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Abstract: Zinc sulfide (ZnS) nanowires represent a promising candidate in many fields, including
optoelectronics and photocatalysis because of their advantages such as excellent optical properties,
chemical stability and an easy-scalable simple synthesis method. In this study, an energy-friendly
microwave radiation process was used to develop the single-step, solvothermal process for the
growth of manganese-doped zinc sulfide (ZnS) and undoped nanocrystals (NCs) in the forms of
nanowires using two short amines as a stabilizer, e.g. ethylenediamine and hydrazine, respectively.
ZnS nanowires doped with Mn atoms show absorbance in UV and in the visible region of the
spectrum. The photocatalytic degradation of rhodamine B in the presence of Mn-doped and undoped
ZnS nanocrystals illuminated with only a 6-W UV lamp has been comprehensively studied. The
effect of Mn doping and the presence of a nanocrystal stabilizer on the degradation process was
determined. It was found that the efficiency of a photocatalytic degradation process was strongly
affected by both factors: the doping process of nanowires with Mn2+ atoms and the attachment of
ligands to the nanocrystal surface.

Keywords: organic dyes; photocatalysis; ZnS; ligands; doping; nanowires

1. Introduction

One-dimensional semiconducting nanomaterials, like nanorods or nanowires, have
attracted much research interest in the last decade owing to their unique properties [1]. In
particular, zinc sulfide (ZnS) nanowires or nanorods with good optoelectronic properties
are made of low-cost and abundant materials. They have been intensively investigated
because of their tunable optical and electrical properties and chemical stability [2]. For
example, it has been demonstrated that ZnS nanowires are promising candidates for diverse
applications, including photovoltaic devices [3], sensors [4], lasers and light emitting
devices [5]. In this context, the controlled synthesis of ZnS nanowires/nanorods is essential
for both fundamental and applied studies.

In recent years, ZnS was also extensively studied as a photocatalytic material due to
its excellent physicochemical properties as well as its stability, nontoxicity and abundance.
However, the large band gap (3.7 eV) can slightly limit its utilization in photocatalysis. To
overcome this challenge, great effort has been devoted to engineer the ZnS band gap to
achieve high photoactivity under visible light irradiation mainly by doping and size-shape
controlling processes [6]. The introduction of dopants, e.g. copper [7–10], nickel [10,11]
or manganese [10], is one of the most intensively investigated strategies to enhance (with
varying effects) the NC absorbance into visible light utilization. The second strategy to
improve the photocatalytic activity of nanomaterials can be the preparation of nanomateri-
als in one-dimensional (1D), two-dimensional (2D) or three-dimensional (3D) forms with
relatively large surface area.

Recently, intrinsic forms of ZnS such as ZnS nanoribbons [12], quantum dots [13–15]
or 3D nanospheres [16–24] have been utilized as photocatalysts in the degradation of water
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pollutants. The most popular shapes of ZnS NCs studied so far in these photodegradation
processes are quantum dot nanoparticles and nanospheres [13–24]. For example, Lixiong
Yin et al. [21] synthesized ZnS nanospheres using a facile homogeneous precipitation
process. The size of the obtained materials depended on the pH of the solution. By
increasing the pH, the diameter of the nanospheres decreases, but the photocatalytic
properties increase. Ma et al. [24] showed that the use of different stabilizers in the
synthesis influences the surface roughness of ZnS nanospheres. The spheres obtained with
thiourea had a smooth surface, as opposed to the ones synthesized with thioacetamide.
However, the roughness of the spheres does not significantly influence the degradation of
organic dyes.

To the best of our knowledge, there are not many works on controlling optical and
morphological structure properties simultaneously for doped and undoped ZnS one-
dimensional NCs with a high surface area and tailored band gap for the photocatalytic
degradation of water pollutants. Moreover, there is no information on the effect of the
amine ligands used for the synthesis of NCs on their photocatalytic activity.

