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Abstract: The development of eco-friendly, cost-effective, and naturally abundant electrode ma-
terials for supercapacitors is gaining critical importance in current energy storage research. This
study focuses on the synthesis of tin sulfide (SnSx) films via the eco-friendly successive ionic layer
adsorption and reaction (SILAR) method, employing varying quantities of L-ascorbic acid (0.8 and
1.0 g) as a reducing agent. Tin sulfide films were deposited on fluorine-doped tin oxide (FTO) glass
substrates and subsequently annealed in an inert atmosphere at temperatures ranging from 200 to
400 ◦C, resulting in thin films of varying thicknesses (100–420 nm). The structural and compositional
characteristics of the films were thoroughly analyzed using Raman spectroscopy to confirm the
purity and spectroscopic signatures of the sulfides. Further characterization was performed to assess
the films’ morphology (scanning electron microscopy, SEM), phase composition (X-ray diffraction,
XRD), surface chemical states (X-ray photoelectron spectroscopy, XPS), optical properties (UV–Vis
spectroscopy), and electrical properties (Hall measurements). The gathered data were then used to
evaluate the potential of tin sulfide films as electrode materials in supercapacitors, highlighting their
suitability for sustainable energy storage applications.

Keywords: tin sulfides; supercapacitors; SILAR

1. Introduction

Energy is a critical factor in global development, with approximately 65% of the
world’s energy demand currently met by non-renewable fossil fuels [1]. This reliance con-
tributes to greenhouse gas emissions, global warming, and environmental degradation [2].
To mitigate these issues and address the depletion of fossil fuels, a shift toward renewable
energy sources is imperative [3]. In addition to the development of renewable energy,
advances in energy storage technologies, particularly electrochemical devices, are essential
for efficient energy conversion and storage [4].

Supercapacitors (SCs) have emerged as promising energy storage devices due to their
high power density, extended life cycle, and superior energy density compared to tradi-
tional capacitors [5]. They are suitable for various electrical and electronic applications [6].
SCs are categorized into electric double-layer capacitors (EDLCs) and pseudocapacitors
based on their charge storage mechanisms [7]. Pseudocapacitors, which include mate-
rials like metal oxides, metal sulfides, and conductive polymers, generally offer higher
capacitance than EDLCs but with a shorter life cycle [8].

Coatings 2024, 14, 1284. https://doi.org/10.3390/coatings14101284 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings14101284
https://doi.org/10.3390/coatings14101284
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0003-6401-0996
https://orcid.org/0000-0002-1027-7658
https://orcid.org/0000-0003-1606-1441
https://orcid.org/0000-0003-1518-1468
https://doi.org/10.3390/coatings14101284
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14101284?type=check_update&version=1


Coatings 2024, 14, 1284 2 of 16

Among pseudocapacitive materials, metal chalcogenides, particularly tin sulfides,
have garnered significant attention due to their advantageous physicochemical proper-
ties [9,10]. Tin-based chalcogenides such as SnS and SnS2 are of particular interest, although
research on Sn2S3 remains limited [11]. Tin and sulfur are non-toxic and abundant elements,
making tin chalcogenides attractive for energy applications due to their robust structure
and excellent electrical and optical properties [12].

SnS, with its orthorhombic structure and a bandgap of approximately 1.1 eV, is compa-
rable to silicon [13] and exhibits promising characteristics for near-infrared applications [14].
SnS2, an n-type semiconductor, adopts a hexagonal structure, while SnS can exhibit both n-
type and p-type conductivity, influenced by annealing temperature [15,16]. The properties
of these materials make them suitable for a range of applications, including photovoltaic
devices [17], supercapacitors [18], optical sensors, and transistors [19].

The synthesis of high-quality thin films using cost-effective and abundant materials
remains a challenge. Various deposition methods, such as thermal evaporation [20], chem-
ical bath deposition [21], and spin coating [22], have been explored for tin sulfide films,
with photovoltaic applications being the primary motivation [23]. It is well established
that post-deposition annealing improves the crystalline quality of tin sulfide films, with
optimal results often achieved at temperatures between 300 ◦C and 600 ◦C, depending on
the desired material properties [14,23–25].

