.37 1498
*6.20 400 1.71 3.43 1898
*7.20 200 1.02 1.84 1800
*7.20 250 111 2.00 1798
*7.20 300 39.00 50.06 1521
*7.20 350 12.67 22.17 1773
*7.20 400 4.44 8.90 1899

3.3.7. X-ray photoelectron spectroscopy

In order to explore the oxidation state, the chemical composition, and the
constituent elements of the formed films, XPS measurements were carried out. The
films consisted of the single phases: SnS, SnS; or Sn,S3 which were detected by
XRD and confirmed by Raman analysis. XPS analyses were done at 45° angle to the
sample. Usually, it is assumed that the information depth of XPS is about 5 nm. The
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binding energies of all peaks were corrected by using the C 1s region with a binding
energy of 284.8 eV. This value corresponds to random carbon, in addition to the
charge compensation by the flood gun related to the spectrophotometer. XPS
measurements were applied for Samples *6.20 and *7.20 annealed at 300 °C. Fig.
3.22 shows the high resolution spectra of Sn 3d for the 2 phases obtained. Here, the
main peaks of tin are located at 486.4 and 494.8 eV, of which, 486.4 eV is a
characteristic peak. In both samples, the chemical shift between the two peaks of Sn
3ds2 and Sn 3d 32 is 8.4 eV. The shift in the position of the peaks is assigned to the
change in the stoichiometry of the films [261]. Based on the database [262], the peak
with a binding energy of 486.4 eV is a characteristic peak of the Sn?* ion, and the
chemical shift of 8.4 eV also shows the presence of Sn*2 In this database, the
characteristic binding energy of 486.6 eV for the presence of Sn** is also given. The
small bumps at 484.2 and 492.9 eV that could be attributed to elemental tin can also
be seen in Fig. 3.22. The NIST database [262] gives a result of a binding energy of
484.30 eV, which is very close to the obtained value. The reason for the formation
of elemental tin is the annealing at a relatively high temperature. Probably, 300 °C is
a very high temperature, and sulfur could evaporate and escape from the sample
[263]. Weak tin metal peaks are assumed to be due to the broken bonds between tin
and sulfur in the surface [9]. Choi et al. [9] also detected the presence of elemental
tin at the same binding energy. Returning to the tin sulfide and based on the articles,
there could be another explanation. The articles [116,264,265] claim that the peak at
486.4 eV corresponds to Sn?* which agrees with the formation of SnS. The binding
energy of 486.1 eV is a characteristic one were tin is conjugated with sulfur in SnS
[266]. Meanwhile, the chemical shift of 8.4 eV marks the formation of Sn#
[116,265]. Controversially, Avellaneda [144] wrote that the peak with a binding
energy of 486.4 eV shows the formation of Sn**. Other papers are in good agreement
[240,267]. Finally, for the phase of Sn,Ss, the characteristic peak should be at 485.7
eV [264], but our results did not show this. These results were likely due to the
coexistence of SnS; and SnS, and they are in good agreement with the XRD data.
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Fig. 3.22. High-resolution spectra of Sn 3d electrons for samples prepared
with 0.8 (Sample 6) and 1.0 g (Sample 7) of L-ascorbic acid by using 20 SILAR
deposition cycles

The deconvoluted high resolution spectra of S 2p for the same samples (*6.20
and *7.20 annealed at 300 °C) are shown in Fig. 3.23. There are two peaks with
binding energies of 161.2 and 162.5 eV corresponding to S 2ps2 and S 2pip,
respectively. The doublet peaks are well resolved with the spin-orbit component
separation of 1.3 eV. These values match the presence of S* ions in the samples.
Based on the database mentioned above [262], S* ions assigned to SnS have a
characteristic peak with Eg=161.10 eV, which is very close to our results. The
location of the chemical peaks and the shift between them shows the formation of
SnS [9]. Based on the articles, the binding energy of 161.2 eV is identified to the
sulfur bond to Sn?* [266,268]. Elsewhere, the peak at 161.2 eV could indicate that
there are some sulfur vacancies on the surface of exfoliated SnS, [266]. The peak
with Eg=162.5 eV indicates the presence of Sn,Sz or SnS; [268]. Controversially, the
authors in [144] claim that the peak with Eg=161.10 eV is a major one for Sn;Ss.
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Fig. 3.23. High-resolution spectra of electrons of S 2p of samples prepared
with 0.8 (Sample 6) and 1.0 g (Sample 7) of L-ascorbic acid by using 20 SILAR
deposition cycles

Fig. 3.24 shows the core-level spectra of the O1s region. This spectrum has
only one component at 530.2 eV. This peak is indexed to S-Sn-O bonding [269].
Also, it could mark the Sn-O or C-O bond [240]. The binding energy of 530.2 eV
could imply the presence of oxygen in the sample. This can be incorporated into the
sample when placed in the ambient environment. The physisorbed oxygen is present
in the sample due to any cleaning/degassing treatment prior to XPS analysis [270]. It
should be highlighted that the binding energy of oxygen in tin oxide has a value of
530.6 eV [271], which is close to our obtained value. In addition, it could
correspond to the presence of SnO; [272].
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Fig. 3.24. High-resolution spectra of O 1s electrons of samples prepared with
0.8 (Sample 6) and 1.0 g (Sample 7) of L-ascorbic acid by using 20 SILAR
deposition cycles
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4. CONCLUSIONS

1. Thin tin sulfide films on FTO glass slides were deposited by the SILAR
method. The XRD results showed that the films consisted of SnS and Sn,Ss, and the
average calculated size of the crystallites was 14-20 nm and 17-31 nm for the films
prepared with or without the immersion stage in distilled water, respectively. The
EDX results showed that tin sulfide films prepared without the immersion stage in
distilled water formed with sodium chloride, which improves the crystallinity and
the optical properties of tin sulfide films.

2. SEM images showed that, when L-ascorbic acid was used, the films
consisted of densely packed irregular clusters of nanoparticles, and the higher
number of SILAR deposition cycles led to an increase of the size of particles from 9
to 15 nm. The average thickness of the films varied in the range of 310-1050 nm.
Raman spectroscopy and XRD data indicated that the films consist of two phases of
tin sulfide, but the most intense peaks depend on mineral herzenbergite, SnS. The
obtained bandgap values are very close to the theoretical values in the range of 1.1
to 1.4 eV. The CV and GCD results showed that the generated samples had the
specific capacitance from 0.15 to 6.35 F g* and the specific energy from 0.09 to
3.53 Wh kg™

3. Annealing in an inert atmosphere improves the crystallinity and
compactness of the films; furthermore, films consist of smaller spherical particles as
agglomerates to form a compact and well adhered film to the substrate. After heat
treatment, the thickness of tin sulfide films is in the range of 230-280 nm depending
on the number of SILAR cycles and the amount of L-ascorbic acid. The calculated
bandgap energies are in the range of 1.6-1.8 eV when n=2 (indirect transition
allowed), and 1.1-1.3 eV, when n=1/2 (direct transition allowed).

4.  Thin films consist of SnS as the dominant phase, while, with an increase
of the annealing temperature, changes in the phasic composition took place: 200 and
250 °C temperature led to the presence of an obscure and small peak of Sn,Ss, SnS;
appeared at 300 °C, and the temperatures of 350 and 400 °C were significant due to
the absence of the peak of secondary phases. A higher temperature affects the
crystallite size which decreased and varied in the range of 90-430 nm in size.

5. The supercapacitive properties improved markedly until annealing at 300
°C. The highest values of the energetic parameters were shown by SnS film
synthesized with 1.0 g of L-ascorbic acid for 20 SILAR cycles and annealed at 300
°C temperature due to the highest electrochemical values: SC = 39 F-g!, SE = 50.06
Whkg?, and SP = 1521 W-kg™.
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5. SANTRAUKA

5.1. IVADAS

Darbo aktualumas. Per pastaruosius kelis deSimtmecius Zalioji nanodaleliy
sintezé sulauké daug démesio visame pasaulyje dél maZesnés Zzalos aplinkai
naudojant natiiralius, biologiSskai suderinamus junginius. Vienas i§ energijos
taupymo tiksly yra sintezés metu naudojamy veiksniy, tokiy kaip auksta
temperatiira, nuodingi tirpikliai, pasalinimas. Be to, naudojant aplinkoje paplitusius
ir netoksisSkus tirpiklius, netiesiogiai taupoma energija kontroliuojant medziagy
atlickas. Ekologiska sintezé turi tam tikry pranaSumy, tokiy kaip paprastumas,
greitumas, ekonomiskumas, mazas toksiSkumas, ir yra aplinkai draugiSka. Labai
svarbu rasti tokj cheminj procesg, kurio metu issiskirty mazai atlieky ir jis neturéty
ypatingy reikalavimy, o nuoseklioji jony adsorbcija ir reakcijos (angl. SILAR)
sintezé yra viena i§ jy. Siam procesui nereikalingi jokie brangiis veiksniai ar
sudétinga aparatiira, pavyzdziui, vakuumas, auksta temperatiira ir kt. Taip pat
vykdant §ig sintezg yra galimybé reguliuoti sluoksnio storj keic¢iant nusodinimo cikly
skaiciy SILAR sintezés metu. Reakcijoje dalyvauja vandeniniai tirpalai esant zemai
temperatirai. Be to, SILAR metodo pranasumas yra galimybé gauti tolygig danga.
Naudojant §j metoda, gautos nanodalelés pasizymi gera adhezija su pagrindu.

Pastaruoju metu metaly sulfidai sulaukia daug démesio dél galimybés
pritaikyti juos energijos kaupimo reikméms. Metaly sulfidai pasizymi tokia savybe,
kaip auksta specifiné talpa, todél yra tiriami kaip perspektyvios elektrody
medziagos.

Alavo sulfidai pasizymi geromis fizikinémis ir cheminémis savybémis, taip pat
ir puikiomis elektrocheminémis savybémis. Viena i§ jy yra didelé savitoji talpa,
todél juos galima naudoti kaip elektrody medziaga liio jony baterijoms ir
superkondensatoriams [1].

