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Abstract―Zinc sulfide doped with Mn2+ ions was synthesized in a homogeneous dodecane medium using
the emerging reagent method. Using the methods of chemical analysis, X-ray powder diffraction, IR spec-
troscopy, and electron microprobe microscopy, the products were identified and photographs of the surface
of powder particles (SEM) were obtained. Based on the results obtained, it was concluded that nano-sized
objects are formed that have a polytype structure with a predominance of distorted cubic crystals, forming
agglomerates up to 10 μm in size in ZnS powder and up to 100 μm in ZnS–Mn powder. The formation of
nanosized ZnS particles is confirmed by spectral data. The influence of manganese ions on the photolumi-
nescence (PL) of the powder manifests itself in a change in the type of the descending branch of the ZnS–
Mn PL band; this is associated with recombination processes at the levels of defects formed by Mn2+ ions in
the ZnS structure at their low concentration.

Keywords: zinc sulfide, doping, manganese(II) ions, non-aqueous homogeneous synthesis, dodecane, pho-
toluminescence
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INTRODUCTION

Metal sulfides are widely used as the basis for lumi-
nescent materials of different luminescence colors in
radio electronics, electro-optics, computing and mea-
suring technology [1–3]. Particular attention of
researchers is directed to the development of complex
semiconductor structures in the nanoscale range [1, 3, 4].
A popular phosphor, as well as one of the promising
semiconductor components of matrices of semicon-
ductor structures, is zinc sulfide. Individual and
doped coarse-crystalline and nano-sized ZnS pow-
ders, films, and complex structures [5–13] are of sci-
entific and practical interest. Bulk ZnS has been well
studied and is used in optical instrumentation as elec-
troluminophores and photoluminophores [1, 3, 8, 14,
15]. Its luminescence is determined by the defective-
ness of the crystals. The atomic ratio S2–/Zn2+ is of
great importance. The authors [16] note that the max-
imum luminescence intensity of ZnS is achieved with
a double excess of sulfur ions over zinc ions. The lumi-
nescence spectrum of ZnS depends on doping with
metal ions, the state of the particle surface, as well as
external factors [7, 14, 17, 18]. The action of the entire
complex of factors determines the structure and mor-
phology of ZnS crystals. To construct the energy dia-
gram of ZnS, the Schon–Klasens and Lambe–Klick
schemes are used [19, 20].

Mn2+ ions are introduced into the ZnS matrix as
optical and magnetic modifiers [1, 3, 21, 22]. In the
photoluminescence (PL) spectra of ZnS–Mn2+, a
4T1 → 6A1 band of the electronic transition of Mn2+

ions is observed [15, 22, 23]. It overlaps with the long-
wavelength recombination PL bands of ZnS. At low
concentrations of Mn2+ ions, the mechanism of reso-
nant energy transfer of the semiconductor matrix to
the excited energy levels of manganese ions operates.
With increasing Mn2+ concentration, the “electronic”
mechanism dominates. It is associated with electron
transitions between the “own” energy levels of Mn2+

ions. Upon direct excitation of Mn2+ ions, with the
maxima of their absorption bands located in the wave-
length range 390–535 nm, a “manganese” lumines-
cence band is observed in the PL spectra of ZnS–
Mn2+ [24]. In addition, Mn2+ ions are introduced into
the structure of the semiconductor matrix creating
defects, the levels of which participate in recombina-
tion processes.

The optical properties of semiconductor structures
depend on the composition and structures of activator
centers, which are formed during the synthesis process
and depend on its conditions [1, 3, 14, 15]. Various
methods for obtaining metal sulfides are described in
the literature [1, 5, 8, 12, 13, 24–27]. Hydrogen sul-
fide, sodium sulfide, and organic sulfur-containing
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compounds are used as sulfidizers. One of the disad-
vantages of synthesis based on precipitation with
hydrogen sulfide or sodium sulfide from aqueous
solutions of metal salts is the formation of amorphous
or partially crystalline precipitates containing hydroxo
forms of the products. As a result of hydrothermal syn-
thesis, hydrolysis of the target products may occur; in
some cases, they cannot be isolated at all. In addition,
this synthesis method involves the use of high tem-
peratures and pressures, which requires the process to
be carried out in an autoclave. Sol-gel technologies are
also used to synthesize semiconductor structures, and
various versions of the Langmuir–Blodgett method
are used to obtain films [1, 28]. At the initial stage of
synthesis, in some cases, colloidal solutions are
formed [29–31]. When synthesizing powders, their
formation complicates purification and sometimes
leads to difficulties in obtaining a monophasic prod-
uct. Supplying gaseous hydrogen sulfide into the reac-
tion medium is low-tech and not environmentally
friendly. When using sodium sulfide, the results of the
synthesis largely depend on the acidity of the medium.