Mixed tin sulfides (SnSx) have shown versatility in various technological applications.
The successive ionic layer adsorption and reaction (SILAR) method is a cost-effective
and efficient approach for thin-film deposition, enabling large-area applications with
strong substrate adhesion. This study examined the structural, morphological, optical, and
electrical properties of tin sulfide films deposited on FTO glass and annealed in a nitrogen
atmosphere at 200–400 ◦C, highlighting the occurrence of “chemical epitaxy” due to the
well-defined orientation of tin sulfide on the substrate [26,27].

2. Materials and Methods
2.1. Materials

As substrates for the deposition of thin films, fluorine-doped tin oxide (FTO) glass slides
with a parameters of size of 20 mm × 15 mm and a sheet resistance of 9.38 ± 0.38 Ω/sq were
provided by Ossila.com. Labochema. lt served tin chloride dihydrate with a purity of 98%.
98% sodium sulfide nonahydrate was brought by Honeywell.com (Charlotte, NC, USA). The
99% pure form of L-ascorbic acid was purchased from Sigma-Aldrich (Taufkirchen, Germany).

2.2. Film Deposition

For the deposition of a thin tin sulfide film, the SILAR method reported earlier [9] was
used. Firstly, the washed FTO glass slides were ultrasonically cleaned in acetone for 10 min.
The SILAR method is based on the one-by-one placement of cation and anion precursor
solutions and distilled water. The aqueous cationic solution consisted of 0.04 M SnCl2 with
0.8 g or 1.0 g of L-ascorbic acid, and the aqueous anionic solution was 0.04 M Na2S. For
the synthesis, 20 SILAR cycles at 40 ◦C were used. The synthesis mechanism is shown in
Scheme 1.

To modify the deposited films, annealing in an inert atmosphere at different tempera-
tures (200 ◦C, 250 ◦C, 300 ◦C, 350 ◦C, and 400 ◦C) was applied. The deposition parameters
and sample numbers are listed in Table 1.

Table 1. Parameters and sample numbers.

Quantity of L-ascorbic Acid, g

Annealing Temperature, ◦C
200 250 300 350 400

0.8 1 2 3 4 5

1.0 6 7 8 9 10
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Scheme 1. Graphic representation of the preparation of thin tin sulfide films using the SILAR method.

2.3. Characterization of Films

Thin tin sulfide films were characterized using XRD, Raman, SEM, and XPS mea-
surements. UV–Vis spectroscopy and electrochemical calculations were performed on the
samples. A description of the methods used is provided in the Supplementary Data.

3. Results

Tin sulfide nanoparticles were synthesized by changing the mass of the capping agent
(L-ascorbic acid) via the SILAR route, as shown in Scheme 1. To improve crystallinity, the
samples were annealed in an inert atmosphere in the temperature range of 200–400 ◦C. As-
deposited and annealed tin sulfide thin films adhere strongly to the substrate. Furthermore,
it was noted that with an increase in the annealing temperature, the obtained films became
smoother and thinner.

This section may be divided into subheadings. A concise and precise description of
the experimental results, their interpretation, and the conclusions that can be drawn should
be provided.

X-ray diffraction. X-ray diffraction (XRD) analysis was utilized to examine the crys-
talline structure and phase purity of the thin films. The XRD data of the as-prepared tin
sulfide films deposited previously under the same conditions [1] agree with the typically
reported structure of herzenbergite (ICDD PDF No. 39-0354). Meanwhile, the XRD curves
(Figure 1) of Sn-S annealed at different temperatures identify some phase transformations
and increased crystallinity. In general, all the annealed films are characterized by the
main and most intense peaks at 2θ = 26.64◦, 37.88◦, and 51.65◦, which are assigned to
orthorhombic SnS (ICDD PDF No. 83-47). However, SnO2 peaks (ICDD PDF No. 46-1088)
can also be identified by these peaks due to the very close values of the interplanar spacing
(Table 2). Therefore, other instrumental analysis methods have been used to clarify the
prevailing phase of tin sulfide.

