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The exploration of novel methods for depositing MnS thin films is crucial due to their huge potential for
optoelectronic, energy storage, and other advanced technological applications. This study proposes a
novel solution-processing approach for the Mn-S-based nanostructured thin film fabrication using
dissolved elemental Mn and S in propylamine-based solvents. The Mn/S ratio in the solution dictates the
resulting film morphology, chemical composition, and molecular structure. Utilizing a 1/1 Mn/S ratio in
propylamine and propylamine—methanol mixture solutions yielded nanoporous network structures
formed mainly from Mn?* sulfides and hydroxides. Conversely, using 1/5 Mn/S ratio solutions under the
same solvent conditions resulted in ~85 nm spherical nanoparticle films made from Mn?*/Mn** sulfides

Received 21st May 2025,
Accepted 17th September 2025

and hydroxides, polysulfides, and organic residues. Utilizing a propylamine—acetonitrile mixture, regardless
of the Mn/S ratio, led to films formed from spherical/oval nanoparticles (~126-136 nm). All nanoparticle-
based films annealed at 300 °C exhibited photocatalytic activity, as evidenced by the methylene blue
degradation under UV light illumination. Sulfur-rich films demonstrated the highest photocatalytic
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rsc.li/materials-advances efficiency, indicating a promising route for tailored Mn-S photocatalysts.
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Introduction

Research on manganese sulfide-based materials as p-type wide
bandgap (E, ~ 2.8-3.2 eV (ref. 1)) diluted magnetic semiconduc-
tors is currently receiving a lot of scientific attention as they are
promising candidates for photocatalysis applications.>® The
specific application depends on the crystal modification and
the material form. MnS exists in three crystalline polymorphs:
stable cubic rock salt-like a-MnS modification, metastable cubic
zine blende-like structure -MnS, and metastable hexagonal
wurtzite structure y-MnS.* While the metastable polymorphs
can exhibit distinct electronic properties, the thermodynamic
stability of the o-MnS phase offers a crucial advantage for
developing robust and durable photocatalysts suitable for long-
term applications. A key scientific challenge, therefore, lies in
developing synthesis routes that allow for precise control over the
morphology of the stable «-MnS phase-based materials.”” The
development of high surface area structures, such as the nano-
porous networks examined in this study, is imperative for max-
imizing the number of catalytically active sites and enhancing

Center of Materials and Nanotechnologies, Faculty of Chemical Technology,
University of Pardubice, Studentska 95, Pardubice, 532 10, Czech Republic.
E-mail: jiri,jancalek@upce.cz

© 2025 The Author(s). Published by the Royal Society of Chemistry

light-harvesting efficiency, which are crucial for superior photo-
catalytic performance.

Manganese sulfide thin films have already been synthesized
and grown using various techniques, including both vapor phase
deposition techniques, such as vacuum thermal evaporation,®°
sputtering,'®™* or chemical vapor deposition,*™*> and solution-
based techniques employing primarily chemical bath deposition'®™®
or SILAR."* Although vapor phase deposition provides high
quality thin films with high reproducibility, research on Mn-S-
based thin film deposition has primarily focused on the
solution-based deposition approach in recent years. In this
way, the Mn/S stoichiometry can be excellently controlled along
with large variations in the morphology and crystal structure
depending on the solution composition and deposition or post-
deposition conditions.”>>* In general, the solution approach to
Mn-S and other chalcogenide materials uses precursors based
on Mn*" salts (e.g. Mn(Ac),">**** MnS0,,"”?**” MnCl,**! or
MnNO;>°*?) and $>~ precursors, either again in the form of salts
(e.g. Na,$'”?® and Na,$,0;'7) or as organic compounds
(thiourea,***¢ thioacetamide,®” and 1-dodecanethiol*®) and
elemental sulfur***° in an aqueous or alcoholic solvent. The use
of aqueous media often leads to the unintentional incorporation
of oxygen, resulting in the formation of oxides/hydroxides within
the film. Furthermore, the resulting morphologies are generally
limited to particulate films, which coalesce into granular or
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cauliflower-like structures. Achieving highly ordered, non-
particulate architectures through these methods remains a
significant challenge.

In this work, we demonstrate the preparation of Mn-S-based
solution-processed nanostructured films from high-purity ele-
ments using an anhydrous environment. We confirmed the
assumptions of J.W. Thompson et al.,** describing the possi-
bility of dissolving a pure metal at room temperature in the
environment of alkylammonium polysulfide salts, formed as a
dissolution product of the elemental sulfur in aliphatic
4243 The most significant advantage of our approach,
however, lies in the unprecedented morphological control it
affords. While previous studies using this chemistry focused on
powder synthesis,****> we have adapted it for the direct deposi-
tion of thin films, demonstrating the formation of a unique,
self-assembled nanoporous network structure, a morphology
not reported in the aforementioned salt-based studies. We
prepared compositionally and morphologically distinct nanos-
tructured films, ranging from nanoporous networks to spheri-
cal nanoparticles, by systematically varying the initial Mn/S
ratio, concentration, and solvent composition. We provide
detailed protocols on how the morphology, composition, and
molecular structure of such prepared films can be controlled.
Finally, we discuss the role of the above-described parameters
in the photocatalytic activity of the deposited nanostructured
MnS-based films.

amines.