Taking into account the information above, in this paper we report a facile microwave-
assisted solvothermal approach to produce highly crystalline and photoactive one-
dimensional ZnS and ZnS:Mn nanowires/nanorods with a high surface area (~200 m2/g)
and band gap tailored using Mn doping and two commonly used short amine solvents—
ethylenediamine and hydrazine—as a ligand. Due to the doping of Mn2+ ions into ZnS
crystals, the nanomaterials show improved absorption in the visible range of the light
spectrum. The effect of microwave and conventional heating on the structure of ZnS
NCs is also presented. It is known that that microwave-assisted reaction have remarkable
advantages in comparison with the conventional heating methods, e.g. rapid volumetric
heating, higher selectivity and chemical reaction rate, shorter reaction time and higher
product yield, which make this procedure more effective and cheaper from the economic
point of view [25].

The as-prepared ZnS and ZnS:Mn NCs show photocatalytic activity in the process
of degradation of rhodamine B (RhB). To the best of our knowledge, this is the first
demonstration of a microwave-assisted synthesis of ZnS and ZnS:Mn nanowires with
photoactive properties using ethylenediamine and hydrazine, respectively. The present
work shows that the microwave-assisted solvothermal method is rapid and can be easily
scaled-up in practical production in the future.

2. Materials and Methods
2.1. Materials

As precursors of Zn, S and Mn zinc nitrate hexahydrate (Zn(NO3)206H2O) (>99%),

thiourea (CH4N2S) (99%) and manganese acetate tetrahydrate (Mn(CH3COO)204H2O)
(>99%) used were from Sigma-Aldrich (Poznan, Poland). As solvents and, at the same
time, stabilizers, we used two commonly applied amines, i.e. ethylenediamine (C2H8N2)
(>99%, Sigma-Aldrich) and hydrazine monohydrate (N2H4) (98%, Sigma-Aldrich). For the
photocatalytic tests, rhodamine B (RhB) (99%, Sigma-Aldrich, CAS no. 81-88-9) and P25
TiO2 (≥99.5%, Sigma-Aldrich) were utilized. All chemicals were used as received without
further purification.

2.2. Preparation of ZnS and ZnS:Mn Nanowires in MW

The procedures to prepare undoped ZnS nanowires stabilized with ethylenediamine
(EN) and hydrazine (N2H4), respectively, were mostly the same as that used for doped
ZnS:Mn nanowires. The main difference was the addition of manganese acetate as a
Mn atom precursor to the reaction mixture. All ZnS NC syntheses were carried out in
microwave (MW) reactor Magnum II (ERTEC, Wroclaw, Poland) in a PTFE vessel (the
maximum capacity of the vessel was 108 cm3) with a maximum applied power of 600 W
and frequency of 2.45 GHz (corresponding to a wavelength of 12.25 cm). The details
concerning the amount of the used substrate and preparation conditions were listed in
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Table 1. Typically, a PTFE flask contains an aqueous solution of hydrazine monohydrate
(VN2H4: VH20 = 2:1) in the case of ZnS and ZnS:Mn NCs stabilized with N2H4, or an aqueous
solution of ethylenediamine (VEN: VH20 = 2:1) in the case of ZnS and ZnS:Mn NCs stabilized
with EN, zinc nitrate hexahydrate (2 mmol), thiourea (4 mmol) and manganese (II) acetate
tetrahydrate (0.02 mmol) were added sequentially at a time interval of 30 s under intense
stirring. The mixture was stirred at room temperature for the next 10 min. Subsequently,
the stirring was stopped and the PTFE vessel was placed into the MW reactor and heated at
160–170 ◦C temperature for 20 min at 8 bar. Next, the reaction mixture was cooled to room
temperature. After cooling, the as-synthesized ZnS and ZnS:Mn nanowires were collected
by centrifugation and washed with methanol three times. Then, the NCs were dried at
60 ◦C in the oven for 12 h. The ZnS nanowires were obtained as above without manganese
acetate. For a typical reaction procedure, about 0.6 g of dry nanopowder was received.
Plain ZnS nanowires were obtained as above without adding the Mn atom precursor.