Starting at 200 ◦C, a certain hill at 2θ = 18–35◦ is barely visible compared to the as-
prepared films, which were revealed to be more amorphous [1]. At 250 ◦C and below, a
small peak appears at 2θ = 31.68◦ (hkl index 310), which is assigned to Sn2S3 (ICDD PDF
No. 75-2183). This phase decomposes to SnS2 and SnS at temperatures above 300 ◦C [2,3]
via the following reaction route: Sn2S3 → SnS2 + SnS. A further increase in the annealing
temperature highlights the presence of hexagonal SnS2 (mineral berndite, ICDD PDF No. 83-
1705) with a small peak at 2θ = 16.00◦ (hkl index 001). Although the XRD spectra of films
annealed at 300 and 350 ◦C do not disclose any SnS2 peaks, this particular phase shows
poor crystallinity and can be intangible by the XRD technique [4–6]. Furthermore, due to
the desulfurization of SnS2 to SnS and S above 350 ◦C [4,7], this phase no longer exists in
the 400 ◦C spectrum.
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Figure 1. X-ray diffraction patterns of samples prepared with 0.8 g (top) and 1.0 g (bottom) of
L-ascorbic acid, annealed at temperatures ranging from 200 to 400 ◦C.

Table 2. Comparison of observed d-values with standard d-values.

Observed d-Values, Å
SnS (83-47) d-Values,

Å
Sn2S3 (75-2183)

d-Values, Å
SnO2 (46-1088)

d-Values, Å
SnS2 (83-1705)

d-Values, Å

5.9416 5.8800

3.3757 3.3774 3.3510

2.6680 2.6521 2.6518

2.3727 2.3751 2.3707 2.3799

1.7762 1.7792 1.7752 1.7649

1.6841 1.6810

1.5064 1.5001 1.5012

1.4270 1.4342 1.4251
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The quantity of L-ascorbic acid was found to not affect the phase composition as the
spectra are similar when 0.8 g and 1.0 g are used. However, it appears that a higher amount
of ascorbic acid improves the crystallinity of the films because the spectra obtained with
1.0 g are smoother.

In summarizing the results of the XRD analysis, it can be emphasized that the diffrac-
tion patterns indicate a mixed-phase composition of the samples, whereas the main peaks
are assigned to SnS. The annealing temperature promotes the desulfurization process of
the secondary phases, so it is likely that the purest films with a predominant SnS are
obtained at a temperature of 400 ◦C. However, XRD is a one-point analysis technique [8];
therefore, the possibility of the existence of secondary phases (SnS2 and Sn2S3) should not
be ignored. To check the reliability of the results, other methods of instrumental analysis,
Raman mapping and XPS, have been conducted in this work. Since more pronounced
changes in the structure of the films occur approximately every 100 ◦C, the samples heated
at temperatures of 200, 300, and 400 ◦C were selected for further analysis, eliminating
intermediate temperatures.

Crystallite size was determined using the most prominent XRD peaks. Compared to
the findings in a previous report [9], annealing resulted in an increase in the crystallite size.
When utilizing 0.8 g of L-ascorbic acid, there was a slight variation in particle size, ranging
between 33 and 35 nm. Elevated temperatures influenced the crystallite size, leading to
a reduction. Conversely, a higher amount (1.0 g) of L-ascorbic acid led to the formation
of larger particles. As the annealing temperature increased, the particle size exhibited
significant variation within a broader range of 30–35 nm. To generate smaller crystallites
of tin sulfide, higher annealing temperatures and reduced quantities of L-ascorbic acid
are required.