Experimental
Chemicals

Manganese (4N) was purchased from HiChem Spol. Native
surface oxides were dissolved in diluted nitric acid (p.a., 68%,
Lach:Ner, diluted by demineralized water to ~15% HNO;). The
purified manganese was rinsed with demineralized water and
isopropyl alcohol. To further reduce the oxygen content, the
acid-treated manganese was placed into a quartz ampoule,
which was subsequently evacuated (10~ Pa) and annealed at
a temperature of 600 °C for 1 hour. All other operations with the
purified manganese were carried out in an inert atmosphere of
a nitrogen-filled glovebox LabMaster Pro_MB200 (MBraun).
Despite the applied procedure, it was not possible to completely
remove all residual oxygen from the material (see Table S1).
Sulfur (99.999%, AlfaAesar), n-propylamine (99.5%, Sigma
Aldrich), methanol (p.a., 99.5%, Lach:Ner), acetonitrile (for
HPLC, >99.9%, Honeywell) and Methylene blue (certificated
by the Biological Stain Commission, Sigma Aldrich) were used
as received.

Mn-S solutions and thin film preparation

The purified manganese was crushed, and its corresponding
amount was weighted into vials together with elemental sulfur.
The Mn/S molar ratio was varied from 1/1 up to 1/5 while the final
molar manganese concentration in solution was 0.3 M, 0.5 M, and
1 M. The powders were co-dissolved in three different solvents:
pure n-propylamine (PA), a mixture of 90 vol% n-propylamine with
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10 vol% methanol (PA-MeOH) and a mixture of 90 vol% n-
propylamine with 10 vol% of acetonitrile (PA-AN). The selection
of cosolvents was based on criteria including higher polarity of
MeOH and AN (dielectric constants e: 5.1 for PA,*® 32.7 for MeOH*”
and 35.1 for AN"®), the capacity of MeOH to form hydrogen bonds,
and the aprotic nature of AN and its capacity to form coordination
bonds. To prevent unwanted oxidation or solution hydrolysis, the
entire dissolution process was carried out inside a nitrogen-filled
glovebox for 7 days. Before the deposition, the unreacted manga-
nese portion, along with agglomerates of dissolution products
(Fig. S2A), were filtered through a syringe filter with a 0.22 mm
pore size. FTIR and EDS analysis of the filtered agglomerates
confirmed that they are composed of organic salts, manganese
sulfide® and manganese oxide, concretely Mn;0,* and the
results are presented in Fig. S2B and Table S2C.

Thin films were deposited from the filtered solution by
dynamic spin-coating (spin-coater Laurel WS-650Mz23NPPB) at
2000 rpm for 80 s in a nitrogen atmosphere onto the soda-lime,
fused silica and silicon substrates. Immediately after deposition,
thin films were annealed at 60 °C for 1 h to evaporate the
chemically non-bonded solvent. Subsequently, thin films were
annealed at 150 °C for 1 h in the nitrogen atmosphere of the
glovebox to decompose and remove the main content of the
chemically bound solvent in the dissolution products. The anneal-
ing at 300 °C was performed in a five-times flushed nitrogen (4.6N)
tube furnace to crystallize the prepared thin films.

Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

The scanning electron microscopy (SEM) scans and elemental
composition of the prepared thin films were obtained using a
scanning electron microscope LYRA 3 (Tescan) equipped with an
EDS analyzer AZtec X-Max 20 (Oxford Instruments). The samples
annealed at 60 and 150 °C were deposited on gold-coated (20 nm)
conductive soda-lime substrates, while the samples annealed at
300 °C were deposited on fused silica substrates and subse-
quently overcoated with a 20 nm carbon layer. To obtain compo-
sitional information by EDS analysis, thin films were scraped
from the substrate onto conductive carbon tape. The particle size
distribution was determined from the obtained SEM images in
Fiji software.

Atomic force microscopy (AFM)

Thin film morphology was also studied by atomic force micro-
scopy (AFM) in semi-contact mode using an NTEGRA (NT-MDT)
microscope equipped with NSG10 tips (AppNano). The struc-
ture’s heights were evaluated from obtained scans (2.5 x
2.5 um) using the corresponding z-axis histograms.