2.3. Preparation of ZnS Nanocrystals in Conventional Heating

A conventional synthesis of the ZnS:Mn NCs was conducted with a similar procedure
as reported in Section 2.2. In a typical synthesis, zinc nitrate hexahydrate (2 mmol),
thiourea (4 mmol) and manganese (II) acetate tetrahydrate (0.02 mmol) were added into an
aqueous solution of ethylenediamine or hydrazine (VEN/NH: VH20 = 2:1). The mixture of
the precursor solution was loaded into a safe glass pressure vessel (Q-Tube-35 ml pressure
reactor) and heated in a aluminum block equipment with thermostat and a magnetic stirrer.
The experiments were carried out in a pressure reactor with vigorous mixing and at a
temperature of 170 ◦C for 20 min. After slow cooling to room temperature, the reaction
solution was centrifuged, washed twice with distilled water and dried in a vacuum oven
at 60 ◦C for 12 h.

2.4. Characterization of Nanowires

The morphology of the NCs was observed by transmission electron microscopy (TEM,
FEI Tecnai Osiris S/TEM, Munich, Germany) using an acceleration voltage of 200 kV) with
energy-dispersive X-ray spectroscopy (EDX) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) analysis. The phase composition of the
samples was tested with an X-ray diffraction (XRD) meter (Bruker D8-Advance, Karlsruhe,
Germany). Diffuse reflectance ultraviolet-visible spectroscopy (DR UV-Vis) absorption
spectra were recorded with a UV-2700 spectrophotometer (Shimadzu, Krakow, Poland)
equipped with an ISR-2600 Plus Integrating Sphere Attachment. Photoluminescence spec-
troscopy (PL) was used to determine the emission and excitation spectra using a Shimadzu
RF-6000 spectrofluorophotometer. The Mn doping atom concentration in ZnS nanocrystals
was determined with microwave plasma atomic emission spectrometry (MP-AES) (model
420, Aligent Technologies, Warsaw, Poland ). Fourier-transform infrared spectroscopy
(FT-IR) spectroscopy (6700 FT-IR, Nicolet, Warsaw, Poland) was used to study the presence
of ligands on the surface of the NCs. N2 absorption/desorption isotherms and Brunauer–
Emmett–Teller (BET) specific surface area were obtained with a multi-function adsorption
instrument (ASAP 2020, Micromeritics, Bruxelles Belgium). Specific surface area were
calculated by applying Brunauer–Emmett–Teller (BET) formalism. Additionally recorded
adsorption-desorption isotherms were used to estimate the average pore diameter. Before
the measurement, the samples were degassed under vacuum at 350 ◦C for 24 h to ensure
complete removal of impurities from the surface of the sample. Subsequently the sorption
measurement were conducted at −196 ◦C in liquid nitrogen. The photoelectrochemical
characterization and was performed using a photoelectric spectrometer (Instytut Fotonowy,
Krakow, Poland) composed of a stabilized 150 W xenon arc lamp, monochromator, and
coupled with a P-IF 4.0 potentiostat. The working electrodes for photoelectrochemical
experiments were prepared by the deposition of the ZnS NCs onto ITO coated polyethylene
terephthalate film. The electrolyte solution was 0.1 M KNO3. Platinum and Ag/AgCl were
used as auxiliary and reference electrodes, respectively. The electrodes were contacted and
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then pressed against an O-ring of a photoelectrochemical cell, the irradiated sample area
was of 0.28 cm2. The spectral range from 200 nm to 700 nm (25 nm step). The IPCE values
for different wavelengths were calculated.

2.5. Photocatalytic Activity Test

The photocatalytic performances of the samples were tested by degrading rhodamine
B (RhB) solutions. An initial RhB solution (5 mg/L) was first prepared. Next, 0.01 g of
the sample was added into ∼30 mL of RhB solution. The concentration of ZnS based
NCs vs dye RhB was 67:1 by weight (typical 10 mg of ZnS NCs vs 0.15 mg RhB) and was
constant for all photocatalytic tests. The suspension was magnetically stirred for half an
hour to achieve an adsorption–desorption balance in dark conditions. The degradation
process was then performed under the UV light illumination at 254 nm. The photocatalytic
activity was assessed by degrading RhB under 6 W UV irradiation spectroline lamp (Model
ENF-260C/FE, 50 Hz, 0.17 AMPS, 254 nm). Two milliliters of the solution were taken out
at regular intervals. The supernatant was then isolated from the solution by centrifugation.
The concentration of the supernatant was obtained through measuring the absorbance at
550 nm, which was characterized with the UV-vis spectrometer (StellarNet Incorporation,
Warsaw, Poland). The degradation process of RhB was studied by monitoring the changes
in the maximal absorbance at 550 nm.