Atsinaujinancios energetikos plétra tampa itin aktuali dél didziulio iskaseny
sunaudojimo ir prastéjanéiy aplinkos salygy. Dél kintan¢io energijos srauto
elektrocheminiai energijos kaupimo jrenginiai yra pagrindinés technologijos, skirtos
efektyviam zaliosios energijos naudojimui reguliuoti ir paspartinti. Pastaraisiais
metais dél spartaus neatsinaujinancios energijos suvartojimo itin kyla susidomeéjimas
aplinkai draugiSkais energijos kaupimo prietaisais [2]. Elektrocheminiai energijos
kaupikliai pasizymi geresniu srovés tankiu, greitu jkrovimu ir iSkrovimu ir ilgu ciklo
stabilumu. Dél iy savybiy jie gali biti siejami / jungiami su antrinémis baterijomis,
turin¢iomis didelj energijos tankj [3]. Superkondensatoriai uzima svarbig vieta
automobiliy ir elektronikos pramonéje. Siuos jrenginius galima skirstyti j dvi dalis,
tokias kaip elektriniai dvigubo sluoksnio kondensatoriai [4] ir pseudokondensatoriali
[5]. Pseudokondensatoriai pasizymi daug geresne energijos talpa, nes juos aktyvuoja
griztamosios faradéjinés redokso reakcijos tarp aktyviosios medziagos ir Sarminiy
elektrolity [5].

Siame darbe ant stiklo ploksteliy, padengty fluoru legiruotu alavo oksidu
(FTO), susintetintas alavo sulfidas, kuriam nusodinti naudota askorbo rigstis.
Sintezé buvo vykdoma naudojant aplinkai draugiska ir turintj mazai atlieky SILAR
procesa.
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Darbo tikslas. Susintetinti plonus alavo sulfidy sluoksnius ant stiklo
ploksteliy, padengty fluoru legiruotu alavo oksidu (angl. FTO), SILAR metodu ir
atlikti nusodinty ir iskaitinty sluoksniy tyrimus. Siekiant Sio tikslo, buvo atliekamos
uzduotys:

1. Swurasti geriausig katijoninj ir anijoninj prekursoriy sintezei, parinkti
tinkamas jy koncentracijas, taip pat nustatyti optimalias salygas (cikly skaiCius ir
i§laikymo trukme).

2. Susintetinti alavo sulfidy sluoksnius naudojant ir nenaudojant
praplovimo vandeniu etapo ir istirti gauty sluoksniy morfologines, struktiiros ir
optines savybes.

3. Parinkti aplinkai draugiska prieda katijoniniam prekursoriui ir nusodinti
sluoksnius. Siekiant pagerinti kristaliskuma, iskaitinti sluoksnius inertingje
atmosferoje skirtingose temperatiirose.

4.  I8analizuoti nusodintus ir iSkaitintus inertinéje atmosferoje sluoksnius
naudojant rentgeno spinduliy difrakcing analize¢, skenuojamaja elektroning
mikroskopija, Raman ir UV-Vis spektroskopijas, taip pat atlikti elektrocheminius
matavimus.

Mokslinio darbo naujumas. Ploni ir tolygts alavo sulfidy sluoksniai buvo
gauti panaudojant aplinkai draugiska SILAR metodg kaip alavo prekursoriaus
stabilizatoriy naudojant L-askorbo rtgst;.

Praktiné verté. SILAR sintezés metu pavyko gauti mechaniskai stabilius ir
elektrochemiskai aktyvius, plonus alavo sulfidy sluoksnius, kurie gali pakeisti
superkondensatoriuose naudojamus brangius ir retus pereinamyjy metaly oksidus.

Darbo aprobavimas ir publikavimas. Disertacinio darbo tema paskelbtos 2
mokslinés publikacijos, kurios yra recenzuojamuose mokslo leidiniuose Web of
Science duomeny bazéje. Darbo rezultatai pristatyti 8 tarptautinése ir nacionalinése
mokslinése konferencijose.

Darbo apimtis. Disertacijg sudaro jvadas, literatiiros apzvalga, eksperimentiné
dalis, dangy apibuidinimas, rezultatai ir aptarimas, iS§vados, literatiiros sgrasas ir
publikacijy disertacijos tema sarasas. Literatiiros sarasg sudaro 273 bibliografiniai
Saltiniai. Pagrindiniai rezultatai aprasyti 128 puslapiy, jskaitant 9 lenteles ir 24
paveikslus.

Disertacijos ginamieji teiginiai

1. Aplinkai draugiskas SILAR metodas yra tinkamas plony alavo sulfidy
sluoksniy sintezei ant FTO stiklo ploksteliy.

2. Sintezés salygos ir iSkaitinimas inertinéje atmosferoje lemia sluoksniy
kristaliskuma, tolyguma, fazing sudétj ir geresnes optines bei elektrochemines
savybes.

5.2. EKSPERIMENTINE DALIS

Naudotos medzZiagos. Visi cheminiai reagentai buvo analitiSkai gryni ir
naudojami tokie, kokie gauti. SnCl, (alavo(ll) chloridas), kurio grynumas yra 98%,
buvo gautas i§ Labochema.com. Na,S (natrio sulfidas), kurio grynumas yra 98%,
buvo jsigytas i§ Honeywell.com. Sigma-Aldrich tieké 99% grynumo CsHsOs (L-
askorbo riigstj)). FTO TEC 10 stiklo plokstelés buvo jsigytos i§ Ossila.com ir
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naudojamos kaip substratas. Stiklo storis buvo 3,2 mm. FTO stiklo ploksteliy
SiurkStumas yra 45 nm, o varza — 9,39 + 0,38 Q/kvadratui.

Stiklo ploksteliy paruo$imas. Tyrimams buvo naudojamos 20 mm X 15 mm
dydzio FTO stiklo plokstelés. Visi jsigyti stiklai buvo nuplauti §iltu vandeniu, tada
distilivotu vandeniu ir i§dziovinti. Tuomet jie buvo valyti ultragarsinéje voneléje
Sonoswiss SW 3 H acetone 10 minuciy, 40 °C temperatiroje, valymo (angl. sweep)
rezimu. Po to visi bandiniai buvo dZiovinami ore, o véliau naudojami dangoms
nusodinti.

Sluoksniy sintezé. Alavo sulfidy sluoksniai buvo sudaryti naudojant SILAR
metoda. Siame darbe naudoti du skirtingi SILAR metodai.

Alavo sulfidy plony sluoksniy sintezé nenaudojant ligando. 40 °C
temperatiiros skirtingy koncentracijy (0,1; 0,25 ir 0,5 M) SnCl, tirpalas buvo
naudojamas kaip katijoninis prekursorius. Kaip anijoninis prekursorius buvo
naudojamas 0,1 M koncentracijos 40 °C temperatiros NaoS tirpalas. Alavo
sulfidams nusodinti kiekvienas bandinys buvo paruostas tokiais etapais: pradzioje
nuvalytas subtratas 30 s panardintas j katijoninio prekursoriaus tirpalg, kuriame
alavo jonai adsorbavosi substrato pavirSiuje, véliau substratas panardintas j
anijoninio prekursoriaus tirpalg 30 s, kuriame sulfido jonai reagavo su alavo jonais,
adsorbuotais stiklo plokstelés pavirsiuje. Siekiant padidinti alavo jony koncentracija,
paskutinis zingsnis buvo jdéjimas j katijoninio prekursoriaus tirpalg. Tokiu badu
buvo paruosti 1, 2, 3 ir 4 bandiniai. Norint pasalinti laisvus jonus, kai kurie bandiniai
buvo plaunami distiliuotu vandeniu 10 s po apdorojimo katijoniniais ir anijoniniais
prekursoriais. Abu tipai turéjo ta patj paskutinj zingsnj — substrato panardinimg j
katijoninio prekursoriaus tirpala 30 s, nuplovimg distiliuotu vandeniu ir
i8dziovinima. Alavo sulfidy sintezés procesas buvo tobulintas kei¢iant SILAR cikly
skaiCiy ir alavo(Il) chlorido tirpalo koncentracija. Bandiniy numeriai ir sintezés
salygos pateikti 1 lenteléje.

5.2.1 lentelé. Bandiniy numeriai ir dangy sintezés salygos

Koncentracija SnCl; SILAR cikly skaiCius
tirpalo 20 40

0,1 M lirlw 210r 2w
0,25 M 3ir3w

0,5M 4ir 4w

Alavo sulfidy plony sluoksniy sintezé naudojant liganda. Siai sintezei taip
pat buvo naudojamas SILAR metodas. Kaip katijoninis prekursorius buvo
naudojamas SnCl; tirpalas su skirtingu L-askorbo rigsties kiekiu (0,6; 0,8; 1,0 ir
1,3 g). Norint paruosti katijoninj prekursoriy, 0,226 g SnCl,-2H,O buvo istirpinti
25 ml distiliuoto vandens (0,04 M) ir sumaiSyti su L-askorbo rigstimi. MiSinys
Sildomas 70 °C temperatiiroje 10 min. naudojant magneting maiSykle, kol gaunamas
bespalvis ir skaidrus tirpalas. Kaip anijoninis prekursorius buvo naudojamas Na,S
tirpalas. 0,04 M tirpalui paruosti 0,24 g Na,S-9H>O istirpinama 25 ml distiliuoto
vandens. Alavo sulfidy sluoksniams nusodinti pirmiausia nuvalytas stiklo bandinys

81



buvo panardintas j katijoninio prekursoriaus tirpala 30 s. Sio etapo metu alavo jonai
adsorbavosi stiklo pavir§iuje. Tada bandinys panardintas j anijoninio prekursoriaus
tirpalg 30 s, kuriame sulfido jonai reagavo su pavirSiuje adsorbuotais alavo jonais.
Galiausiai meéginys panardintas j distiliuota vandenj 20 s, kad biity pasalinti laisvi
like jonai.