X-ray diffraction (XRD)

The crystalline nature of synthesized Mn-S-based materials was
probed by X-ray diffraction (XRD) using a Cu Ko (4 = 1.5406 A)
X-ray source and a diffractometer (Empyrean Malvern Panaly-
tical) operated in the glancing angle geometry under an inci-
dence angle of 0.5°.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Raman spectroscopy

The Raman spectra of pure solvents, MnS solutions, sulfur
solutions (1 M and 5 M concentrations), and elemental sulfur
as well as spin-coated films were obtained using a MultiRam
(Bruker) FT-Raman spectrometer utilizing a 1064 nm Nd:YAG
laser excitation beam (2 ecm™" resolution, averaging of 200 scans).
Raman spectra were normalized by the most intensive band in the
region of 100-500 cm™*. Due to the high luminescence levels, the
data from the film annealed at 150 and 300 °C could not be
provided.

Fourier transform infrared (FTIR) spectroscopy

The ATR-FTIR spectra of the studied samples were recorded in
the 4500-50 cm ™" region (resolution 4 cm ™", 100 scans) using a
Vertex 70v FTIR spectrometer (Bruker) equipped with a single-
bounce diamond ATR crystal. The samples were measured in
powder form by scraping the film from the substrate with a
razor blade. The resulting spectra were subsequently normal-
ized to the intensity of the most dominant band within each
individual spectrum.

X-ray photoelectron spectroscopy (XPS)

The surface chemical composition of MnS thin films was
evaluated by X-ray photoelectron spectroscopy at room tempera-
ture (XPS, ESCA 2SR, Scienta Omicron) using a monochromatic
Al Ko (1486.7 eV) X-ray source. The X-ray source was operated at
200 W. A charge neutralizer (CN 10) was used to control the
surface charge, operated at 5 mA and 1 eV. The binding energy
scale was referenced to adventitious carbon (284.8 eV). CasaXPS
software (Casa software Ltd) was used to analyze the data and the
quantitative analysis was performed using the elemental sensi-
tivity factors provided by the manufacturer.

Photocatalytic efficiency

The methylene blue (MB) photodegradation was performed to
determine photocatalytic efficiency of the prepared thin films
annealed at 300 °C. In the first step, the samples were immersed
in the MB solution in demineralized water (conductivity ~0.1
uS ecm ) with an initial concentration of 1 x 10~> mol L™" for
30 min to achieve absorption-desorption equilibrium. In the
following step, the MB solution with the sample was illuminated
by an LED array (365 nm, 10 W), and the photodegradation of
MB solution was examined in situ as a change of absorbance A at
a wavelength of 664 nm. For iz situ analysis, a fiber spectrometer
AvaSpec-3648 (AVANTES) and a halogen lamp SL1 (Stellarnet),
were used. When a low concentration of organic compound is
applied, photocatalysis can be considered a first-order
reaction.”® Therefore, MB photocatalytic degradation with an
initial concentration 1 x 107> mol L™" can be described as
linear dependence expressed by the following equation:>°
C

In— = —kt
IlC0 s

where C, is the MB solution concentration at the initial time, C
is the MB solution concentration at time ¢ and k is the rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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constant. According to the Lambert-Beer law, the concentration
can be expressed as

=
where A is the absorbance of the solution, [ is the optical path
and ¢ is the molar extinction coefficient. In the case where the
molar extinction coefficient and optical path are constant, it is
possible to substitute the A/A, ratio for the C/C, ratio and
otherwise. For this reason, photocatalysis efficiency is presented
here as the dependence of In(4/4,) on time.

Results and discussion

The morphology of the resulting films annealed at 300 °C
depends upon the employed Mn/S ratio, as well as the MeOH
or AN presence in the source amine solution (Fig. 1). In the case
of pure PA solvent and a stoichiometric Mn/S ratio (Mn/S = 1/1),
the formation of a porous network was discovered with pore
sizes in the tens of nanometers. It was further found that the
MeOH addition in the PA solvent partially disintegrates this
porous network, thereby increasing the pore size. In contrast,

Mn/S =

15

0.9 PA-0.1 MeOH

0.9PA-0.1AN

Fig. 1 Top-view SEM images of Mn-S-based films deposited from solu-
tions of various ratios of Mn/S (1/1 and 1/5) and various solvents (pure PA,
the mixture of 90% PA with 10% MeOH, and the mixture of 90% PA with
10% AN) after annealing at 300 °C.

Mater. Adv., 2025, 6, 7599-7608 | 7601
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adjusting the Mn/S ratio to favor sulfur overstoichiometry
results in spherical nanoparticles with a diameter of 85 +
9 nm from pure PA or 84 &+ 9 nm from the PA-MeOH solvent.