3. Results and Discussion
3.1. Characterization of the ZnS and ZnS:Mn Nanowires

The as-prepared ZnS NCs were systematically studied in terms of morphology, struc-
tural and optical properties using TEM with EDX, XRD, DR UV-Vis, FT-IR, PL spectroscopy,
and BET surface area analysis. Table 1 presents the detailed experimental parameters for
the one-step synthesis of ZnS NCs in microwave reactor carried out in a short time (20 min).

We studied the role of both parameters like Mn doping concentration in ZnS nanowires
and the surface effect on ZnS NCs on the photocatalytic activity of nanomaterials in the
degradation of RhB. Therefore, two amine solvents, i.e. ethylenediamine (NH2-CH2-
CH2-NH2) and hydrazine (NH2-NH2), commonly used in the solvothermal process, were
used for the formation of ZnS nanowires, respectively (Table 1). Additionally, in order
to compare the MW effect on the morphology of ZnS NCs, and, consequently, on the
photocatalytic activity of the NCs, the synthesis under conventional heating in similar
conditions was studied for two selected samples of ZnS:Mn with composition showing the
highest photocatalytic activity in the degradation of RhB.

Table 1. Detailed experimental parameters for synthesis of ZnS NCs.

Sample
Molar Ratio
of Zn/S/Mn
Precursor

Stabilizer Bandgap
[eV] (±0.02)

Surface
Area

[m2/g]

Average
Pore Width

[nm]

Mn
Concentration

[ppm]

Mn
Concentration

[wt.%]

MW, 160–170 oC, 8 bar, 20 min., stabilizer ethylenediamine (EN)

ZnS_EN 1:2:0 EN 3.30 218.4 8.76 – –

ZnS_EN_Mn0.001 1:2:0.001 EN 2.93 216.24 9.00 944.97 0.0945

ZnS_EN_Mn0.005 1:2:0.005 EN 3.31 226.7 7.72 1682.43 0.1682

ZnS_EN_Mn0.01 1:2:0.01 EN 2.94 207.4 9.12 4705.26 0.4705

ZnS_EN_Mn0.02 1:2:0.02 EN 2.72 240.1 8.98 10622.04 1.0622

MW, 160–170 oC, 6–8 bar, 20 min., stabilizer hydrazine (N2H4)

ZnS_NH 1:1:0 N2H4 3.78 207.5 5.63 – –

ZnS_NH_Mn0.001 1:2:0.001 N2H4 3.81 207.4 8.76 3706.19 0.3706

ZnS_NH_Mn0.01 1:2:0.01 N2H4 3.64 211.2 8.76 6847.25 0.6847
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Table 1. Cont.

Sample
Molar Ratio
of Zn/S/Mn
Precursor

Stabilizer Bandgap
[eV] (±0.02)

Surface
Area

[m2/g]

Average
Pore Width

[nm]

Mn
Concentration

[ppm]

Mn
Concentration

[wt.%]

Conventional heating, 160–170 oC, 8 bar, 20 min.

ZnS_K_EN_Mn0.01 1:2:0.01 EN 3.58 185.1 5.92 1207.21 0.1207

ZnS_K_NH_Mn0.01 1:2:0.01 N2H4 3.72 194.8 7.73 3857.24 0.3857

The phases and the purities of the nanomaterials were investigated with the XRD
analysis. Figure 1 indicate XRD patterns of ZnS and ZnS:Mn NCs samples prepared
with different content of manganese and ethylenediamine as a stabilizer (Figure 1a); with
different types of using the heat source (Figure 2b) and with a different stabilizer (Figure 2c).
The strong and broad diffraction peaks appearing in the XRD diagrams at 27.0◦, 28.6◦, 30.5◦,
39.6◦, 47.9◦, 52.0◦ and 56.6◦ have obvious relevance to the well-crystallized hexagonal
wurtzite ZnS structures (W, JCPDS#96-110-0045) matching relatively well with the crystal
planes of (100), (002), (101), (102), (110), (103), (112). The average crystallite size (d) of the
nanomaterials was calculated using Scherrer’s formula of peak width:

d = (0.9 λ)/β cosθ (1)

where λ is the wavelength of X-ray used (0.15418 nm in the present case), β is the full
width under radiation at half-maximum of the peak, and θ is the Bragg angle of the X-ray
diffraction peak. The calculation gave a value of 5 ± 3 nm for the average crystallite
diameter of the all as-prepared ZnS and ZnS:Mn nanowires. The crystal lattices of ZnS
NCs suggest that all the samples are semicrystalized and the type of the heating used in
the synthesis does not influence the crystal structure of ZnS NCs. In addition, there is no
characteristic peak relevant to another phase, which demonstrates the high purity of the
product. The influence of the amount of manganese on the XRD patterns was shown in
Figure 1a. On those patterns, a very small shift of the diffraction peaks of (100), (002), and
(001) can be observed. All Mn-doped ZnS NCs stabilized with EN showed a very slight
shift towards the higher 2θ side compared with undoped ZnS due to the presence of
Mn2+ instead of Zn2+. The position of (002) peak for ZnS_En_Mn0.02 (1.0622 of Mn wt.%,
Table 1), for example, is at 28.84◦ whereas the position of (002) peak for un-doped ZnS_EN
NCs is at 28.60◦. It is known that the ion radius of Mn2+ cation is bigger than the ion radius
of Zn2+ cation. This peak position shift may occur due to the changes that occur in the lattice
parameters of the host lattice on the incorporation of the dopant atoms [26]. Those changes
can be observed on the XRD patterns of the samples with the increase of the manganese
content. The further increase of the exact amount of Mn in the range 0.0944 wt.% (for
ZnS_EN_Mn0.001) to 1.0622 wt.% (for ZnS_En_Mn0.02) affects also the very small changes
in the XRD patterns of the samples, which are comparable. This effect can be also observed
in the case of ZnS:Mn NCs stabilized with hydrazine (please see Figure S1 in Supporting
Information). For ZnS:Mn NCs stabilized with hydrazine this 2 θ shift upon Mn doping in
nanocrystals is very well observed. The position of (002) peak for ZnS_NH, ZnS_K_Mn0.01
(0.3857 of Mn wt.%, Table 1) and ZnS_NH_Mn0.01 (0.6847 of Mn wt.%, Table 1) is at 28.16◦,
28.52◦ and 28.66◦, respectively. This shift position of the XRD patterns can demonstrate
the successfully Mn doping in ZnS NCs which is more efficient in the case of the ZnS NCs
stabilized with hydrazine than ZnS NCs stabilized with ethylenediamine. These results
are in good agreement with the results of MP-AES analysis of nanomaterials showed the
exact doping contents of Mn in ZnS nanocrystals (see Table 1). Figure 1b shows the impact
of the type of the used heat of source on the XRD patterns of ZnS:Mn samples stabilized
with hydrazine. The similar position of the XRD patterns of all samples can indicate that
the type of heating technique does not influence significantly the crystal structure of the
NCs. In Figure 1c the influence of the used stabilizer on the XRD patterns was shown.
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The synthesis of the ZnS NCs in the presence of both stabilizers (ethylenediamine and
hydrazine) leads to the formation of the NCs with the typical wurtzite structure. However,
it can be observed that the relative peak ratio of (002) to these of (100) and (001) decreased
when NH was used as a stabilizer instead of EN. Additionally, very small differences in
the peak position can be observed. For example, the position of (022) peak for ZnS_NH
is 28.10◦ whereas the position of (002) peak for ZnS_EN NCs is at 28.60◦. In the case of
the sample synthesized in the presence of hydrazine (Figure 1c) the peaks (101), (102),
and (112) visible on the recorded pattern are higher in comparison to those present on the
XRD of the sample prepared with the addition of ethylenediamine. This can be attributed
to affected of the presence of bigger crystals in the case of ZnS NCs stabilized with NH.
This result is in good agreement with the results of TEM analysis of nanomaterials (see
Figure 2).