Raman studies. The Raman study, along with the X-ray diffraction analysis, confirms
the growth of mixed-phase tin sulfide films. It was expected from previous results [9] that
samples are not entirely homogeneous; in that case, to obtain more accurate data, Raman
mapping was a better method than acquiring spectra from single points of the sample.
Figure 2 represents the Raman results of the samples. According to the literature [10–12],
the peaks at 70, 90, 191, and 224 cm−1 (attributed to the different Raman modes of A1g and
B3g) are indicators of the presence of SnS, while the peak at 312 cm−1 indicates SnS2 [13,14]
and is present at the point where the spectrum was obtained. However, the peak that
appeared at 308 cm−1 was independent of the Raman spectra of the SnS single crystal
and represented Sn2S3 [15,16]. Thermal treatment at 200 ◦C shows the formation of mixed
phases where SnS peaks and a low-intensity peak of Sn2S3 were observed. The peak shift
from Sn2S3 to SnS2 was visible after annealing of samples at the temperature of 300 ◦C.
Here, a new peak with no clear form peak at 191 cm −1, assigned to SnS, was obtained. A
high-intensity peak of SnS2 appeared for the sample annealed at 400 ◦C. No additional
peaks assigned to other phases were observed, and the spectra of the entire surface show
the formation of SnS2.

One broad peak around 310 cm−1 was detected in the samples; it was challenging to
analyze SnS2 and Sn2S3 separately. The local maxima on the spectral average curve were
306 cm−1 for sample 1, 311 cm−1 for sample 3, 312 cm−1 for sample 8, and 314 cm−1 for
sample 5. In the case of sample 5, the peak was significantly thinner, and SnS2 mainly
caused this peak.

To demonstrate the homogeneity of the samples, colored maps were graphed based
on a single variable analysis method. The proportion of the intensities of the most intense
peaks at 90 cm−1 and 312 cm−1 are plotted on two complementary maps. These two peaks
were chosen for analysis because they represent the two endpoints of the oxidation states
of the Sn atoms. The map on the left of the table was calculated by the following equation
for each point of the map:

Intensity at 90 cm−1

Intensity at 90 cm−1 + Intensity at 312 cm−1 ∗ 100 (1)
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while map on the right:
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A color scale is included in these matrices and plotted as a graphical map. These two
maps were arranged together with the mean spectra and an array of curves with all spectra
obtained from each sample. These diagrams can provide detailed data on the oxidation
state of tin atoms, the components present, and how different materials are distributed on
the surface of the sample.

Annealing affects the oxidation state of the tin atoms, and the Raman measurements
clearly show this. Sample 1, annealed at 200 ◦C, has very similar chemical properties to the
non-annealed sample in our previous reports [1,9]. In addition, the effects of annealing are
significant only at higher temperatures. However, it is very hard to synthesize pure SnS;
impurities like SnS2 and Sn2S3 are present in annealed samples (and non-annealed ones),
but the proportion of Sn(II) in sample 1 is much greater compared to that in other samples.
Sample 3, annealed at 300 ◦C, is a great example of mixed tin sulfides; the proportion
of the examined peaks is close to equal, and all possible materials are present in great
amounts. The difference in the amount of ascorbic acid used has little effect compared to
the annealing temperature. Sample 5, annealed at 400 ◦C, has a higher amount of SnS2 than
SnS. Probably, annealing at higher temperatures causes the SnS phase transformation to
SnS2 [17].

X-ray photoelectron spectroscopy.
To investigate the oxidation state, chemical composition, and constituent elements

of the formed films at various post-annealing temperatures, XPS measurements were
conducted. The films were found to consist of a few phases: SnS, SnS2, and Sn2S3, as
determined by XRD and supported by Raman analyses. Figure 3 shows the high-resolution
XPS spectra of the Sn 3d, S 2p, and O 1s peaks of thermally treated films at 200–400 ◦C. The
high-resolution spectra of Sn 3d for the two phases obtained are shown in Figure 3. The
formation of tin sulfide SnS is confirmed by the component with the binding energy of
485.6−486.1 eV, while the reference value for tin disulfide SnS2 is higher than 486.8 eV [6,18].
According to the XPS database [19], the indication of Sn2+ ions marks the peak at a binding
energy of 486.8 eV. Additionally, the peak observed at 486.4 eV corresponds to Sn2+,
aligning with the formation of SnS. An Eb of approximately 486.1 eV is characteristic of
tin bonded with sulfur in SnS [20–22]. Here, the deconvolution of the Sn 3d peak showed
binding energies of 485.8 and 486.4 eV, corresponding to SnS and SnS2, respectively [23].
The location of the tin peak depends on the annealing temperature; a lower temperature
indicates the formation of Sn2+. A light shift to higher energies is due to the increase in the
oxidation state of tin to Sn4+ with increasing annealing temperature. For the comparison
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of the binding energies of the films, it should be mentioned that the binding energy
corresponding to the Sn4+ state appeared after thermal treatment at 300 ◦C, while the Sn2+