On the other hand, the films deposited from PA-AN solu-
tions consist of larger nanoparticles with an equivalent dia-
meter of 135 + 11 nm from 1/1 Mn/S ratio PA-AN solution or
126 £ 20 nm from 1/5 Mn/S ratio PA-AN solution. The diver-
gent morphologies of the PA-AN films are likely connected to
the formation of Mn** acetonitrile complexes.>*

We assume that the nanoporous network formation is
probably thermodynamically disadvantageous and is associated
with the incomplete reaction in the source solution. Our hypoth-
esis is supported by the dissolution time dependence of the
morphology transition for the thin films with sulfur overstoichio-
metry in the Mn/S ratio = 1/2.5, as presented in the SI (see
Fig. S3). This phenomenon can also be observed directly through
the gradual shift of the polysulfide bands in the Raman spectrum
(see Fig. S4-S9). As the dissolution time increases, a shift in the
polysulfide bands becomes evident, particularly towards S;*~
(bands at 444 and 184 cm ' (ref. 52)) and S, (234 and
503 cm™ (ref. 53 and 54)) polysulfides. Subsequent to the reaction
with Mn, a shift in band positions are observed after approximately
72 hours, which can be attributed to the formation of MnS,
complexes. Furthermore, Raman spectral analysis indicates that
the presence of methanol accelerates the decomposition of poly-
sulfides, particularly at S;>~, which is likely attributable to an
increased ionic character resulting from the higher polarity of
methanol. The decomposition of polysulfides is then reflected in
the observed changes in the morphology, i.e. disintegration and
enlargement of the rings of the porous networks.

In a similar way, we can control the nanostructured nature
of Mn-S-based thin films by the concentration of the prepared
solution, which is documented by a series of SEM images taken
on samples with an intermediate Mn/S ratio = 1/2.5 deposited
from pure PA (see Fig. S10). Shallow porous network structures
are formed at a concentration of ¢ = 0.3 M. Further increasing
the concentration to 0.5 M results in the formation of spherical
nanoparticles, while the highest concentration of 1 M trans-
forms the film into a semi-continuous structure with pro-
nounced roughness and non-spherical nanoparticles.

The topography of porous network structures obtained from
pure PA and PA-MeOH solutions at a ratio of Mn/S = 1/1 was
studied by AFM (Fig. 2). We found that the network porosity
size significantly depends on the used solution. Specifically, the
pure PA solution generates meshes with smaller openings and
higher density in comparison with those obtained from the PA-
MeOH mixture. On the other hand, the height of the mesh wall
has the opposite trend with values of 39.0 + 13.3 nm and 59.1 +
17.1 nm from pure PA and PA-MeOH solution, respectively.

A nanoporous network is formed by the self-assembly of the
material during the post-deposition stabilization process at
60 °C (Fig. 3). Annealing at higher temperatures (150 and
300 °C) induces the evaporation of a part of the chemically
bound solvent in polysulfide ammonium salts, which has a
significant effect on increased porosity. On top of that, cracking
of the nanoporous network occurs simultaneously in samples
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Fig. 2 The representative AFM scans of the Mn—S-based porous network
of films annealed at 300 °C deposited from pure PA (A) and PA-MeOH (B)
solutions (Mn/S = 1/1; 1 M).

T60-T300-1/1

Pure PA

0.9 PA—-0.1 MeOH

0.9PA-0.1AN

Fig. 3 Top-view SEM images of Mn-S-based thin films deposited from
PA, PA-MeOH and PA-AN solutions of the 1/1 Mn/S ratio depending on
annealing temperature.

deposited from PA-MeOH solution, probably due to the leakage
of residual organic vapors from the volume of the structures.
In contrast, the annealed Mn-S-based thin films deposited
from the PA-AN solutions and sulfur-rich PA and PA-MeOH
solutions result in a structure consisting of spherical nanoparticles
(Fig. 3 and 4). The SEM image of sulfur-rich Mn-S deposited from
PA-MeOH solution and stabilized at 60 °C revealed that part of the
Mn-S in the film’s volume is converted into irregular and differ-
ently sized nanoparticles. However, annealing at higher tempera-
tures seems to be necessary for the spherical nanoparticle
formation. It is evident from Fig. 4 that the sizes of Mn-S-based
nanoparticles prepared from different solutions are not the same.
At first glance, the nanoparticles synthesized from the PA-AN

© 2025 The Author(s). Published by the Royal Society of Chemistry
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T=60°C

Pure PA

500 nm

0.9 PA - 0.1 MeOH

500 hm

0.9PA-0.1 AN

T60-T300 —1/1

Fig. 4 Top-view SEM images of Mn-S-based thin films deposited from
PA, PA-MeOH and PA-AN solution of the 1/5 Mn/S ratio depending on
annealing temperature.