Figure 1. XRD patterns of ZnS samples prepared (a) with a different content of manganese and
ethylenediamine as a stabilizer (b) with different types of using the heat source (c) with a different
stabilizer; the peaks in the pattern matching well with wurtzite structure according to JCPDS#96-
110-0045.

The morphology of the synthesized NCs was studied by transmission electron mi-
croscopy (TEM). Figure 2 shows the TEM images of Mn-doped ZnS NCs with the same
Mn nominal concentration (the molar ratio of used Zn/S/Mn precursor was 1:2:0.01,
see Table 1) stabilized with ethylenediamine (Figure 2a, sample ZnS_K_EN_Mn0.01) and
hydrazine (Figure 2b; sample ZnS_K_NH_Mn0.01) prepared in conventional heating as
well as in the microwave reactor (Figure 2c,e, sample ZnS_EN_Mn0.01; and Figure 2d,f,
sample ZnS_NH_Mn0.01), respectively. We can observed that all nanocrystals are com-
posed of many one-dimensional-like ZnS:Mn NCs. In the high magnification images
(Figure 2e,f), it can be clearly seen that all ZnS:Mn nanowires with about 15 ± 20 nm
diameter and up to 100 ± 170 nm length are composed of a large number of small crys-
tallites. Additionally these ZnS nanowires have a tendency to agglomerate into bigger
3D flower-like hierarchical structures (see Figure 2a,c,d). Additionally, it seemed that
ZnS:Mn stabilized with ethylenediamine and prepared in MW-assisted reaction (sample
ZnS_EN_Mn0.01) exhibited a similar structures with a sample prepared using conven-
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tional heating (sample ZnS_K_EN_Mn0.01). However, the product is an agglomeration of
one-dimensional nanowires with a longer length. In turn, the morphology of the samples
ZnS_K_NH_Mn0.01 is different when compared to the sample ZnS_NH_Mn0.01 synthe-
sized in MW. In the case of the ZnS_K_NH_Mn0.01 nanocrystals are larger and less regular
in comparison with the ZnS_NH_Mn0.01 NCs synthesized in MW-assisted syntheses.
Moreover, the crystals of ZnS:Mn NCs stabilized with hydrazine are less regular and bigger
than the NCs stabilized with EN in the same conditions and are a mixture of 1D and
2D NCs.

Figure 2. TEM images of the ZnS_Mn 0.01 (a) conventionally heated in the presence of ethylenedi-
amine; (b) conventionally heated in the presence of hydrazine; (c,e) microwave heated in the presence
of ethylenediamine as a stabilizer (different magnifications; (d,f) microwave heated in the presence
of hydrazine as a stabilizer (different magnifications).

Figure 3 presents the corresponding EDS mapping of the sample ZnS_EN_Mn0.01.
Figure 3 confirms that ZnS:Mn NWs contain zinc, sulfur and Mn-doped elements evenly
distributed in the crystal lattice of ZnS. The Mn concentration (wt.%) all ZnS:Mn NCs was
determined with the microwave plasma atomic emission spectrometry (MP-AES). The
results are presented in Table 1. In the case of the Mn-doped ZnSe NCs samples, the success-
ful doping process of the manganese element in the crystal lattice of ZnS was observed with
the loading percentage of about 0.0945, 0.1682, 0.4705, 1.0622, 0.3706, 0.6847, 0,1207 and
0.3857 wt. % for ZnS_EN_Mn0.001, ZnS_EN_Mn0.005, ZnS_EN_Mn0.01, ZnS_EN_Mn0.02,
ZnS_NH_Mn0.001, ZnS_NH_Mn0.01, ZnS_K_EN_Mn0.01 and ZnS_K_NH_Mn0.01, respec-
tively. In Table 1, it can be seen that regardless of the stabilizer and heating methods used, if
the amount of Mn2+ precursor in the final reaction solution is increased, the concentration
of the Mn2+ incorporated in the nanocrystals increases as well. However, the difference
between the nominal and final doping contents in the NCs was observed, which is typical
for solution-based synthesis approaches [27,28]. Sample ZnS_EN_Mn0.02 has a relatively
high Mn2+ concentration (1.0622 wt.%) incorporated in the ZnS nanocrystals compared to
sample ZnS_EN_Mn0.001 (0.0945 wt.%). The observed differences indicate that doping
during the synthesis of semiconductor NCs using the solvothermal process is very sensitive
to very small deviations in the reaction conditions.
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Figure 3. HAADF-STEM (a) imaging study and EDX analysis of chemical composition of
ZnS_EN_Mn0.01 including zinc (b), manganese elements (c), sulphur (d).