Methods for the synthesis of metal sulfides based
on the reactions of metal salts with hydrogen sulfide in
a saturated hydrocarbon environment are described
[31–37]. Hydrogen sulfide is formed directly in the
reaction medium of the saturated hydrocarbon during
its reaction with dissolved elemental sulfur. When car-
rying out the synthesis, metal nitrates, acetates, and
trif luoroacetates are used [31–34]. Schemes of syn-
thesis and equations of chemical reactions occurring
during its implementation were reported [34, 37]. It
should be noted that in most cases, reaction systems
are heterogeneous. This is explained by the negligible

solubility of the metal salts used in non-polar satu-
rated hydrocarbons. This significantly complicates the
synthesis and purification of products and prevents
the uniform distribution of components, especially
alloying ones, in the reaction system, and, conse-
quently, in the synthesis products. Unlike the above
salts, metal alkanoates dissolve quite well in saturated
hydrocarbons with the number of carbon atoms in the
hydrocarbon chain >5. The authors [32–34, 37] pre-
sented the identification results and determined the
yield of the products of these synthesis. However, the
optical properties of sulfides, as well as the possibility
of using this method of synthesis and doping to obtain
structures for optoelectronic applications, have practi-
cally not been studied.

The purpose of this work is to carry out the non-
aqueous synthesis of zinc sulfide doped with Mn2+

ions in a homogeneous medium by reacting metal
hexanoates with hydrogen sulfide formed during the
reaction of elemental sulfur with dodecane, which is
also a reaction medium for the production of metal
sulfides, and to study its properties.

EXPERIMENTAL

Salts of hexanoic (caproic) acid CH3(CH2)4COOH
were used as metal sulfide precursors. Zinc and man-
ganese hexanoates were synthesized according to the
method [38] by reacting metal oxide and chloride with
a twofold excess of hexanoic acid, which was both a
reagent and a reaction medium, at its boiling point of
205°C for 1.5 h:

Hexanoic acid was preliminarily purified by simple
distillation at atmospheric pressure. Purity was moni-
tored by boiling point, refractive index, and IR spec-
tra. The resulting salt precipitates were filtered off,
washed with hot hexane to remove acid residues, and
dried in air. Hexane was preliminarily purified from
the possible presence of peroxide compounds accord-
ing to the procedure [39]. As a result, colorless crystal-
line compounds were obtained, which were identified
by chemical and IR spectroscopic analysis. IR spectra
of salts (Fig. 1) were recorded on an InfralumFT 801

IR Fourier spectrometer in the wavenumber range of
4000–500 cm–1 using KBr tablets.

The content of metals in metal hexanoates was
determined by complexometric titration according to
the methods reported [40, 41]. The zinc content was
(21.9 ± 0.2)% with a theoretical content of 22.1% in
the compound of composition Zn(C5H11COO)2; the
manganese content in manganese hexanoate was
(17.6 ± 0.2)% with a theoretical content of 17.3% in
the Mn(C5H11COO)2 compound.

Zinc sulfide was synthesized according to the
method reported [37] by reacting zinc hexanoate with

2H3C (CH2)4 C
OH

O
+  ZnO H3C (CH2)4 C

O

O
Zn  +  H2O,
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2H3C (CH2)4 C
OH

O
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Fig. 1. IR spectra of (a) zinc and (b) manganese(II) hexanoates (KBr tablets).
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hydrogen sulfide in dodecane at a dodecane boiling
point of 216°C for 3.5 h. Dodecane (pure grade, Rus-
sian State Standard) was preliminarily purified by dis-
tillation according to the procedure [39]. Hydrogen
sulfide was formed directly in the reaction medium
during the reaction of elemental sulfur (special quality
grade, Russian State Standard) with dodecane. Simi-
lar to work [34], where the radical chain mechanism of
the reaction between sulfur and n-hydrocarbons with
the formation of hydrogen sulfide is described using
n-decane as an example, we present the sequence of
the corresponding reactions:

The products of the interaction of sulfur with
n-alkanes are thiols and organic sulfides. As a result of
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the reaction of thiols and sulfides, as well as their ther-
mal destruction, hydrogen sulfide is formed [34].