solutions are significantly larger compared to those synthesized
from sulfur-rich PA and PA-MeOH solutions. Particle size distribu-
tions for films annealed at 300 °C are shown in Fig. S11.
Regardless of the Mn/S ratio or the employed solvent, the
annealed films at 300 °C crystalize in the cubic o-MnS phase
(JCPDS 03-065-0891)* with the preferential growth along (200)
and (220) reflection planes at 20 = 34.4 and 49.3°, respectively
(see Fig. S12). However, the development of the crystalline
phase depends on the Mn/S ratio reflecting the initial nanos-
tructure. Fig. 5 (Left) shows that the o-MnS phase was observed
in nanoporous networks (Mn/S = 1/1) only after annealing at
300 °C. Below this temperature, XRD patterns are featureless,
indicating that the long-range order is missing. On the other
hand, the XRD pattern of Mn-S-based films prepared from the
PA solution with sulfur excess (Mn/S = 1/5) and stabilized at
60 °C exhibits a narrow and intense characteristic Bragg reflec-
tion along (002) peak at 28.5°, which could be indexed to the y-
MnS phase (JCPDS card No. 00-003-1065)"* (see Fig. 5 Right).
The thermodynamically unstable y-MnS is transformed into
stable o-MnS at 150 °C, which is in good agreement with previous
studies.****” The intensities of the Bragg reflections corres-
ponding to o-MnS become more pronounced when the annealing
temperature is further increased to 300 °C. The average crystallite
size (D) was calculated using the Scherrer equation (the dimen-
sionless shape factor K was selected as 0.94, based on the cubic
lattice of o-MnS and the nearly spherical shape of the nano-
particles observed at SEM). Microstrain and dislocation density
were calculated according to equations described in ref. 58 and
59. Calculated parameters are present in Table S12b. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PA; Mn/S = 1/1 PA; Mn/S = 1/5

Intensity (A.U.)
(200)
“(200)

(220)

> )

300°C

" 300°C
Mt

150°C
150°C —

60°C 60°C

5‘5 20 25 3’0 3‘5 4‘0 45 5‘0 5‘5
26 (deg)

20 25 30 35 40 45 50
20 (deg)

Fig. 5 XRD patterns of Mn—S-based thin films deposited from PA Mn/S =

1/1 solution (left) and PA Mn/S = 1/5 solution (right) annealed at 60, 150 and

300 °C.

determined crystallite sizes clearly indicate that the prepared
nanostructures are formed by agglomerates of the formed small
crystallites (D = 4 — 7 nm).

The elemental composition of the thin films was studied
using EDS analysis (Table 1). The results of the analysis show
not only the expected presence of manganese and sulfur but
also the oxygen together with carbon and nitrogen as traces of
solvent residuals. Moreover, the oxygen, nitrogen, and carbon
signals were present even after annealing at 300 °C. The oxygen
signal found in deposited thin films from PA or PA-AN (ie.
MeOH-free) solvents indicates that the primary source of oxy-
gen is manganese oxide, which could not be fully removed
through purification of the initial manganese metal (see Table
S1). A secondary potential source of oxygen is surface oxidation
during transport to the SEM chamber through the ambient air.

As demonstrated in Table 1, the chemical composition of
thin films depends on the Mn/S ratio in the source solution.
Thin films deposited from solutions with a 1/1 Mn/S ratio
exhibit a sulfur overstoichiometry after postdeposition stabili-
zation at 60 °C, which, depending on the annealing tempera-
ture (150 or 300 °C), shifts into Mn overstoichiometry. In the
case of thin films prepared from solutions with sulfur over-
stoichiometry (Mn/S = 1/5), a high sulfur overstoichiometry
remains even after annealing at 300 °C.

The thin films with nanoporous networks exhibit a rapid
decrease in the nitrogen content with increasing annealing
temperature. This decrease is closely connected to the release
of sulfur and could be attributed to the decomposition and
evaporation of alkylammonium polysulfide-based residues in
the form of decomposition products such as H,S, NHj3, etc.®® On
the other hand, the oxygen and carbon contents in thin films
remain nearly unchanged.