Paskutinis nusodinimo etapas buvo apdorojimas Katijoninio prekursoriaus
tirpalu 30 s, nuskalavimas distiliuotu vandeniu ir i8dziovinimas ore. Naudojant §j
sintezés tipa, bandiniai buvo paruosti keiciant SILAR cikly skai¢iy ir L-askorbo
rugsties kiekj. Bandiniy numeriai ir sintezés salygos pateikti 2 lenteléje.

5.2.2 lentelé. Bandiniy numeriai ir sluoksniy sintezés salygos

SILAR cikly skaicius 20 30

L -askorbo rugsties kiekis,g | 06 |08 |10 |13 |06 |08 |10 |13

Bandinio numeris 5,2016,20|7,20|8,20 5,30 |6,30 | 7,30 | 8,30
Sluoksniy iSkaitinimas. Abu sintezés tipai turi vieng truokuma — po

nusodinimo sluoksniuose lieka antriné fazé — Sn,Ss. Siekiant pasalinti Sig fazg ir
gauti tolygesn;j sluoksnj, buvo pritaikytas kaitinimas inertinéje atmosferoje. Procesas
atliktas SNOL 6,7/1300, Nr. 1398 (Lietuva) mufelingje elektrinéje krosnyje,
temperattros tikslumas =1 °C. Proceso metu naudotas inertiniy azoto dujy srautas
2 I/min. Kaitinta 200, 250, 300, 350 ir 400 °C temperatiirose. Kaitinimo rezimas
buvo toks: méginys buvo kaitinamas 10 °C/min greiciu, kol pasiekiama kaitinimo
temperatiira, tada palaikoma 30 min. Sioje temperatiiroje. Galiausiai bandinys kartu
su krosnele atvésinamas iki kambario temperatiiros.

Sluoksniy apibiidinimas

Rentgeno spinduliy difrakciné analizé (RSDA). Alavo sulfidy sluoksniy,
nusodinty ant FTO stiklo ploksteliy, rentgeno spinduliy difrakciné analizé buvo
atlikta naudojant D8 Advance rentgenodifraktometra (Bruker AXS, Karlsruhe,
Vokietija). [tampa vamzdelyje 40 kV, o srové 40 mA. Difrakcija buvo uzraSyta
remiantis Braggo ir Brentano geometrija, naudojant greitai skaiCiuojantj 1
dimensijos Bruker LynxEye detektoriy, pagrista silicio juosteliy technologija.
rentgeno spinduliams filtruoti ir Cu-Kp spinduliuotei slopinti buvo naudojamas Ni
0,02 mm filtras. Pavyzdziai buvo matuojami intervale 26 = 5-70°. Skenavimo greitis
buvo 6° 1/min ir buvo naudojamas susietas 26/6 skenavimo kampas.
Rentgenodifraktometras  veikia kartu su  programinés jrangos paketu
DIFFRAC.SUITE. Nusodinty sluoksniy rentgenodifraktogramos buvo tiriamos
naudojant Search Match programinés jrangos paketg. Intensyviausios alavo sulfido
smailés rentgenodifraktogramose buvo naudojamos daleliy dydziui apskaiciuoti.
Tam buvo naudojama DIFFRAC.SUITE EVA v. 4.5 programin¢ jranga.

Ramano spektroskopija. Ramano sklaidos spektrams matuoti buvo
naudojamas kombinuotas Ramano ir SNOM mikroskopas Alpha 300RS (Witec,
Vokietija). Lazerio Sviesa buvo nukreipta j bandinj, naudojant 20 x objektyva.
Lazerio galia 1 mW su 532 nm suzadinimo lazerio Saltiniu.

Optinés savybés. Optinés savybés buvo tiriamos taikant ultravioletinés ir
regimosios $viesos (UV-Vis) spektroskopija. Optinés sugerties spektrai buvo tirti
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naudojant PerkinElmer Lambda 35 UV-Vis spektrometra, turintj Labsphere RSA-
PE-20 difuzinio atspindzio sferg. [raSymo diapazonas buvo 400-900 nm. Draustinés
juostos plotis (Eg) buvo apskaiCiuotas naudojant Tauco formulg [214]. Tauco
formulé yra pagrista teorija, kad sugerties koeficientas o gali biiti iSreikstas tokia (1)
lygtimi:

ahv = B(h,—Eg)", (D),

¢ia n reikSmé Zymi peréjimo tipa: n = 2 — tiesioginis leidZziamas peréjimas, n =
1/2 — netiesioginis leidziamas peré¢jimas, n = 2/3 — tiesioginis draudziamas
peréjimas, N = 1/3 — netiesioginis draudziamas peréjimas;

a — absorbcijos koeficientas, h — Planko konstanta, v — fotono daznis, Eq —
draustinés juostos plotis, B — konstanta, susijusi su absorbcija:

a=(In10-A)/d, (2)

¢ia A — sugertis, d — sluoksnio storis.

Tiesinis grafiko formatas Zzymi peréjimo tipg. Nubraizant grafika tarp (ahv)" ir
fotono energijos (h,) ir tada ekstrapoliuojant tiesing diagramos dalj, kol ji kerta
abscisiy as§j. Taigi, Eq = h,, kai A= 0.

Sluoksnio storis. MarSurf WS1 (Goéttingenas, Vokietija) baltos S$viesos
interferometras buvo naudotas iSmatuoti sluoksniy storiams matuoti. Pirmiausia
alavo sulfidy sluoksnis buvo jréziamas, kad matytysi FTO stiklas, ir
nufotografuojamas visas bandinio pavirSius. Sluoksnio storiui matuoti buvo
naudojama taSky Sistema, kurios metu matuojamas sluoksnio aukstis nuo jréztos
bandinio dalies (FTO stiklo) iki sluoksnio pavir§iuje. Taip buvo iSmatuota 15 tasky
skirtingose bandinio vietose ir apskaiciuotas sluoksnio storio vidurkis.

SEM analizé. PavirSiaus morfologija buvo analizuojama naudojant
skenuojamaja elektroning mikroskopija (SEM). Bandiniy, paruosty pirmuoju
sintezés metodu, analizé buvo atlikta naudojant RaithGMBH e-Line prietaisg. Jame
jmontuota lauko emisija, veikianti 2—10 kV greitinimo jtampa. Sluoksniy pavirsiui
vaizduoti buvo naudojamas antrinis elektrony signalas. EDX pavaizduoti buvo
naudojamas QUANTAX EDS su X-Flash detektoriumi 3001 ir ESPRIT programine
jranga.

Bandiniai, paruosti antruoju bidu, buvo analizuojami skenuojamagja
elektronine mikroskopija (SEM, Hitachi S-3400N).

Elektrocheminiai matavimai. Visi elektrocheminiai matavimai buvo atlikti
naudojantis SP-150 (Bio-Logic, Pranciizija) potenciostatu / galvanostatu, veikian¢iu
trijy elektrody sistema. Si sistema sudaryta i§ pagalbinio elektrodo (Pt viela),
lyginamojo elektrodo (Ag, AgCI|KCl o), darbinio elektrodo (nusodintos dangos ant
FTO stiklo ploksteliy). Eksperimentiniams duomenims rinkti ir analizuoti naudota
EC-Lab® V10.39 programiné jranga. Ciklinés voltamperogramos (CV) buvo
registruojamos 0,1 M NaCl tirpale, skenavimo greitis yra 20 mV/s potencialy
intervale nuo —1 V iki +1 V. Bandiniai buvo matuojami po 10 karty ir paimtas tik
paskutinis ciklas. Galvanostatinis jkrovimas ir iskrovimas buvo isbandytas esant 1
A/g srovés tankiui 0,1 M NaCl tirpale. Energetiniams parametrams (savitoji talpa
(SC, F/g), savitoji energija (SE, Wh/kg) ir savitoji galia (SP, W/kg) [4]) apskaiéiuoti
naudotos Sios lygtys:
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SC =2, 3)
1/ .cc.AV2
S = L2, @
Sp = 3600-SE’ (5)
tn

¢ia | yra srové (A) iskrovimo metu (tD), AV yra potencialo langas (V), m yra
veikliosios medziagos masé (g).

Rentgeno fotoelektroniné spektroskopija (RFES). RFES matavimai buvo
atlikti naudojantis VG ESCA3 MKII elektrony spektrometru, kurio bazinis slégis
buvo didesnis nei 10° mbar. Elektronams suzadinti buvo naudojama Al Ka
spinduliuoté. Elektrony energija buvo analizuojama naudojant pusrutulio formos
analizatoriy, veikiant] esant pastoviai 20 eV pra¢jimo energijai. Spektrai buvo
sukalibruoti nustatant bazing C 1s rySio energijos linijg ties 284,8 eV. Elementy
sudétis buvo jvertinta darant prielaidg, kad atomai yra homogeniski, ir apskai¢iuota
remiantis Skotfildo reliatyviais jautrumo faktoriais.