state Eb appeared with annealing at 200 ◦C [24]. Properly, the phase conversion from SnS
to SnS2 occurs with an increase in the annealing temperature, and the mixture of SnS2 and
SnS appears with annealing at 300 ◦C, forming the binding energies between Sn4+ and
Sn2+ states.
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Figure 3. High-resolution XPS spectra of tin, sulfur, and oxygen of samples annealed at 200 ◦C
(samples 01 and 06), 300 ◦C (samples 03 and 08), and 400 ◦C (samples 05 and 10).

Taking into account the XPS spectra of sulfur, the thin film thermally treated at 200 ◦C
has two peaks at 162.4 and 161.6 eV, showing the formation of both tin sulfides (SnS and
SnS2). Thermally treated film at 300 ◦C demonstrates a light chemical shift when SnS2 was
formed. Annealing at 400 ◦C gave significant results due to the appearance of the S-O
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junction at 168.2 eV. Ascorbic acid will probably dissociate, and its fragments will react
with sulfur. In addition, two peaks at 161.6 and 162.8 eV were observed, indicating the
formation of SnS2.

The oxygen spectra consist of one very weak peak, corresponding to the Sn-O bond or
the C-O bond, which could be due to the small amount of oxygen and carbon impurities in
the deposited thin films [17,25].

Furthermore, the X-ray diffraction analysis did not reveal any signal of sulfate for-
mation, but only low-intensity peaks of secondary phases, such as SnS2 and Sn2S3. In
addition, for SnS in the films annealed at different temperatures, XPS analysis established
the presence of sulfate and secondary phases. An explanation for the absence of these
phases might be due to the growth of the amorphous phase [26–29]. Although a possible
reason is for the diffraction cards, the peak intensity of sulfate and SnS2 could be shorter
than that of SnS, and their position is closer to the SnS peaks. Therefore, they could overlap
each other, and no peaks could be detected against the SnS peaks. Furthermore, there
is a possibility that such compounds, as well as sulfate and SnS2, could appear only in
small amounts and could be detected only by XPS analysis due to their higher sensitivity
compared to XRD [23].

Scanning electron microscopy
The morphology of the annealed SnS thin film has been studied using SEM. Tin sulfide

crystals grow, form thin films, and adhere to the substrate by van der Waals forces. Tin
sulfide particles are formed and adhere to the substrate as agglomerates [23]. SEM images
of thin films with a magnification of 100k in Figure 4 show densely packed grains. These
images show spherical SnS nanoparticles, some of which are connected to each other to
form short chains. SEM analysis clearly demonstrates that annealing has a significant effect
on grain size and surface roughness. SEM images in our previous report [1] show the
presence of very irregular shapes and forms of tin sulfide that have fewer deep valleys.
It is clear that tin sulfide is formed in irregular shapes and forms. At lower annealing
temperatures (samples 1 and 6), the particles combined into larger agglomerates than
those annealed at high temperatures (samples 5 and 10). Moreover, with an increase in the
annealing temperature, the fragmentation of agglomerates also increases. Furthermore,
particles are formed more densely, and the surface does not look so deep. Annealing of the
films improved their morphology and compactness [30].

The film thickness depends on the quantity of ascorbic acid and the annealing temper-
ature. It should be noted that the annealing temperature clearly affects the thickness of the
films. The film thickness values are provided in Table 3.

Table 3. Thickness of annealed tin sulfide films.