For semiconductor NCs which are typically grown using colloidal synthesis, the
doping concentrations attained in the experiments are much lower than expected from this
limit. The likely reason is that the thermal equilibrium, which requires facile diffusion, may
be far from being realized.

All colloidal reactions are challenging when it comes to maintaining high control of
both the stoichiometry of the solid solution and the doping content in NCs [29]. Moreover,
these results also indicated that the natures of stabilizers can result in different effectiveness
of the Mn doping in ZnS. NH seemed to be more effective for Mn doping in ZnS com-
pared to EN; 0.4705 Mn wt.% of ZnS_EN_Mn0.01 vs 0.6847 Mn wt.% of ZnS_NH_Mn0.01.
In addition, MW was more effective than conventional heating regardless of the types
of stabilizers.

One of the most important features influencing the photocatalytic activity of the tested
samples is the development of their specific surface area. Therefore, detailed studies were
carried out to determine the effect of the synthesis conditions on the size of the specific
surface area. The N2 adsorption–desorption isotherms (Figure 4a–c) of ZnS and ZnS:Mn
stabilized by EN and N2H2 samples exhibit a typical type-IV isotherm with a distinct
hysteretic loop. According to the de Boer classification all of the hysteresis loops can be
classified as a D type. This kind of hysteresis loop can be observed for the adsorbents with
the irregular slit pores.

The comparison of samples with a similar, actual manganese concentration of
about 0.38 wt.%, assigned as ZnS_NH_Mn0.001 (0.3706 wt.% Mn), ZnS_K_NH_Mn0.01
(0.3857 wt.% Mn) the relevant values of specific surface area and average pore width have
been compared in Table 1 allows us to conclude that the key factor influencing the size
of the surface is the selection of heating method. For conventionally heated samples, the
specific surface area is below 190 m2/g, regardless of the used template. In addition,
conventionally heated samples possess smaller intercrystalline spaces, which indicates
a tighter packing of the structure and may affect the rate of dye diffusion to the catalyst
surface. Another important factor influencing the development of the specific surface area
is the type of used stabilizer. Samples for the synthesis of which ethylenediamine was
used have a higher specific surface in comparison to those obtained with the application
of hydrazine with the simultaneous use of microwave radiation as a heat source. For
example, the specific surface area of ZnS_EN is 218.4 m2/g (with pore size of 8.76 nm)
whereas for ZnS_NH is only 207.5 m2/g (with pore size of 5.63 nm). The opposite trend
can be observed for samples that were obtained conventionally. At the same time, samples
obtained with a longer template are less compact. What can be attributed to the larger size
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of intracrystalline spaces, which were measured on the basis of the mean pore size, which
in some cases exceeds 9 nm for samples obtained with the use of ethylenediamine.

Figure 4. N2 adsorption–desorption isotherms for ZnS and ZnS:Mn NCs; (a) samples with the different amount of the Mn2+

ions synthesized MW heating and in the presence of ethylenediamine as a stabilizer; (b) comparison of the sorption isotherms
of the samples synthesized in the presence of the ethylenediamine and the hydrazine with the assistance of traditional heat
source (K) and the MW heating; (c) sorption isotherms of the samples with a different Mn2+ content synthesized in the
presence of hydrazine as a stabilizer with a assistance of microwaves; (d) FT-IR spectra of ZnS_EN_Mn0.01 stabilized with
ethylenediamine and ZnS_NH_Mn0.01 stabilized with hydrazine.