5.3. REZULTATAI IR JU APTARIMAS

5.3.1. Alavo sulfidy plony sluoksniy sintezé nenaudojant ligando

5.3.1.1. RSDA analizé. Sluoksniai, nusodinti ant FTO stiklo pagrindo,
buvo ploni, tamsiai rudos spalvos ir pasizyméjo stipria adhezija [273]. Rentgeno
spinduliy difrakcinés analizés rezultatai patvirtino alavo sulfidy formavimasi ir
suteiké informacijos apie kristality dydj. 5.3.1 paveiksle pateikti RSDA rezultatai
alavo sulfidy sluoksniy, nusodinty SILAR metodu ant FTO stiklo pagrindo be
panardinimo ] distiliuvotg vandenj etapo. Sluoksniuose dominuojanti fazé¢ yra
ortorombinis SnS (JCPDF 83-47). Intensyviausia smailé matoma ties 2 # = 37,8°, ji
priskiriama ortorombiniam alavo(Il) sulfidui (JCPDF 83-47). Si smailé taip pat gali
bati priskirta SnO, (JCPDF 46-1088). Kitos intensyvios smailés, kurios gali
persidengti, yra ties 2 6 = 26,59 ir 51,5°. Kadangi SnO,, esantio FTO stiklo
pavirsiuje, atspindys néra pasléptas, tai jo smailés gali biti aptinkamos. Zemiau
pateikta lentelé su gauty faziy tarpplokStuminio atstumo (d) vertémis. Joje aiSkiai
matyti, kad SnS ir SnO; smailés yra labai panaSiose vietose, todél jos gali
persidengti. 5.3.1 paveiksle. smailés ties 20 = 31,8; 45,5; 54,5 ir 65,5° priskirtinos
ortorombiniam SnS. Dvi maZos smailés ties 26 = 30,8 ir 39,2° yra priskirtos Sn»Ss
(JCPDF 72-31). Apibendrinant 5.3.1 paveikslo rezultatus galima teigti, kad, esant
tam paciam cikly skai¢iui, taciau didéjant katijoninio prekursoriaus koncentracijai,
alavo(ll) sulfido smailés taip pat didéja. AnalogiSkai esant tai paciai katijoninio
prekursoriaus koncentracijai, bet didesniam SILAR nusodinimo cikly skai¢iui, SnS
ir Sn,Sz smailés taip pat didéja. Sn,Ss smailés nebuvo pastebétos 4 bandinyje, kai
katijoninio prekursoriaus koncentracija yra didziausia.
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5.3.1 pav. Alavo sulfidy sluoksniy ant FTO stiklo rentgenodifraktogramos, kai
nenaudotas panardinimo distiliuotame vandenyje etapas. Numeriai 1, 2 ir 4 Zymi
katijoninio prekursoriaus koncentracija atitinkamai 0,1, 0,25 ir 0,5M. Skaiciai 1-2
zymi ta pacig katijoninio prekursoriaus koncentracijg, bet didéjantj SILAR cikly
skaic¢iy nuo 20 iki 40

5.3.1 lentelé. Gauty ir standartiniy tarpplokStuminio atstumo verciy palyginimas

Gauta d-verté, A | SnS (83-47) d verte, A | SnO, (46-1088) d verte, A
3,3492 3,3520 3,3510
2,3778 2,3751 2,3799
1,7730 1,7792 1,7649

5.3.2 paveiksle pateikti RSDA rezultatai, kai naudotas panardinimo j
distiliuotg vanden;j etapas. Paveiksle matyti, kad gauti rezultatai yra panasus j 5.3.1
paveiksle pateiktus rezultatus. Intensyviausia smailé esant 26 = 37,8° priskirtina
ortorombiniam SnS (JCPDF 83-47), tadiau ji gali bati priskirta ir SnO,, esan¢iam
substrato pavirSiuje. Kitos intensyvios smailés taip pat sutampa su SnS su SnO:
faziy smailéms budingomis padétimis ties 20 = 37,8; 26,59 ir 51,5°. Kaip rodo ir
ankstesni rezultatai, kai SILAR cikly skaicius yra toks pat (20), o naudoto alavo(ll)
chlorido tirpalo koncentracija didesné, SnS smailés taip pat didéja. SnS smailés
intensyvesnés ir esant didesniam SILAR cikly skai¢iui. Kai sintezé vykdoma su
panardinimo j vandenj etapu, aptinkama tik viena Sn,Ss smailé, kuri intensyvéja
didinant katijoninio prekursoriaus koncentracija.
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5.3.2 pav. Alavo sulfidy sluoksniy ant FTO stiklo rentgenodifraktogramos, kai
naudotas panardinimo distiliuotame vandenyje etapas. Numeriai 1, 2 ir 4 Zymi
katijoninio prekursoriaus koncentracija atitinkamai 0,1, 0,25 and 0,5M. Skai¢iai 1-2
zymi tg pacig katijoninio prekursoriaus koncentracijg, bet didéjantj SILAR cikly
skaiCiy nuo 20 iki 40

Pagal Sererio formule buvo apskai¢iuotas kristality dydis. Apskaigiuota, kad
dangos sudarytos i§ 14-20 nm dydzio daleliy, kai naudojamas panardinimo
distiliuotame vandenyje etapas, ir 17-31 nm dydZio, kai nenaudojamas. SEM
analizés rezultatai rodo, kad alavo sulfidas kartu su natrio chloridu sudaro didesnius
aglomeratus.

53.1.2. Ramano spektroskopija. Ramano spektroskopija daZnai
naudojama antrinéms alavo sulfidy fazéms (SnS; ir Sn,Ss) aptikti [219]. 5.3.3
paveiksle pateiktuose Ramano spektruose visos pazymétos smailés yra toje pacioje
vietoje, tatiau skiriasi jy intensyvumai. SnS bidingos smailés yra ties 84 ir 224 cm™,
smailé ties 84 cm™ Zymi B,g rezimg [26,44] o smailé ties 224 cm™ — Ag rezimg
[22,220]. Sie rezultatai sutampa su RDA analizés rezultatais, kurie rodo, kad
formuojasi ortorombinis alavo (II) sulfidas. Ta¢iau i§ Ramano spektroskopijos
rezultaty matyti rySki Sn,Sz smailé ties 308 cm™ [30]. O smailés ties 124 ir 243 cm™?
priskirtinos SnO,, kuris yra stiklo substraty pavirSiuje [221-223].
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5.3.3 pav. 3 ir 3w bandiniy Ramano spektroskopijos rezultatai. Skaicius 3 zymi
katijoninio prekursoriaus koncentracijg (0,25M), o raidé w — naudotas panardinimas
1 distiliuotg vandenj

5.3.1.3.  Optinés savybés. Apskaiciuota, kad 3 bandinio Eg=1,1 eV, 0 3w —
1,4 eV. Literatiiroje pateiktos SnS draustinés juostos plocio vertés yra 1,06 £ 0,15
eV [96], 1,0-1,5 eV [224], 1,10 eV [225], 1,3 eV [30], 0 SnyS3 — 1,10 + 0,15 eV
[96], 1,09 eV [30], 2,03-2,12 eV [155]. Taigi matyti, kad gauta draustinés juostos
verté yra artima literatiroje pateiktoms SnS ir Sn,S3 vertéms. Natrio chloridas veikia
kaip priedas, todél 3 bandinio Eq verté yra mazesné nei 3w. Sis draustinés juostos
plocio susiauréjimas yra normali puslaidininkiy iSraiSka. O didesné Eg verté gali bati
dél SnpSs formavimosi, kuris turi Siek tiek didesng verte. 3 ir 3w bandiniy
rentgenodifraktogramose intensyviausios smailés priskirtos SnS, todé¢l biitent Siy
bandiniy draustinés juostos ploCio vertés yra maziausios. 1 ir 1w bandiniai turi
didziausias E4 vertes, nes jy sudarytas sluoksnis yra ploniausias. Tikétina, kad taip
yra dél SnOy, esancio stiklo pavirSiuje, kurio Egy vertés yra 3,6 eV [228], 3,2 eV
[229], 3,51 eV [230].

5.3.14. SEM/EDX rezultatai. SEM nuotraukose matomi kristalitai, kurie
vietomis suauge | didesnius aglomeratus. Padidinus katijoninio prekursoriaus
koncentracijg, gaunamas storesnis sluoksnis, kuris sudarytas i§ glaudziai supakuoty
sferiniy griideliy. Susiformave kristalai susideda i§ jvairaus dydzio klasteriy. Sie
klasteriai formuojasi didesni, kai taikomas panardinimo distiliuotame vandenyje
etapas.

V. Steinmann ir kt. [232] teigé, kad natrio chlorido priedas skatina didesniy
daleliy augimg. Miisy darbe pastebéta, kad be $io priedo sluoksniai buvo tolygesni,
sudaryti i mazesniy ir geriau susiformavusiy klasteriy. Didéjant SILAR cikly
skai¢iui, sluoksniai tampa tolygesni ir plonesni. Sis fenomenas pastebétas ir didéjant
katijoninio prekursoriaus koncentracijai.
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EDX analiz¢ buvo atlikta norint i§siaiskinti bandiniy elementing sudétj. Sios
analizés metu gautos intensyvios Sn ir S smailés, kurios rodo alavo sulfidy
formavimasi. Bandiniuose, kai nebuvo taikytas panardinimo j distiliuota vandenj
etapas, matyti intensyvios Na ir Cl smailés, kurios rodo natrio chlorido susidaryma.
Taikant panardinimo | distiliuota vanden] etapa, intensyviausios smailés, priskirtos
Snir S, o Na ir Cl smailés yra daug mazesnés. Vadinasi, kad galimai bandiniuose
dar lieka Siek tiek natrio chlorido.

5.3.2 lentel¢je yra pateikta elementiné sudétis visy bandiniy. Joje matyti, kad
panardinimo ] distiliuota vandenj etapas keiCia elementing sudétj. Netaikant $io
etapo, bandiniuose esti pakankamai dideli kiekiai Na ir Cl. Did¢jant SILAR cikly
skaiCiui, natrio ir chloro kiekis didéja. O, taikant panardinimo distiliuotame
vandenyje etapa, Na ir Cl kiekiai islicka nedideli, ta¢iau pastebimas nemazas kiekis
deguonies. Tikétina, kad taip yra dél to, jog susidaré plonesni sluoksniai ir EDX
analizé aptinka deguonj, esantj SnO; sudétyje.

5.3.2 lentelé. Elementiné gauty sluoksniy sudétis (iSskyrus Si)

Elementas
Sn, at.% S, at.% 0, at% Na, at. % | CI, at. %
Bandinio L-serija K-serija K-serija K-serija K-serija
Nr.