During the reaction, the color of the initial solution
changed and a white crystalline precipitate character-
istic of zinc sulfide was formed. At the initial stage of
the reaction, during the formation of nuclei of future
crystals, colloid formation was noted. After the speci-
fied synthesis time, the precipitate was filtered off and
washed with hot hexane. Then it was dried in a desiccator
to constant weight and identified by chemical and IR
spectroscopic analysis. The IR spectrum of zinc sulfide is
shown in Fig. 2. It corresponds to the data reported [42,
43]. According to the results of complexometric titra-
tion, the Zn content was (66.5 ± 0.4)%, with its theo-
retical content in zinc sulfide being 67.1%. The sulfur
content was determined by the gravimetric method
[44]. It amounted to (31.4 ± 0.1)% with a theoretical
sulfur content in zinc sulfide of 32.9%.

Synthesis of zinc sulfide doped with 0.050 at % of
manganese ions (ZnS–Mn2+) was carried out using a
similar method. Weighed amounts of zinc and manga-
nese hexanoates were simultaneously placed into the
reaction flask, and sulfur and dodecane were added.
As the reaction progressed, a grayish-white precipitate
24
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Fig. 2. IR spectrum of zinc sulfide (KBr tablet).
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Fig. 3. Electronic photograph (SEM) of zinc sulfide powder.
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was formed, which at the end of the synthesis was fil-
tered off, washed with hot hexane, and dried in a des-
iccator to constant weight.

The microstructure of ZnS and ZnS–Mn was
studied by electron microscopy on an EVO 50 scan-
ning electron microscope (Carl Zeiss) with an Iridium
Ultra probe microanalysis system (IXRF Systems).
Images were obtained from the secondary electron
detector (SE1) at an accelerating voltage of 10 or 20 kV.
X-ray powder diffraction studies of product powders
was carried out on an XRD-6000 diffractometer
(CuKα radiation) using the PCPDFWIN databases
and the POWDER CELL 2.4 full-profile analysis pro-
gram. Diffuse reflectance, photoluminescence, and
PL excitation spectra were recorded on a Shimadzu
RUS
RF-5301PC spectrofluorimeter according to the
method reported [31].

RESULTS AND DISCUSSION

Electronic photographs of ZnS and ZnS–Mn
powders are shown in Figs. 3, 4. Zinc sulfide powder
consists of grains up to 8 μm in size of a distorted cubic
shape with a fairly uniform size distribution (Fig. 3).
A slight layer of structurally unformed compound is
observed on the surface of the particles.

ZnS–Mn powder consists of globules that form
round octahedral aggregates 10–100 μm in size; for
example, see highlighted areas 1 and 2 (Fig. 4). The
aggregates, in turn, are combined into larger elongated
agglomerates; for example, see highlighted areas 2
SIAN JOURNAL OF INORGANIC CHEMISTRY  2024
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Fig. 4. Electronic photograph (SEM) of ZnS–Mn powder.
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Fig. 5. Photograph indicating the locations of electron probe microanalysis of ZnS powder using unfocused (rectangles) and
focused (crosses) X-ray radiation.
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(Fig. 4). The surface of the globules, as in Fig. 3, is
covered with a layer of slightly structured substance.
The appearance of the particles (Figs. 3, 4) suggests
the formation of polytypic crystals, including elements
of cubic and hexagonal structural forms of zinc sul-
fide.

The results of electron probe microanalysis of ZnS
and ZnS–Mn samples are shown in Figs. 5–8. The
electronic photographs (Figs. 5, 7) highlight areas
(rectangles) and points (crosses) of measurements, the
size of which is ~1 μm. Typical energy dispersive spec-
tra of ZnS and ZnS–Mn samples are shown in Figs. 6
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  20
and 8. The results of electron probe analysis confirm
the elemental composition of the synthesis products,
as well as their distribution on the surface of ZnS par-
ticles. The broadening of signals in the spectra may be
associated with the structural heterogeneity of the
substance, which, in turn, indirectly confirms the pre-
viously stated assumption about the polytype structure
of the crystals being formed.

A detailed analysis of the process of formation of
the ZnS structure is considered in review [8]. At the
moment of particle nucleation and in particles whose
size is a few nanometers, the possibility of the forma-
24
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Fig. 6. Energy dispersive spectrum of the ZnS powder surface for recording region 1.
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Fig. 7. Photograph indicating the locations of electron probe microanalysis of ZnS–Mn powder using unfocused (rectangles) and
focused (crosses) X-ray radiation.
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tion of a polytype layered structure of ZnS is noted [3,
6, 8, 45]. The authors [9] demonstrated the formation
of ZnS films of cubic or hexagonal structure upon
doping with various metals. It is noted that the type of
structure formed depends on the type of doping cation
[9]. For example, when doped with Cu2+ ions, crystals
of doped ZnS of the cubic modification are formed;
when doped with Fe2+ ions, crystals of the hexagonal
modification are registered. The authors associate the
formation of the structure with the concentration of
the alloying component [9]. The synthesis from aqueous
solutions and the results of studying cubic ZnS powders
and ZnS/Ag2S heterostructures are given [46]. The
RUS
results of the synthesis and structural study of hexago-
nal ZnS films on carbon substrates are discussed [47].