Sample Number
Sample Thickness

The Area of Sample Thickness, nm The Average Size of Sample Thickness, nm

1 35–590 240

2 30–670 235

3 20–460 230

4 30–470 160

5 90 90

6 50–1900 430

7 40–910 340

8 30–590 250

9 20–450 210

10 100 100
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From the data presented in Table 3, it is evident that the films exhibit roughness,
displaying a significant variability in thickness within the same sample. Visual examination
with an interferometer confirms that the obtained tin sulfides are uneven, featuring higher
elevations and irregularities. It is noteworthy that as the annealing temperature increases,
the films become smoother and thinner. The film thickness decreases with higher annealing
temperatures, ranging from 240 to 90 nm for samples prepared with 0.8 g of L-ascorbic
acid, and 430 to 100 nm for samples prepared with 1.0 g of L-ascorbic acid. Notably, an
annealing temperature of 400 ◦C yields consistent thickness values, indicating smooth films.
When comparing films annealed at the same temperature, but with different quantities of
L-ascorbic acid (0.8 g vs. 1.0 g), an increase in film thickness is observed, highlighting the
impact of the precursor quantity. Temperatures exceeding 120 ◦C result in L-ascorbic acid
degradation [30], indicating the initiation of its destruction within the tin complex [31]. This
significant reduction in thickness with increasing annealing temperature is likely associated
with the degradation of L-ascorbic acid. The structure becomes more compact, possibly
due to intercalated ions or the removal of ascorbic acid fragments.
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Bandgap. The optical properties of the thermally treated thin films were analyzed
using UV–Vis analysis. The bandgap is a crucial parameter for semiconducting materials,
defining their fundamental properties. Typically, semiconductors possess either a direct
or indirect bandgap, each with distinct applications. Materials with a direct bandgap find
utility in optoelectronic devices such as light-emitting diodes (LEDs) and laser diodes
due to their efficient light emission characteristics. Conversely, materials with an indirect
bandgap are commonly employed in solar cells and batteries, leveraging their properties
for energy conversion and storage applications. [31]. The measurement and analysis of
bandgaps are crucial for both fundamental research and practical applications.

The value of the bandgap could affect the annealing temperature. With an increase
in the annealing temperature, the bandgap value decreases [32]. Moreover, increasing the
quantity of L-ascorbic acid decreases the value of the bandgap.

Figure 5 shows the curves of (αhϑ)1/2 as a function of photon energy for samples
treated at different post-annealing temperatures. The bandgap values are provided in the
legend. Theoretically, tin(II) sulfide has band gap values of 1.3 eV [24], 1.3–1.6 eV [33],
1.35 eV [30], 1.2 eV [34], and 1.1 eV [35]. As mentioned in a previous report [1], the
bandgap could affect the substrate mirroring and the secondary phase, which is detected
in some samples. SnO2 typically exhibits relatively high bandgap values ranging from
3.2 to 3.72 eV [36,37], 3.6 eV [38], and 3.7 eV [39], but the bandgap values observed for
these samples are notably lower. This suggests that tin sulfide is densely packed on the
substrate without substrate mirroring. Additionally, the formation of Sn2S3 could influence
the bandgap value, as it has been reported to have a bandgap ranging from 1.09 eV [3],
1 eV [40], 1.46–1.64 eV [41], 1.25 eV (indirect) and 1.75 eV (direct, forbidden) [42]. These
values closely resemble the bandgap values of SnS.
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Furthermore, SnS2, which is in Sn2S3, has the possibility to change the value of
bandgap. Contrary to other tin sulfides, this one has only indirect transition and the highest
value of 2.24 eV [3], 2.4 eV [43], 2.18–2.44 eV [44], and 2.55 eV [45]. As it could be seen, SnS2
could increase the bandgap value of the samples. Our results showed that the obtained tin
sulfide bandgap values are very close to the tin(II) sulfide values. It can be seen in Figure 5
that in this study, there are two factors that affect the bandgap value. Firstly, the quantity
of L-ascorbic acid reduces the bandgap, and secondly, this value decreases with an increase
in the annealing temperature.