1 38,49+2,5 | 20,68+0,5 | 15,84+0,5 | 5,62+0,1 9,20+0,1
2 42,9742.6 | 28,55+0,6 | 4,16£0,1 | 8,10+0,1 | 11,22+0,2
3 43,28+2,7 | 30,13+0,6 | 6,09+0,2 7,34+0,1 | 10,95+0,2

4 46,61+2,9 | 31,42+0,7 | 6,83+0,2 5,29+0,1 8,71+0,1

1w 29,04+1,8 | 13,34+0,2 | 54,06+2,5 0,38+0 0,43+0

2w 33,7442,1 | 17,74+0,4 | 46,61+2,0 0,41+0 0,460

3w 37,29+2,3 | 24,05+0,5 | 34,14+1,8 0,58+0 0,61+0

4w 44,45+29 | 27,36+0,6 | 26,83+0,8 0,53+0 0,560

5.3.2. Alavo sulfidy plony sluoksniy nusodinimas naudojant liganda

Norint gauti stabilesnj alavo(IT) chlorido tirpalg, buvo naudojamas ligandas —
L-askorbo riigstis. Keiciant SILAR cikly skai¢iy ir katijoninio prekursoriaus
koncentracija, buvo susintetinti sluoksniai (bandiniai Nr 5-8). Tirpinant alavo (Il)
chloridg vandenyje, alavo jonai lengvai hidrolizuojasi j Sn(OH),. Siekiant iSvengti
hidrolizés, naudota L-askorbo riigstis. Tad ruoSiant galutinj produkta metalo jony
kompleksai padeda apsisaugoti nuo oksidy, hidroksidy susidarymo [235]. Alavo
sulfidy formavimasis vyksta pagal pateiktas reakcijas:

Sn?* + 4HCsHsO6™ <> [Sn(HC5H505)4]2’
Na,S — 2Na* + S*
[Sn(HC5H605)4]2‘ + S% — SnS + 4HCgHeOs .

5.3.2.1. Skenuojamoji elektroniné mikroskopija (SEM). Sios analizés
metu nustatyta, kad sluoksniai yra sudaryti i§ netaisyklingos morfologijos
nanodaleliy sankaupy, kurios pasiskirsto visame pavirSiuje ir gerai sukimba su
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pagrindu [238]. Taip pat pastebimas kai kuriy atskiry nanodaleliy augimas.
Sluoksniuose formuojasi nevienodo dydZio ir formos sferinés dalelés, kurios auga
skirtingais dydziais ir kryptimis ir turi sluoksniuota struktiirg. SILAR cikly skai¢iaus
did¢jimas neturi reikSmingos jtakos daleliy augimui. Vidutinis sluoksniy storis
svyravo nuo 310 iki 1050 nm.

5.3.2.2. RSDA analizé¢. RSDA analizé parodé, kad susiformavo
ortorombinis alavo sulfidas. Dominuojancios smailés ties 20 = 26,9, 37,8, 51,5, 54,5
ir 65,5° yra priskirtinos alavo sulfidui — mineralui herzenbergitui (JCPDF 39-0354).
Kadangi FTO stiklo atspindys taip pat nebuvo pasléptas, tai matomos dvi SnO;
smailés ties 260 = 33,82 ir 61,62°. 5.3.4 paveiksle matyti, kad, esant tam paciam
SILAR cikly skai¢iui, bet kintant askorbo riigsties kiekiui, faziné sluoksniy sudétis
yra panasi, tik Siek tiek skiriasi smailiy intensyvumas.
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5.3.4 pav. Rentgenodifraktogramos alavo sulfido sluoksniy ant FTO stiklo taikant
20 SILAR cikly. Skaiciai 5-8 zymi askorbo riig§ties mase, atitinkamai: 0,6, 0,8, 1,0
irl,3g

Intensyvumas, sant. vnt.

5.3.5 paveiksle pateikti rezultatai sluoksniy, gauty taikant 30 SILAR cikly.
Jame matyti, kad mineralo herzenbergito smailés esti tose paciose vietose, kaip ir
atlieckant 20 SILAR cikly. SnO; smailés taip pat matomos. Viena maza, neryski
smailé ties 20 = 30,8° gali biiti priskirta Sn,S3 (JCPDF 72-31). Si smail¢ isryskéja,
kai naudojama 0,8 g L-askorbo riigsties, ir po truputj auga didéjant askorbo riigsties
kiekiui.
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5.3.5 pav. Rentgenodifraktogramos alavo sulfido sluoksniy ant FTO stiklo taikant
30 SILAR cikly. Skaiciai 5-8 zymi askorbo riigSties mase, atitinkamai: 0,6, 0,8, 1,0
irl,3g

Apibendrinant gautus rezultatus galima teigti, kad intensyviausios SnS smailés
matomos taikant 30 SILAR cikly, ir jos intensyvéja didéjant askorbo raigsties
kiekiui. Taciau pritaikius 30 SILAR cikly atsiranda Sn,Ss. Galimai taip yra dél to,
kad natrio sulfidas turi polisulfido jony priemai$y. Tokiu atveju Sn,S; formavimasis
vyksta pagal reakcija:

2[Sn(HC6H506)4]2* +8227 +S7 Sn,S3 +8HCsH:Os ™.

Bandiniai, kurie buvo paruos$ti nenaudojant ligando, turi gana ryskig Sn,Ss
smaile, 0 bandiniuose, kurie buvo paruosti su askorbo rtigstimi, antrinés fazés smailé
nerySki. Apibendrinant RSDA rezultatus galima teigti, kad askorbo rigstis gali
apsaugoti alavo jonus nuo oksidacijos ir hidrolizés.

Remiantis rentgenogramose pateiktais duomenimis, buvo apskaiciuotas
kristality dydis. Gauty kristality dydis priklaus¢ nuo SILAR cikly skaiciaus ir
askorbo ruigsties kiekio. Taikant 20 SILAR cikly, kristality dydis kito nuo 9 iki 10
nm, o naudojant 30 cikly — nuo 11 iki 15 nm. Didéjant askorbo rigsties kiekiui,
kristality dydis taip pat didéja. IS literatiiros yra Zinoma, kad kambario temperattiroje
SnS kristality dydis gali bati 6,4-8,5 nm [236]. Taciau, didinant sintezés
temperatiira, dalelés taip pat didéja [194].

5.3.23. Ramano spektroskopija. 5.3.6 paveiksle pateikti visy tirty
bandiniy Ramano spektroskopijos rezultatai. Herzenbergitas turi savo charakteringas
smailes ties 96 ir 224 cm, kurios yra Ag rezimo SnS [80], 0 smailé ties 165 cm™
yra Bag rezimo SnS [44]. Sios smailés néra labai intensyvios. Dvi smailés ties 124 ir
243 cm? priskirtinos SnO, [240], esan¢iam stiklo pavirSiuje. Ramano
spektroskopijos rezultatai yra artimi RDA analizés rezultatams. Tik du bandiniai turi
aiSkias smailes — tai paruosti naudojant 1,0 g askorbo riigsties ir taikant 20 SILAR
cikly bei 0,8 g askorbo riigsties ir 30 cikly. Sis pastebéjimas leidzia daryti i$vada,
kad, naudojant didesnj askorbo riigsties kiekj, alavo sulfido sluoksniy storis didéja.
Viena intensyvi smailé ties 309 cm™ priskirtina Aig rezimo SnpS; [241,242].
Pazymétina, kad, naudojant didesnj askorbo ruigsties kiekj ir 20 SILAR cikly,
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smailés intensyvumas padidéjo, o 30 SILAR cikly atveju tokios priklausomybés
nepastebéta.
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5.3.6 pav. Bandiniy, gauty taikant 20 ir 30 SILAR cikly, Ramano spektrai. Skaiciai
5-8 zymi askorbo riigsties mase, atitinkamai: 0,6, 0,8, 1,0ir 1,3 g

5.3.24. Optinés savybés. Atlikus bandiniy, gauty pagal antrg sintezés
metodika, UV-Vis analizg, nustatytas tiesioginis peréjimas (n=2). Pastebéta, kad,
taikant 30 SILAR cikly, E4 verté didéja didinant askorbo riigsties kiekj ir yra nuo 1,1
iki 1,4 eV. Bandiniuose, gautuose pritaikius 20 SILAR cikly, toks fenomenas
nepastebétas. E4 verté padidéja nuo 1,2 iki 1,4 eV naudojant 0,6 ir 0,8 g askorbo
rigsties ir sumazéja nuo 1,4 iki 1,3 eV naudojant 1,0 ir 1,3 g ligando.

5.3.25.  Elektrocheminiai matavimai. 5.3.7 paveiksle pateiktos visy alavo
sulfidy sluoksniy ant FTO stiklo ciklinés voltamperogramos. Kreivés yra simetriskos
formos, ir aiskiai matomas talpinis sluoksniy elgesys tiek faradéjiinés, tiek
nefaradéjinés redokso reakcijy metu [81]. Sis dvigubas mechanizmas pasireiskia dél
daugialypés sluoksniy sudéties (SnS ir Sn,Ss). Sios medziagos atskirai arba vienu
metu gali dalyvauti pavirSiaus reakcijose. Yra Zinoma, kad alavo sulfidas gali rodyti
elektrocheminj atsaka tiek anodinése, tiek katodinése srityse. Tyrimuose buvo
taikomas nuo —1 iki 1 V potencialo langas. Cikly skaicius ir L-askorbo ruigsties
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kiekis turi ypatingg jtaka sluoksniy veikimui $iame potencialy intervale. Paprastai
didesnis SILAR nusodinimo cikly skai¢ius padidina sluoksniy mase, todél srovés
tankis padidéja dél reakcijos, vykstancios gilesniuose veikliosios medziagos
sluoksniuose. Taciau nepastebéta jokio griezto tiesioginio rysio tarp askorbo riigsties
kiekio ir sluoksniy generuojamo srovés tankio. Nors gali buiti pastebimi tam tikri
didesnés sluoksnio masés pranasSumai, kurie didéja didéjant askorbo raigsties kiekiui.
Srovés tankio padidéjimas, nustatytas 7,30 ir 8,30 sluoksniuose, gali biti dél jy
poringesnés struktiiros, kuri paprastai yra naudinga redokso reakcijoms. PavirSiaus
poringumas lemia geresnj elektros kriiviy jsiterpimg j elektrodo medziagg [186].

5.20.
—35.30.
6.20 .
6.30 .
7.20 .
—7.30.
8.20 .
—8.30.