The results of the EDS analysis provide information regarding
the entire volume of the prepared thin films. For the eventual use
of such prepared nanostructures in catalytic applications, the
composition and the chemical state of the top surface itself are

Mater. Adv,, 2025, 6, 7599-7608 | 7603
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Table1l EDS compositional analysis of prepared nanostructured Mn—S-based films. The error in determination and variation of values depending on the

measured spot corresponds to approximately 1 at%

Atomic concentration (at%)

Mn/S ratio Annealing Mn/S ratio
Solvent (solution) temperature (°C) Mn S (o) N C (from EDS)
PA 11 60 12.6 17.7 21.0 6.5 42.2 0.71
150 17.0 16.2 25.8 4.2 36.8 1.05
300 25.8 9.6 24.2 0.9 39.5 2.69
1/5 60 2.1 23.8 6.8 6.9 60.5 0.09
150 6.8 14.2 5.8 10.2 63.1 0.48
300 12.4 22.1 5.7 8.5 51.3 0.56
PA-MeOH 11 60 12.6 15.4 17.5 7.0 47.5 0.82
150 15.6 17.7 20.4 4.8 41.6 0.88
300 18.9 13 22.5 0.6 45.0 1.45
1/5 60 2.4 17 7.5 8.6 64.6 0.14
150 7.4 13.8 5.5 10.1 63.1 0.54
300 11.0 18.7 5.5 9.2 55.6 0.59
PA-AN 1/1 60 10.5 17.5 17.4 6.9 47.6 0.60
150 16.5 17.0 26.1 4.5 35.9 0.97
300 12.5 10.2 22.1 1.2 54.0 1.23
1/5 60 2.5 13.5 7.9 11.3 64.8 0.19
150 5.1 13.0 5.8 9.9 66.2 0.39
300 8.2 16.6 7.0 9.1 59.2 0.49
crucial information. Significant insight into this issue was gained PA, Mn/s = 1/1 PA, Mn/S =1/5
by XPS measurements of the annealed films at 300 °C (see Table 2 —WtPame e MN2p| RN Mn 2p
——Mn(IV)-S  (640.39, 652.09 oV) | [—Mn(IV)S  (640.16, 651.86 oV)

and Fig. 6, and Fig. S13-518).

The XPS results revealed that the surface of thin films with
porous networks (see Fig. 6 and Fig. S13 and S14) is mainly
formed from a mixture of manganese sulfides and hydroxides
with a dominant Mn*"* oxidation form as well as a less common
Mn*" oxidation form. A minor excess of sulfur is present in the
form of S,>~ and S,,>~ polysulfides, while its majority is bonded
in sulfide S~ form. Due to the porous film’s structure, most of
the measured oxygen signal originates from Si-O bonds from
the silicon substrate. However, oxygen is also bound to Mn in
the form of hydroxides and to carbon originating from alky-
lammonium salt residues. Nitrogen and carbon are present in
the thin film as alkylammonium salt residues. However, it is
important to note that neither carbon nor nitrogen is directly
chemically bound to sulfur or manganese.

The surface of the 1/5 Mn/S ratio nanoparticle-based films
from PA (Fig. 6 and Fig. S16) and PA-MeOH (Fig. S17) solutions is
again formed from the mixture of Mn** and Mn** sulfides and
hydroxides. However, the content of sulfur and residual dissolu-
tion products is significantly higher. The significant excess of
sulfur, as also evidenced by EDS analysis, is reflected in the thin
films by the dominant presence of sulfur in the form of S,>~ and
S,.>~ polysulfides. Moreover, the distinctive thiol -SH component

Table 2 XPS surface elemental
Mn-S-based films annealed at 300 °C

composition of nanostructured

Atomic concentration (at%)

Mn/S ratio Mn/S ratio
Solvent (solution) Mn S O N C Si  (from XPS)
PA 1/1 11.8 14.0 269 3.4 24.0 19.9 0.84

1/5 4.8 13.0 10.2 11.0 53.6 7.3 0.37
PA-MeOH 1/1 7.2 88 360 2.5 185 27.0 0.82

1/5 5.2 12.7 11.0 109 53.1 7.1 0.41
PA-AN 1/1 12.4 13.4 22.8 3.7 31.1 16.6 0.93

1/5 6.3 155 5.1 12.6 581 2.4 0.41
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——Mn(Il)-OH (640.98, 652.68 eV)
——Mn(IV)-OH (642.40, 654.10 oV)
——Mn 2p_, and 2p, , sat. (644.51, 657.51 oV),

——Mn(ll}-OH  (641.14, 652.84 oV)
f——Mn(IV)-OH (642.53, 654.23 eV)
f——Mn2p,and 2p,, sat. 644.82,657.33¢V) |

Intensity (a.u.)

Intensity (a.u.)

665 660 655 650 645 640 665 660 655 650 645 640
—— MnS PA, M/S=1/5
S2p| | T $*  (161.05,162.21 0V)
——(S,)" (161.75,162.91 ¢V)
——(S,)" (162.61,163.77 cV)
——-SH, S (163.72,164.88 oV)

——MnS PA, M/S = 1/1
——S* (16069, 161.85 oV)
—(S)" (161.49, 162.65 cV)
——(8)" (162.25,163.41 ¢V)

Intensity (a.u.)
Intensity (a.u.)