Electrochemical measurements. The shapes of both the CV (Figure 6) and GCD
(Figure 7) curves exhibit a dual charge storing mechanism. A triangle-shaped GCD with
rectangular CV is usually attributed to electric double-layer capacitors (ECDLs). Meanwhile,
Figure 6 shows a tendency to store charge due to Faradaic (redox) reactions, which are more
characteristic of pseudocapacitors (PC) [46]. However, no significant anodic or cathodic
peak is detected that is so common to PC, and only an even increase in current densities is
noticed. According to the results of XRD, Raman mapping, and XPS, the thin films present
a multiphase structure with Sn(II) dominating at lower temperatures and Sn(IV) at 300 ◦C
and higher. Tin sulfide thermally treated at 300 ◦C and 350 ◦C should be the most active
with respect to its current response to the applied potential (Figure S1). This result might
be associated with the variety of oxidation states that originate from tin, which has +2 and
+4 in these films. The variety of oxidation states is usually a significant factor that affects
the performance of pseudocapacitors. However, the phase structure is not necessarily the
determining factor for differences in the activities of the films. SnS has a layered structure
that is favorable for ion intercalation and therefore demonstrates enhanced capacitive
properties [47]. With increasing temperature, the thickness of the films decrease. This is
probably because intercalated ions or fragments of ascorbic acid are removed, and the
structure becomes more compact. Furthermore, the crystallites can be located more closely
with a surface, turning to a smoother one. Optimized porosity is known to facilitate the
accessibility of electrolyte ions and increase the active surface area. However, compact films
may help overcome unwanted side processes that occur in pores, such as slow diffusion [48].
The results of the CV and GCD techniques suggest that optimal morphology is achieved
when the films are annealed at around 300 ◦C. A summary comparison of the basic energetic
parameters of all coatings is given in Table 4. The variation in the quantitative values of
the specific capacitance (SC) generally agrees with the regularities of the CV and GCD
curves. An increase in temperature results in improved capacitive behavior, but only until
300 ◦C is reached. Later, with further annealing, the parameters start to worsen. This may
indicate a lower capacity for SnS2 charge accumulation since tin has the highest oxidation
state and does not tend to participate in redox reactions. When considering the impact of
ascorbic acid, a higher quantity appears to have a positive effect. Presumably, this can be
associated with a higher probability of intercalation of ions and organic fragments between
the layers during SILAR synthesis. This assumption is also supported by the increase in
film thickness when 1.0 g of ascorbic acid is used. When the capacitive behavior of the
annealed and prepared films is compared, which has been previously discussed [1], a
clear advantage of the annealed films can be seen. The values of the 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 more
amorphic structure and the presence of Sn2S3, which transforms into SnS and SnS2 during
the heat treatment. Another benefit of thermal treatment worth mentioning is the widening
of the potential window. When it changes from 2 V to 3 V, it marks an improvement in the
important characteristic of a capacitor in an aqueous electrolyte.
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Table 4. Cont.

Sample Number Temperature (◦C) SC (F g−1) SE (Wh kg−1) SP (W kg−1)

6 200 1.02 1.84 1800

7 250 1.11 2.00 1798

8 300 39.00 50.06 1521

9 350 12.67 22.17 1773

10 400 4.44 8.90 1899

4. Conclusions

This study investigated the impact of annealing temperature on the structural, optical,
and electrochemical properties of tin sulfide films. XRD analysis revealed the formation of
mixed sulfide phases, indicating the presence of tin in both the +2 and +4 oxidation states.
Raman and XPS analyses confirmed that SnS was predominantly formed at annealing
temperatures of 250 ◦C and below. At 300 ◦C, the proportions of SnS and SnS2 were
approximately equal, whereas higher annealing temperatures favored the formation of
pure SnS2.

The highest energetic parameters were observed at an annealing temperature of 300 ◦C.
However, as the annealing temperature increased beyond this point, the energetic values
declined.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings14101284/s1, Figure S1: CV curves of the tin sulfide
coatings synthesized with 0.8 g of ascorbic acid (a) or 1.0 g (b) and annealed at different temperatures.
Supporting electrolyte—0.1 M NaCl.
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