02 |

-1 -0,5 0 0,5 1
EV
5.3.7 pav. Alavo sulfidy sluoksniy voltamperogramos, kintant SILAR cikly skai¢iui
ir askorbo riigsties kiekiui. Skaiciai 5—8 Zymi askorbo riigSties mase, atitinkamai:
0,6, 0,8, 1,0 ir 1,3 g. Skaiciai 20-30 zymi SILAR cikly skaiciy

Norint tiksliau i$tirti nusodinty alavo sulfidy sluoksniy talpines savybes, buvo
atliktas galvanostatinis jkrovimo ir iskrovimo (angl. galvanostatic charge-discarge
GCD) matavimas. Apibendrinant rezultatus akivaizdu, kad SILAR nusodinimo cikly
skaiCius turi reik§mingg jtakg sluoksniy iSsikrovimo laikui, nes, pritaikant 30 cikly
vietoje 20, tp padidéja iki 7 karty. Nepaisant to, neigiamas didesnio askorbo riigsties
kiekio poveikis taip pat yra akivaizdus. GCD kreiviy forma lemia du veiksniai:
varz0s komponentas, susijes su staigiu jtampos kritimu dél vidinés varZos, ir talpinis
komponentas, sukuriantis iSlenktg dalj, susijusig su energijos poky¢iais aktyvioje
medziagoje. GCD rezultatai buvo naudojami siekiant apskaiCiuoti energetinius
parametrus. Mazos specifinés talpos, specifinés energijos ir specifinés galios vertés
gali biiti susijusios su mazu SnS daleliy dydziu. Tarp visy Siame darbe tirty
sluoksniy didziausig savitaja talpg 6,35 F g*! kartu su geriausia SE verte 3,53 Wh-kg"
L gali generuoti sluoksnis, turintis maziausig askorbo riigsties kiekj ir susidares po 30
SILAR cikly (5.30). Be to, jvertinus specifing sluoksniy galig (SP), paaiskéjo, kad
alavo sulfidas gali suteikti didelés galios impulsa, kuris yra viena i§ gero
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superkondensatoriaus savybiy. Gautos reik§meés gerai sutampa su nurodytomis
ankstesnéje literattroje: 4,19 F g* [245] ir 19,25 F g™ [246].

5.3.3.Alavo sulfidy sluoksniy, nusodinty naudojant liganda, iSkaitinimo
efektas

Siekiant pagerinti alavo sulfidy sluoksniy kristaliskumg, sluoksniai buvo
kaitinti 30 min. inertingje atmosferoje 200400 °C temperatiirose. Sluoksniy sintezei
naudota 0,8 ir 1,0 g L-askorbo ragsties. Buvo pastebéta, kad, kylant iSkaitinimo
temperatiirai, sluoksniai tampa tolygesni ir plonesni.

5.3.3.1. RSDA analizé. Plony sluoksniy kristaliné ir faziné sudétis buvo
analizuojama naudojantis RDA. Nekaitinty sluoksniy RSDA rezultatai atitinka
herzenbergito struktira (JCPDF 39-0354), taciau po iSkaitinimo pagrindiné
sluoksniy  fazé  pasikei¢ia |  ortorombinj SnS  (JCPDF  83-47).
Rentgenodifraktogramos po i$kaitinimo skirtingose temperatiirose naudojant jvairius
L-askorbo riigsties kiekius pateiktos 5.3.8 paveiksle. Lyginant su ankstesniais
rezultatais buvo pastebéta, kad po iSkaitinimo visos smailés rentgenogramose
suintensyvéjo. PrieS apdorojimg aukSta temperatira difraktogramos yra
amorfiskesnés (5.3.4 ir 5.3.5 pav., matoma ,kalva“ tarp 26 = 18-35°). Po
iSkaitinimo inertinéje atmosferoje difraktogramos yra kristaliskesnés, o buvusi
,.kalva“ tapo ne tokia ryski. L-askorbo riigsties kiekis taip pat turi jtakos sluoksniy
kristaliSkumui. Didesnis ligando kiekis reikSmingai keic¢ia difraktogramy pobidj,
nes naudojant 1,0 g rugsties difraktogramos yra tolygesnés. IS pateikty
rentgenogramy matyti, kad faziné sudétis yra tokia pati ir nepriklauso nuo L-askorbo
rugsties kiekio ir SILAR cikly skaiciaus. PrieSingai, fazinei sudéciai jtakos turi
iSkaitinimo temperatira. Kai temperatiira yra 300 ir 350 °C, pastebima nedidelé
smailé ties 26 = 14,7°, priskirta SnS, (JCPDF 83-1705). Bandiniuose kity Sios fazés
smailiy nematoma. Auks¢iausioje kaitinimo temperatiiroje (400 °C) SnS; smailés
nelieka. Taigi galima daryti iSvada, kad SnS, paver¢iamas j SnS 400 °C
temperattroje vykstant tokiai reakcijai:

SnSyp9 — SnS) + Sa).

Ortorombinio alavo sulfido (JCPDF 83-47) smailés matomos ties 26 = 26,64,
37,88, 51,65, 54,63 ir 65,58°. Intensyviausia SnS smailé yra ties 20= 37,88°. Kaip ir
anks¢iau, FTO atspindys néra uzmaskuotas, todél dvi SnO, (JCPDF 46-1088)
smailés stebimos ties 20=33,8 ir 61,7°. Be to, smailés ties 260 = 26, 64, 37, 88, 54,
63°C taip pat gali buiti priskirtos SnO2 dél labai artimy tarpplokStuminio atstumo (d)
veréiy. Mazas ,kalnelis“ ties 26 = 31,68° priskirtinas Sn,Ss (JCPDF 75-2183). Sis
,kalnelis“ buvo gautas kaitinant bandinius 200 ir 250 °C temperatiiroje. Kitose
rentgenogramose $ios smailés néra, todél galima teigti, kad Sios temperatiiros yra per
zemos grynam SnS gauti. Visos tarpplokStuminio atstumo reikSmés pateiktos 5.3.5
lenteléje. Atlikus RDA analize, buvo nuspresta tolesniems tyrimams naudoti tik
bandinius, gautus naudojant 20 SILAR cikly.
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5.3.8 pav. Rentgenodifraktogramos bandiniy, gauty naudojant 0,8-1,0 g
askorbo riigsties ir taikant 2030 SILAR cikly. Kaitinimo temperatiiros nurodytos
legendose

5.3.3 lentelé. Palyginimas gauty ir standartiniy tarpplokStuminio atstumo verciy

d —vertés, A

Gautos SnS (83-47) su | SnS; (83-1705) su | SnO, (46-1088)

hkl indeksais hkl indeksais su hkl indeksais
5,9416 5,9377 (002) 5,8800 (001)
3,3460 3,3520 (112) 3,3510 (110)
2,6492 2,6518 (101)
2,3735 2,3751 (005) 2,3799 (200)
1,7750 1,7792 (116)
1,6730 1,6760 (224) 1,6642 (103) 1,6649 (211)
1,5021 1,5012 (310)
1,4223 1,4268 (401)

Lyginant su ankstesniais rezultatais pastebéta, kad kaitinimas inertinéje
atmosferoje smarkiai kei¢ia kristality dydj. Po iSkaitinimo kristalitai padidéjo.
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Naudojant 0,8 g L-askorbo riigsties, daleliy dydis Siek tiek pakinta ir yra 33—35 nm.
Naudojant 1,0 g L-askorbo riigsties, gautos dalelés yra didesnés. Kylant iSkaitinimo
temperatiirai, daleliy dydis Siek tiek sumazéja ir yra 30-35 nm dydzio.

5.3.3.2.  Ramano spektroskopija. Norint kokybiskai jvertinti alavo sulfidy
sluoksnius yra atlieckama Ramano spektroskopijos analizé. 5.3.9 paveiksle pateikti
iSkaitinty sluoksniy Ramano spektrai. Smailés, priskirtos 87 ir 192 cm™, yra aiskiai
matomos visuose analizuojamuose sluoksniuose ir priskiriamos SnS Ag rezimui
[44,108,247]. Budinga SnS smailé esant 165 cm™ matoma tik bandiniuose, gautuose
naudojant 0, 8 g ligando ir iskaitinus 300 °C temperatiiroje, taip pat 1,0 g askorbo
riigsties po kaitinimo 250 °C temperatiiroje. Dvi smailés, esanc¢ios 120 ir 239 cm™,
priskirtos SnO, [239]. Gauti rezultatai patvirtina RDA duomenis. Taciau ryski
smailé Ramano spektruose ties 310 cm™ rodo, kad yra antriné SnS; arba Sn,Ss fazé.
Antriné fazé taip pat buvo patvirtinta nekaitintuose sluoksniuose. Antrinés SnS»
fazés susidarymas buvo pastebimas aukstesnéje nei 250 °C temperatiroje. L-askorbo
rigsties kiekis taip pat turi jtakos SnS, susidarymui. Tik vienas bandinys, gautas
naudojant 0,8 g ligando ir atlikus kaitinimg 400 °C temperatiiroje, neturéjo SnS»
smailés.

a)
£ 400 °C
g 350 °C
w
0
% M 250 °C
= 200 °C
2
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40 240 440 640 840 1040 1240
Ramano poslinkis, cm!
b)
g
i’ 400 °C
g 350 °C
"
g 300 °C
£, 250 °C
wn
EJ 200 °C
S
40 240 440 640 840 1040 1240
Ramano poslinkis, cm™

5.3.9 pav. Alavo sulfido sluoksniy, nusodinty ant FTO stikly, naudojant 20
SILAR cikly, Ramano spektrai: 0,8 g L-askorbo riigsties (a), 1,0 g L-askorbo
rugsties (b)
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5.3.3.3.  Skenuojamoji elektroniné mikroskopija. Ploni sluoksniai yra
sudaryti i§ rutulio formos griideliy, sujungty j aglomeratus. Visos nanodalelés yra
aiskios sferinés formos. SEM tyrimas parodé, kad sluoksniy kompaktiSkumas
priklauso nuo kaitinimo temperattiros. Kaitinimas inertinéje atmosferoje pagerino
sluoksniy morfologija, o, palyginti su nekaitintais bandiniais (ankstesni rezultatai),
aiskiai matosi tankiau i§sidés¢iusiy daleliy susidarymas ir didéjanti aglomeracija. Sis
reiskinys gali biiti siejamas su didele pavirSiaus energija [13]. Kylant kaitinimo
temperattirai, susidaro tankiai susispaud¢ grudeliai, todél galima suformuoti lygesnj
sluoksnj. Pazymeétina, kad, esant Zemesnei kaitinimo temperatiirai, dalelés susijungé
1 didesnius aglomeratus nei esant aukStesnei temperatiirai. Taigi, kylant kaitinimo
temperatiirai, didéja ir aglomeraty suardymas. Didesnis L-askorbo riigsties kiekis
taip pat turi jtakos morfologijai. Pastebéta, kad ligandas padeda susidaryti lygiems
sluoksniams i$ labiau sferiniy daleliy, taciau ten matomos ir gilesnés jdubos. Visame
sluoksnio pavirSiuje galima pastebéti tankiai paskirstyty sferiniy grideliy
egzistavimg. Gautuose SEM vaizduose néra jtrukimy, o ankstesni rezultatai kai kur
parodé skylutes. Stebétinas mazesniy daleliy susiliejimas, uZztikrinantis
kompaktiskumag ir gerg adhezija.