A

168 166 164 162 160 158 168 166 164 162 160 158
O1s|

——MnS PA, Mn/S = 1/5
——Mn-OH (53115 eV)
—Si0 (53264 ¢V)

——MnS PA, MnJS = 1/1
——Mn-OH (530.89 eV)
——Si0 (53238 0V)

Intensity (a.u.)
Intensity (a.u.)

e

536 534 532 530 528 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

Fig. 6 Mn 2p, S 2p and O 1s peak fitted high-resolution XPS spectra of
Mn-S-based films deposited from PA Mn/S = 1/1 and Mn/S = 1/5 solutions
annealed at 300 °C.

was identified as well, contributing to the number of identified
sulfur species. It should be noted that no -SH bonds were
observed in the case of porous network nanostructures. Similar
to the EDS analysis, the content of oxygen in nanoparticle-based
thin films is significantly lower in comparison with the network
structures, which can be attributed to the passivation of the film
surface by polysulfides. The presence of polysulfides probably
hinders the reaction of oxygen with manganese sulfur species.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Raman spectra of Mn-S-based solution as well as used solvents
and sulfur (left); Raman spectra of sulfur powder and Mn-S-based films
annealed at 60 °C (right).

Nevertheless, the overall residual content of alkylammonium
salts, represented by both carbon and nitrogen contents, is
significantly higher in comparison with the porous network
structures, probably due to the formation of an impermeable
layer of polysulfides on the surface.

Despite their different morphology, XPS spectra of thin films
from both PA-AN Mn/S = 1/1 and Mn/S = 1/5 solutions (Fig. S15
and S18) do not differ significantly from those of their analo-
gues from PA or PA-MeOH.

The Raman and FTIR spectra, shown in Fig. 7 and Fig. 8,
were obtained to provide complementary structural information
to surface XPS analysis. Due to the high luminescence in Raman
spectroscopy, the annealed film at 150 °C does not provide any
structural information about the sample. Due to the very low
thickness and good adhesion to the substrate, the thin films
annealed at 300 °C could not be prepared in sufficient quantity
in powder form for Raman and FTIR analyses, and therefore,
they are not presented here.

T=60°C T=150°C

IO N e
Mn/S = 1/5
fﬂ\f'\f\_ J\w M M -
Mn/S =1/5
_/\/\’\f'\L N\ NS N e
/\/V\L f}kx\_/—’\/\f’\l\\ f\/\/‘/\'m_mew
Mn/S =1/1
/\fL _/\/\'\JNM _f)\'\_/-\_ -
Mn/S =111

3500 3250 3000 2750 600 400 200 3500 3250 3000 2750 600 400 200
v(cm™)

Ayre (AU

v (cm™)

Fig. 8 FTIR spectra of deposited Mn—S-based thin films annealed at 60 °C
(left) and 150 °C (right).
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The Raman spectra of the solutions (Fig. 7, left) clearly
indicate the presence of polysulfides (S;> and S,>”) regardless
of the Mn/S ratio. Sulfur-rich solutions (Mn/S = 1/5), compared to
stoichiometric solutions (Mn/S = 1/1), show polysulfide bands
more clearly and show more pronounced shifts of the bands
located at 130 and 184 cm ™' to higher values and of the band
located at 444 cm™" to lower values. This indicates the probable
binding of manganese to form complexes based on [MnS;]. An
increase in the intensity of the bands at 234 cm™" (S,>~ (ref. 54))
and 266 cm ™" (S¢>~ (ref. 61)), and a significant decrease in the
band at 402 cm " (Sg®  (ref. 54 and 61)) compared to sulfur
solutions indicate the continued shortening of polysulfide chains.
However, after the film deposition, unification occurs again, and
the resulting layers (Fig. 8, right) show identical rhombohedral
Sg bands (84, 153, 184, 220, 248, 437 and 474 cm™ *)**°! in the
Raman spectra, which correspond to the source powdered
sulfur. Other bands are not visible in the layers’ spectra, due
to the presence of weak luminescence masking the signal, as
well as the Sg sulfur bands’ superior cross-section compared to
any other species present.

The FTIR results of all other samples clearly confirm the
presence of both Mn-S bonds, represented by bands at 512 and
599 cm™',"%%% while the bands at 650 cm ™' show the presence
of Mn-OH vibrations.">®* The typical bands of manganese oxides
represented by MnO (270 and 550 cm ™' (ref. 5 and 64)), Mn;O,
(446, 499 and 501 cm ™" (ref. 49)), and MnO, or MnOOH (446, 488,
592 and 645 cm™ " (ref. 65 and 66)) were not detected by FTIR
analysis in all studied films. We, therefore, assume that all oxygen
atoms are associated with Mn>* and Mn*" hydroxides, which
corroborates the XPS analysis.