The authors [45] synthesized ZnS powders by the
microwave method in a water-ethanol medium when
heated and studied the structure of the products
depending on the synthesis temperature up to 150°C.
According to the conclusions made based on a com-
parison of theoretical and experimental X-ray diffrac-
tion patterns, as well as spectroscopy results, hexago-
nal ZnS with space group Р63mc and particle size 2.6–
3.7 nm was isolated [45]. At the same time, it is noted
that it is difficult to identify products because of signif-
icant broadening, leading to overlapping reflections
due to the small size of particles [45].
SIAN JOURNAL OF INORGANIC CHEMISTRY  2024
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Fig. 8. Energy dispersive spectrum of the ZnS–Mn powder surface for recording region 1.
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Experimental X-ray diffraction patterns of ZnS
and ZnS–Mn powders synthesized in this work are
shown in Figs. 9 and 10, respectively. Reflexes on
radiographs are significantly broadened. The general
appearance of the radiograph (Fig. 9) is close to the
appearance of the radiographs reported [9, 45, 46].
Taking into account the data [9, 46, 47], it corresponds
to a ZnS cubic structure with space group F43m. Cal-
culation based on the formation of cubic ZnS gives a
translational parameter value of 0.53814 nm. Its differ-
ence from the tabulated value of 0.54109 nm [46]
resulted from the structure distortion. However, anal-
ysis of the X-ray diffraction pattern using the POW-
DER CELL 2.4 program, as performed [45], made it
possible to identify in the product a ZnS phase of a
hexagonal structure with a highly distorted lattice
parameter c = 3.1280 nm being five times higher than
the tabulated value of 0.6260 nm. The value of the
parameter a = 0.3803 nm practically coincides with
the table value equal to 0.3802 nm. The increase in the
intensity of reflections in the region of 30°, 50°, and
60° is associated with the additive summation of inten-
sities when overlapping bands of hexagonal and cubic
crystals are superimposed. Against their background,
the low-intensity band of hexagonal ZnS in the region
of 52.5°C (103) is practically invisible.

When comparing experimental results with data
reported [9, 45–47], differences in synthesis condi-
tions (dodecane, 216°C, 3.5 h) and in the state of the
products (powders that have undergone the stage of
colloid formation in an organic medium) were taken
into account. In addition, the results of microscopy
(the formation of particles on the surface of which a layer
of weakly structured substance is observed (Figs. 3, 4))
and diffuse reflectance spectroscopy were taken into
account. Based on this, it was concluded that crystals
with a complex polytype structure are formed, united
into agglomerates of size <10 μm for ZnS and <100 μm
for ZnS–Mn.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  20
This assumption is confirmed by the changes
recorded in the X-ray powder diffraction pattern of
ZnS–Mn (Fig. 10). After doping, a decrease in the
band width is observed. This is probably due to better
formation of the phases. According to microscopic
analysis, the particle size in the ZnS–Mn system
increases after agglomeration. In contrast to Fig. 9, the
resolution of the multiplet in the region of 30° in the
X-ray diffraction pattern of ZnS–Mn (Fig. 10) under
the influence of manganese ions manifests itself to a
greater extent, although it remains weakly expressed,
differing from that presented in the X-ray diffraction
patterns of doped ZnS films [9, 47]. This trend is also
noted for high-angle reflections (Fig. 10). Full-profile
X-ray powder diffraction pattern also shows the pres-
ence of a hexagonal ZnS phase. In addition, factors
influencing the complication of bands in the X-ray
diffraction pattern of ZnS–Mn (Fig. 10) may be the
formation of local regions of manganese sulfide, lead-
ing to distortion of the crystal shape.