5.3.3.4.  Sluoksnio storio matavimai. Atlikus Kkaitinimg inertingje
atmosferoje, alavo sulfido sluoksniai pasizyméjo itin gera adhezija. Po terminio
apdorojimo gauti sluoksniai yra plonesni ir tolygesni. Tyrimui naudojant
interferomentra, aiSkiai matyti, kad, esant zemesnei kaitinimo temperatiirai, alavo
sulfidai pasidengg netolygiai, su didesniais pakilimais ir ,,duobutémis. Matuojant
sluoksnio storj, pakilimy reik§més yra didesnés, taCiau vidutinés vertés gaunamos
santykinai mazos dél kompaktiSko sluoksnio formavimosi. Geriausia kaitinimo
temperattra yra 400 °C, nes bitent joje nekinta sluoksnio storio vertés, todél gauti
sluoksniai yra visi$kai tolygis. Nusodinty sluoksniy vidutinis storis buvo 310-1050
nm, o po kaitinimo storis sumazéjo iki 90—-430 nm. Vidutinis sluoksnio storis mazgjo
didéjant kaitinimo temperatiirai ir siecké 240-90 nm bandiniuose, gautuose naudojant
0,8 g L-askorbo rugsties, ir 430-100 nm bandiniuose, gautuose naudojant 1,0 g L-
askorbo rugsties. Kuo didesnis SILAR cikly skaicius ir L-askorbo riigsties kiekis,
tuo storesnis gautas sluoksnis. Esant nekintanciai kaitinimo temperatirai, taciau
didéjant L-askorbo riigsties kiekiui nuo 0,8 g iki 1,0 g, didéja ir sluoksnio storis.
Taigi, sluoksnio storio vertei jtakga daro ligando kiekis. Literatiiroje teigiama, kad
aukstesnéje nei 120 °C temperatiiroje L-askorbo riigstis suskyla [248]. Tai gali
reiksti, kad prasideda komplekso, sudaryto i§ L-askorbo riigsties ir alavo jony,
suardymas [249]. Tikétina, kad toks smarkus storio sumazéjimas atsiranda dél L-
askorbo riigsties skilimo didéjant kaitinimo temperatiirai ir dél to struktiira tampa
kompaktiskesné.

5.3.3.5.  Sluoksniy optinés savybés. Draustinés juostos plotis yra vienas i$
svarbiausiy puslaidininkiy medziagy parametry. Paprastai puslaidininkis turi
tiesioginj arba netiesioginj peréjimo tipa, ir nuo to priklauso jo panaudojimas.
Optoelektronikoje daznai naudojamos medziagos, turincios tiesioginj peréjimo tipa,
pavyzdziui, $viesos ir lazeriniai diodai. Netiesioginis peréjimo tipas budingas
medziagoms, naudojamoms saulés elementams ir baterijoms [105]. Taigi, draustinés
juostos ploCio nustatymas yra svarbus ne tik medziagy apibtdinimui, bet ir jy
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pritaikymui. Kaip minéta anksc¢iau, Tauco diagrama naudojama draustinés juostos
plocCio vertei apskaiciuoti. Tikétina, kad bandiniy iSkaitinimo temperattra gali daryti
jtaka Siai vertei.

Atlikus optiniy savybiy matavimus pastebéta, kad didesnis L-askorbo riigsties
kiekis mazina draustinés juostos plocio verte, taciau esant 300 °C iSkaitinimo
temperatirai Eg verté yra didesné. Padidinus kaitinimo temperatiirg, padidéjo
draustinés juostos plo¢io verté bandinio *6,20. Kai n = 1/2, naudojant 0,8 g L-
askorbo rugsties ir taikant 20 SILAR cikly, Eq verté kylant kaitinimo temperatiirai
didéja nuo 1,2 iki 1,3 eV. Sluoksniui formuoti naudojant 30 SILAR cikly, esant
temperatarai 200-300 °C, Eq verté yra 1,1-1,3 eV, 0 iskaitinus 400 °C temperatiiroje
nukrenta iki 1,1 eV. Tiesioginio peré¢jimo draustinés juostos ploCio vertés yra
didesnés. Did¢jant SILAR cikly skaiciui, padidéja ir Eg verté. Atliekant 20 SILAR
cikly ir didinant kaitinimo temperatiirg, Eq Verté nekinta ir yra lygi 1,6 eV. Padidinus
cikly skai¢iy draustinés juostos plocio vertes yra 1,7-1,8 eV 200-300 °C
temperatiroje, o 400 °C — 1,61 eV. Gautos vertés yra artimos teorinéms SnS
vertéms.

Remiantis literatiiroje pateiktais duomenimis pastebéta, kad SnS, draustinés
juostos plocio reik§més yra didesnés nei 2, pavyzdziui, 2,18-2,55 eV [254], 2,34 eV
[105], 1,97-2,37 eV [255], kai n = 1/2. Straipsniuose [255-259] apskaiciuotos
reik§més atitinkamai lygios 2,44 eV, 2,17 eV, 2,18 eV, 2,7-3,17 eV, 2,19-2,41 eV,
kai n = 2. Gautos draustinés juostos plo¢io vertés yra mazesnés, bet labai artimos
teorinéms SnS; vertéms. Pagrindo atspindys nebuvo pasléptas, todél gali daryti jtaka
Eg vertei. SnO; salyginai didelés draustinés juostos plocio vertés ir yra 3,2-3,72 eV
[259], 3,6 eV [228], 3,7 eV [240], 3,3 eV [229]. Taciau §iuo atveju bandiniy Egq
vertés yra daug mazesnés, vadinasi, alavo sulfidas yra tolygiai pasidenggs ant
pagrindo. Apibendrinant rezultatus galima teigti, kad gautos draustinés juostos
plocio vertés yra labai artimos SnS ir SnS,.

5.3.3.6.  Elektrocheminiai matavimai. Elektrocheminiy matavimy metu
gauti itin reikSmingi rezultatai. CV ir GCD kreiviy formos reiskia dviguba kriivio
kaupimo mechanizmg. Kondensatorius, kuris kaupia energija dél elektrinio dvigubo
sluoksnio (angl. EDLC), turi turéti trikampio formos diagramg GCD ir staciakampio
formos CV. O kondensatorius, turintis baterijos tipo elgsena, pasizymi
sudétingesnémis kreivémis dél redoksinés (angl. Faradaic) reakcijos CV arba GCD
matavimy metu. Stebint uzfiksuotas CV kreives, reikSmingy anodiniy ar katodiniy
smailiy neaptikta, tik buvo pastebétas tiek anodiniy, tiek ir katodiniy sroviy
padidéjimas. Tiek RDA, tieck Ramano spektroskopijos tyrimai parodé labai panaSias
visy sluoksniy struktiiras, kuriose dominuojanti fazé yra SnS ir tik antriniy Sn(IV)
faziy pédsakai. Todél elektrocheminio elgesio skirtumai tikriausiai atsiranda dél
sluoksnio morfologijos, pavirSiaus savybiy ir poringumo. Alavo sulfidas, atlikus
kaitinimg 250 ir 300 °C temperatiiroje, turéty buti aktyviausias, atsizvelgiant j jo
elgseng tam tikro potencialo metu. Kadangi sluoksnio sudétis manytina yra tokia
pati (mineralinio tipo SnS), kiti parametrai, tokie kaip morfologija ir poringumas,
gali bti lemiami veiksniai. SnS turi sluoksniuotg struktiirg, kuri yra palanki jony
jsiterpimui, todél pasizymi geresnémis talpinémis savybémis [81]. Didéjant
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kaitinimo temperatiirai, sluoksniy storis maz¢ja. Tikriausiai taip yra todél, kad
paSalinami jsiterpe¢ jonai arba askorbo riigSties fragmentai, o struktiira tampa
kompaktiSkesné. Be to, kristalitai gali biiti labiau susiglaude, ir pavir§ius tampa
tolygesnis. Yra zinoma, kad optimalus poringumas palengvina elektrolity jony
prieinamuma ir padidina aktyvyjj pavirsiaus plotag. CV ir GCD matavimy rezultatai
rodo, kad optimali morfologija pasiekiama, kai dangos kaitinamos mazdaug 300 °C
temperatiroje. Remiantis SEM rezultatais, 300 °C temperattroje i§ sferiniy grideliy
formuojasi kompaktiSkesnis pavirSius. Savitosios talpos (SC) kiekybiniy verciy
kitimas i§ esmés atitinka CV ir GCD kreiviy désningumus. Padidinus temperatiira,
padidéja talpiné elgsena, taciau tik tol, kol pasiekiama 300 °C. Dar labiau padidinus
kaitinimo temperatiirg, parametrai pradeda prastéti. Tai gali buti susij¢ su optimalia
pavirSiaus morfologija, kuri galimai formuojasi kaitinant bandinius 300 °C
temperattroje. 5.3.4 lenteléje pateikti CV ir GCD matavimy rezultatai ir
apibendrintas pagrindiniy energetiniy parametry palyginimas rodo, kad kaitinimas
300 °C temperatiiroje suteikia pranasuma pries susintetintus sluoksnius dél didesnio
poringumo. Pastebéta, kad didesnis askorbo riigsties kiekis turi teigiama poveik].
Tikeétina, kad tai gali biiti siejama su didesne jony ir organiniy fragmenty jsiterpimo
tarp sluoksniy tikimybe SILAR sintezés metu. Sig prielaida patvirtina ir sluoksnio
storio padidéjimas naudojant 1,0 g askorbo riigsties. Didesnis kompleksodario kiekis
taip pat padidina elektrinius procesus, taigi ir anoding srove CV kreivése. Palyginus
iSkaitinty ir paruosty sluoksniy talpine elgsena, apie kurig buvo kalbama anksciau,
galima pastebéti aisky iskaitinty sluoksniy pranasumg. Tomis paciomis salygomis
susintetinto nekaitinto alavo sulfido vertés buvo 0,36 F g! (su 0,8 g askorbo
rigsties) ir 0,15 F g (su 1,0 g askorbo riigsties). Tokios mazos vertés sietinos su
dominuojancia SnSs faze, kuri kaitinimo metu skyla j SnS. Taciau Siy sluoksniy
signalas yra nestabilesnis ir gali buiti jvairiy priemaiSy, esanciy tarpsluoksniuose,
pasekmé. O SILAR cikly skaicius suteikia daugialypj vaizda. Didesnis cikly skaicius
teigiamai veikia sluoksnius, gautus su 0,8 g L-askorbo rugsties, o sluoksniy,
susintetinty su 1,0 g L-askorbo riigsties, geresni rezultatai po 20 cikly. Sie rezultatai
atitinka RDA duomenis ir gali biiti siejami su Sn(IV) faziy buvimu.