FTIR analysis also reveals that the porous network films (PA
Mn/S = 1/1 and PA-MeOH Mn/S = 1/1) exhibit significantly
more intense bands of -OH bonds (i.e., the broad band around
3400 cm ' (ref. 67) and the Mn-OH bands) regardless of
annealing temperature. In contrast, the nanoparticle-based
films exhibited more intense bands indicative of C-S, C-N,
and NH," vibrations,®®*”" attributable to a higher content of
alkylammonium polysulfide salt residues. The presence of
polysulfide bonds in thin films with sulfur overstoichiometry
is supported by bands at 181, 235 and 464 cm™ .**’? Their
disappearance, along with the decrease in the intensity of C-N
and NH," bands after annealing at 150 °C, is associated with
the decomposition of alkylammonium polysulfide salts. These
observations are in excellent agreement with the EDS analysis
results of the oxygen, sulfur and nitrogen contents.

To verify the photocatalytic efficiency of the prepared films
annealed at 300 °C, the photocatalytic degradation of methylene
blue (MB) was explored (see Fig. 9 and Fig. S19). As demonstrated
in Fig. 9, the photofading of the MB under the UV light (365 nm)
exposure, along with the low-intense halogen probe beam, is
negligible, which validates the applicability of the in situ experi-
ment. Measured kinetic dependences of the absorbance decrease
over time clearly show that Mn-S-based nanoparticle films
exhibit photocatalytic activity. In contrast, porous networks either
do not show photocatalytic activity or it is significantly lower than
that of nanoparticle films. We assume that the increased surface
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Fig. 9 First order kinetics plot of In(A/Ao) as a function of irradiation time
for photo-assisted degradation of methylene blue under UV light diode
exposure catalyzed using Mn—S-based films annealed at 300 °C.

Table 3 Comparison of photocatalytic rate constants for nanoparticle
Mn-S based films annealed at 300 °C

Sample K x 10~* [min~"]

4.84 £5 x 1072
15.6 + 7 x 1072
154 + 4 x 1072
12.4 + 3 x 1072

PA-AN, Mn/S = 1/1
PA, Mn/S = 1/5
PA-MeOH, Mn/S = 1/5
PA-AN, Mn/S = 1/5

area of the nanoparticle films, compared to the porous networks,
is the contributing factor to the higher activity. However, the
sulfur-rich films’ surface composition plays a crucial role in their
enhanced photocatalytic activity. The presence of mixed-valence
Mn*"/Mn*" states and various sulfur species, particularly polysul-
fides, likely provides efficient pathways for photogenerated charge
separation’*”® and facilitates the redox reactions involved in
methylene blue (MB) degradation. However, the influence of other
elements contained on the surface of nanoparticles cannot be
ignored, as evidenced by constantly lower kinetic rates for thin
films deposited from PA-AN solutions. We assume that the
photocatalytic efficiency of PA-AN is significantly reduced
because the photoactive surface can be blocked by carbon-based
organic residues. Our hypothesis arises from a higher carbon
content in both the surface and volume of Mn-S-based thin films
from PA-AN solutions in comparison to pure PA and PA-MeOH
inferred from the XPS and EDS analysis results. The kinetic rate
values for nanoparticle thin films are listed in Table 3.

Conclusions

In the present study, a novel approach for the solution proces-
sing of Mn-S-based thin films has been developed, which
employs elemental Mn and S dissolved in propylamine-based
solvents. The solutions with various Mn/S ratios exert a sub-
stantial influence on the morphology, chemical composition,
and molecular structure of the prepared thin films. The deposi-
tion of solutions based on pure propylamine or propylamine-
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methanol mixtures with Mn/S = 1/1 produces thin films with a
nanoporous network structure. This nanoporous network is
primarily composed of manganese sulfides and hydroxides with
a Mn>" oxidation state. Conversely, deposition employing solu-
tions derived from propylamine and a propylamine-methanol
mixture with Mn/S = 1/5 produces spherical nanoparticles with a
diameter of approx. 85 nm. These nanoparticles are formed by a
combination of manganese sulfides and hydroxides (both in
Mn** and Mn"* oxidation states), polysulfides, and residues of
dissolution products. In contrast, the deposition of a solution
formed by dissolving elemental manganese and sulfur in a
propylamine-acetonitrile mixture, regardless of the Mn/S ratio,
leads to the formation of larger spherical and oval nanoparticles
with equivalent diameters of 136 = 11 nm for Mn/S = 1/1 and
126 £ 20 nm for Mn/S = 1/5 with chemical compositions close to
their PA and PA-MeOH analogues, respectively. All nanoparticle
films annealed at 300 °C showed photocatalytic activity, as evidenced
by the photodegradation of methylene blue during UV exposure.
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