In the diffuse reflection spectrum of samples of
ZnS and ZnS–Mn powders, an intense absorption
band is observed at λ < 250 nm; the descending branch
of this band extends to the region of 350 nm. The band
at λ < 250 nm is associated with fundamental absorp-
tion of zinc sulfide. Absorption in the region >280 nm
corresponds to the formation of particles in the nano-
meter size range [1, 5, 21, 22, 31], which, apparently,
form globules and agglomerates of various sizes
observed in electronic photographs. The introduction
of Mn2+ ions into zinc sulfide is manifested by an
increase in the intensity of the band in the wavelength
region >300 nm. This circumstance is associated with
an increase in the defectiveness of ZnS crystals when
Mn2+ ions are present in their composition. The intrinsic
absorption bands of Mn2+ ions do not appear in the spec-
trum due to their low concentration (0.050 at % Mn2+

ions) with low absorption coefficients corresponding to
24
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Fig. 9. Experimental X-ray powder diffraction pattern of ZnS powder: (a) assignment of reflections based on the presence of crys-
tals of cubic and hexagonal structures; (b) assignment of reflections of hexagonal structure in accordance with study [45];
(c) assignment of reflections of cubic structure in accordance with works [9, 46].
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Fig. 10. X-ray powder diffraction pattern of ZnS–Mn powder.
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Fig. 11. Spectra of photoluminescence excitation (1, 2) and photoluminescence (3, 4) of ZnS samples ((1) for luminescence λL
= 450 nm; (3) with excitation λE = 360 nm) and ZnS–Mn ((2) for luminescence λL = 469 nm; (4) with excitation λE = 360 nm).
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Mn2+ ions. The results obtained are consistent with
the data reported [31] for products of similar synthesis.

Photoluminescence of ZnS and ZnS–Mn powders
was recorded upon photoexcitation by radiation corre-
sponding to the absorption of primary particles in the
nanoscale range of 360 nm (Fig. 11). Excitation spec-
tra were recorded for 450 nm PL of ZnS powder and
469 nm PL of ZnS–Mn powder. In the second case,
the bathochromic wavelength shift is associated with
the course of the descending branch of the PL band
under the influence of Mn2+ ions. Based on the posi-
tion and type of band (Fig. 11, spectrum 3), the
appearance of ZnS luminescence upon excitation by
radiation with a wavelength of 360 nm can be
explained by the occurrence of recombination pro-
cesses at the levels of defects in semiconductor crystals
[1, 19, 20, 26]. According to [14, 48], in the wavelength
range 400–480 nm, the PL band is associated with
singly negatively charged zinc vacancies ( ). Lumi-
nescence bands in the green region of the spectrum are
associated with doubly charged zinc ion vacancies
( ) [1, 4] and sulfur vacancies (VS) [14, 48, 49]. The
band maximum (Vs) is assigned to a wavelength in the
region of 520 nm [49]. In addition, at wavelengths
>500 nm, bands associated with defects created by
oxygen atoms are observed in the spectra. They quite
easily occupy vacancies and replace atoms in the sites
of the sulfur sublattice [50].

The region of excitation of ZnS luminescence cor-
responds to the transition of electrons from the
valence band to the conduction band and to the levels
of high-lying crystal defects. A significant inhomoge-
neous broadening of the bands in the luminescence
and luminescence excitation spectra (Fig. 11, spectra 1
and 3) confirms the results presented above and the

Zn'V

Zn"V
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corresponding conclusion about the inhomogeneity of
the structure of the powder particles.

The PL band of ZnS–Mn powder is wider and
more complex (Fig. 11, spectrum 4). Its descending
branch is raised relative to the PL band of the ZnS
powder (Fig. 11, spectrum 3). In the spectral region
>450 nm, the influence of defect levels located low in
the energy diagram of ZnS crystals, which are created
by Mn2+ ions, is probably manifested. At long wave-
lengths, luminescence may appear, which is directly
related to transitions between energy levels of manga-
nese ions. The additivity of the intensities of the bands
associated with these processes determines the course
of the descending branch in the PL spectrum of the
ZnS–Mn powder. The PL excitation band of ZnS–
Mn powder (Fig. 11, spectrum 2) is bathochromically
shifted relative to the PL excitation band of ZnS pow-
der (Fig. 11, spectrum 1). This is due to the appear-
ance of new defects and their corresponding energy
levels on the zinc sulfide diagram.

CONCLUSIONS

In this work, zinc sulfide powder doped with Mn2+

ions was synthesized using the method of emerging
reagents in a homogeneous dodecane medium. The
elemental composition, structure, and morphology of
the powder were studied by electron microscopy using
microprobe analysis, X-ray powder diffraction, and
chemical analysis. The appearance of the diffuse
reflection, PL excitation, and photoluminescence
spectra of samples of ZnS and ZnS–Mn powders con-
firms the conclusion about the multilevel polytype
structure of the substance and allows us to make
assumptions about the reasons for the occurrence of
PL of the samples.
24
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