5.3.4 lentelé. Energetiniy parametry vertés

Bandinio nr. | Temperatiara (°C) | SC (F g | SE (Wh kg?) | SP (W kg?)

1

)
*6.20 200 0,07 0,04 1000
*6.20 250 1,05 1,14 697
*6.20 300 6,90 13,11 1847
*6.20 350 3,50 4,37 1498
*6.20 400 1,71 3,43 1898
*7.20 200 1,02 1,84 1800
*7.20 250 1,11 2,00 1798
*7.20 300 39,00 50,06 1521
*7.20 350 12,67 22,17 1773
*7.20 400 4,44 8,90 1899
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5.3.3.7.  RFES analizé. RFES matavimai atlikti siekiant istirti susidariusiy
sluoksniy chemine ir elementing sudétj. RDA ir Ramano spektroskopijos tyrimy
metu nustatyta, kad sluoksniai sudaryti i SnS, SnS; arba Sn,Ss. RFES matavimai
buvo taikomi bandiniams *6.20 ir *7.20, iSkaitintiems 300 °C temperatiiroje. 5.3.10
paveikslas rodo didelés skiriamosios gebos Sn 3d spektrus dviem gautoms fazéms.
Cia pagrindinés alavo smailés yra ties 486,4 ir 494,8 eV, i§ kuriy 486,4 eV yra
budingiausia. Abiejuose bandiniuose cheminis poslinkis tarp dviejy Sn 3d5/2 ir Sn
3d 3/2 smailiy yra 8,4 eV. Remiantis duomeny baze [262], smailé, kurios rySio
energija yra 486,4 ¢V, yra budinga Sn?* jonui, o cheminis 8,4 eV poslinkis taip pat
rodo, kad yra Sn?*. Sioje duomeny bazéje taip pat pateikiama biidinga Sn** rysio
energija, lygi 486,6 eV. 5.3.10 paveiksle matyti ir nedideli ,,kalniukai* ties 484,2 ir
4929 eV, kurie gali bati priskirti elementiniam alavui. NIST duomeny bazéje [262]
pateikta alavui buidinga 484,30 eV rySio energijos verté, kuri yra labai artima
gautajai. Elementinio alavo susidarymo priezastis yra kaitinimas gana aukstoje
temperatiroje. Tikétina, kad, esant aukstai temperatiirai (300 °C), siera iSgaruoja
[263] ir neryskios alavo smailés atsiranda dél nutriikusiy rySiy tarp alavo ir sieros
bandinio pavirsiuje [9]. Elementinio alavo smailé su tokia pacia ry$io energija buvo
aptikta [9] darbe. Remiantis literatiiroje pateiktais duomenimis, galima daryti kitg
iSvadg. Straipsniuose [116,264,265] teigiama, kad smailé ties 486,4 €V atitinka Sn?*,
0 tai atitinka SnS susidaryma. Tiksli 486,1 eV rySio energija yra biidinga alavo ir
sieros jung¢iai junginyje SnS [266]. 8,4 eV poslinkis Zymi Sn?* susidarymg
[116,265]. Taciau D. Avellaneda [144] prieStaringai ras¢, kad smailé, kurios rySio
energija yra 486,4 eV, rodo Sn*" susidarymg. Kiti autoriai [240,267] tam pritaria.
Galiausiai, Sn,S; fazei budinga smailé turéty bati ties 485,7 eV [264], tadiau misy
rezultatai to nerodé. Tokie rezultatai greiCiausiai atsirado dél dviejy alavo sulfidy
(SnS; ir SnS) buvimo sluoksnyje, o tai gerai sutampa su RDA duomenimis.
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5.3.10 pav. Sn 3d elektrony aukstos rezoliucijos spektras

Ty paciy bandiniy (*6.20 ir *7.20, iSkaitinty 300 °C temperattroje) S 2p
spektruose matyti dvi smailés, kuriy rySio energijos yra 161,2 ir 162,5 eV,
atitinkancios atitinkamai S 2p3/2 ir S 2p1/2. Sios vertés zymi S? jonus bandiniuose.
Remiantis auk$¢iau minéta duomeny baze [262], SnS priskirti S?~ jonai turi biidingg
smaile, kurios Eg = 161,10 eV, o tai labai artima miisy rezultatams. Smailiy vieta ir
poslinkis tarp jy rodo SnS susidaryma [9]. Remiantis literatiros duomenimis, Sieros
jungties su Sn?* rysio energija yra ties 161,2 eV [266,268]. Kitur 161, 2 eV smailé
gali reiksti, kad pavirSiuje yra laisvy sieros jony i$ SnS; [266].

Ols spektre yra tik viena smailé ties 530,2 eV. Ji gali rodyti S-Sn-O rysj [269]
arba Sn-O ar C-O rysius [240]. Kadangi pavirSiaus bombardavimas jonais nebuvo
atliktas, tai 530,2 eV rySio energija reiskia, kad bandinys buvo laikomas oro
aplinkoje ir deguonis adsorbavosi ant pavirSiaus prie§ RFES analize [270].

5.4. ISVADOS

1. SILAR metodu nusodinty plony alavo sulfidy sluoksniy ant FTO stikliuky
RSDA analizé parodé, kad sluoksniai sudaryti i§ SnS ir Sn,Ss, 0 vidutinis
apskaiciuotas kristality dydis yra 14-20 nm arba 17-31 nm sluoksniuose, gautuose
atitinkamai panardinant j distiliuota vandenj arba be jo. EDX tyrimai atskleidé, kad
alavo sulfidy sluoksniai, gauti be panardinimo j distiliuotg vandenj, susidaré su
natrio chloridu, kuris pagerino sluoksnio kristaliSkumg ir optines savybes.

2. SEM vaizdai parodé, kad naudojant L-askorbo rugstj susidaré tankiai
supakuoty netaisyklingy nanodaleliy sluoksniai, 0 didesnis SILAR cikly skaiéius
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Iémé daleliy padidéjimg nuo 9 iki 15 nm. Vidutinis sluoksniy storis svyravo nuo 310
iki 1050 nm. Ramano spektroskopijos ir RSDA tyrimai parodé, kad sluoksniai
sudaryti i§ dviejy alavo sulfidy faziy, i§ kuriy dominuojanti yra herzenbergitas SnS.
Sluoksniy draustinés juostos plo¢io vertés kinta nuo 1,1 iki 1,4 eV. CV ir GCD
tyrimy rezultatai parodé, kad bandiniai generuoja savitaja talpg nuo 0,15 iki 6,35 Fg
! ir savitajg energijg nuo 0,09 iki 3,53 Wh kg™.

3. I8kaitinimas inertingje atmosferoje pagerina sluoksniy tolyguma ir
kristaliskumg, kai maZesnés sferinés dalelés, susiliejusios j aglomeratus, sudaro
kompaktiSkesnj ir geriau prigludusj prie pagrindo sluoksnj. Po kaitinimo alavo
sulfidy sluoksniy storis buvo 230-280 nm ir priklausé nuo SILAR cikly skaiciaus ir
L-askorbo riigsties kiekio. UV-Vis spektroskopijos tyrimai parodé, kad draustinés
juostos plocio vertés yra 1,6-1,8 eV, kain=2,ir 1,1-1,3 eV, kai n = 1/2.

4. Sluoksniuose dominuoja SnS faze, keliant iskaitinimo temperatiira, keiciasi
ju faziné sudétis: 200 ir 250 °C temperattirose matoma neryski Sn,Sz smailé, 300 °C
temperattiroje atsiranda SnS; smailé, 0 350 ir 400 °C temperatiirose nebelicka
antriniy faziy smailiy. Kylant kaitinimo temperatiirai formuojasi mazesni kristalitai,
kuriy dydis yra 30-35 nm.

5. Talpinés sluoksniy savybés geréjo tik iki iSkaitinimo 300 °C temperattroje.
Geriausiomis energetiniy parametry vertémis pasizyméjo SnS  sluoksnis,
susintetintas naudojant 1,0 g L-askorbo ragsties ir 20 SILAR cikly ir kaitintas 300
°C temperatiiroje, jo elektrocheminés vertés: SC = 39,00 F g, SE = 50,06 Wh g7,
SP =1521 W kg™
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