Further evidence for the properties of the ZnS:Mn samples were obtained with FT-IR
spectroscopy. Figure 4d presents the FT-IR spectra of ZnS_EN_Mn0.01 stabilized with
ethylenediamine and ZnS_NH_Mn0.01 stabilized with hydrazine. The FT-IR spectra look
similar, which indicate the presence of two amines EN and N2H4 containing similar amino
-NH2 groups on the surface of the NCs, respectively. The characteristic stretching vibrations
for both samples at 1638 cm−1 and 3443 cm−1 are attributed to peaks for scissoring and
stretching vibrations of the amine group. The peak at ν = 1142 cm−1 corresponds to the
stretching of C-N bond and the two characteristic stretching vibrations at 670 cm−1 are from
the C-H bond [30,31]. It is clear that the absorption band position at ν = 2841 cm−1 and
2924 cm−1 correspond to asymmetrical stretching vibrations of the methylene group is only
visible for ZnS_EN_Mn0.01 sample. These results indicate the existence of both bidentate
ligands like ethylenediamine and hydrazine on the NC surface, respectively. It was shown
that these molecules had a significant impact on the anisotropic growth behavior of the
NCs. Due to their polar character, they increase the solubility of the reagents during the
synthesis. Additionally, due to their complexing properties, they can play a significant role
in the reaction mechanism [31,32].

The optical properties of the prepared ZnS and ZnS:Mn nanowires were determined
with PL and UV-Vis diffuse reflectance spectra. Figure 5a,b present DR UV-Vis spectra
for samples with the different amounts of the Mn2+ ions synthesized MW heating and in
the presence of ethylenediamine as a stabilizer; b) samples stabilized in the presence of
the ethylenediamine and the hydrazine with the assistance of the MW heating; c) samples
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synthesized in the presence of the hydrazine with the similar actual Mn doping levels
(about 0.38 wt.% Mn2+) with the assistance of traditional heat source (K) and the MW
heating. One of the important features influencing the photocatalytic activity of the tested
samples is the light absorption abilities of nanocrystals in the UV spectrum near 254 nm
since the photocatalytic activities of various samples were examined with a UV lamp
with irradiation at 254 nm. All samples were characterized with a strong and broad
absorption band in the UV spectrum of light with the maximum at about 300 nm for ZnS
and ZnS:Mn stabilized with hydrazine and at 320–330 nm for ZnS and ZnS:Mn stabilized
with EN. The comparison of samples with a similar, actual manganese concentration of
about 0.38 wt.%, assigned as ZnS_NH_Mn0.001 (0.3706 wt.% Mn), ZnS_K_NH_Mn0.01
(0.3857 wt. % Mn) allows to conclude that one of the key factors influencing the UV
absorbance is the selection of heating method. Sample ZnS_NH_Mn0.001 synthesized
under MW-assisted reaction shows higher the light absorption abilities in the UV range
of spectrum compare to sample synthesized with the assistance of traditional heat source.
Another important factor influencing the optical properties of ZnS NCs is the type of
used stabilizer. Figure 5b indicates that the un-doped ZnS nanocrystals stabilized with
hydrazine absorb more efficient light in the UV light region of spectrum, including the
irradiation at 254 nm. Moreover, the UV spectra also clearly indicate that the significant
red shift in the UV spectrum into the visible spectrum of light can be observed for the
NCs doped with Mn2+ ions in the crystal lattice. This phenomenon can be observed for
both ZnS NCs stabilized with EN and N2H2. However, this effect can be more visible for
ZnS:Mn, as it has EN ligands. Additionally, it can be observed that with the increased
Mn concentration in the ZnS NCs, the absorption in the visible light increases due to the
Mn dopants (Figure 5a). This enhanced absorbance to the visible region can be probably
linked to the increase in defect sites in the crystal structure of the doped ZnS NCs [28,30,31].
In the UV light spectrum the situation is more complicated. In the case of ZnS_EN, the
light absorption abilities first increased as the Mn doping level increased for samples
ZnS_EN_Mn0.001 and ZnS_EN_Mn0.005 and again decreased as the Mn doping level kept
increasing for samples ZnS_EN_Mn0.01 and ZnS_EN_Mn0.02.

UV-Vis diffuse reflectance spectra were used to determine the optical band gap for
all ZnS and ZnS NCs, using the standard Kubelka-Munk function according to litera-
ture [33]. Spectrophotometric method is a rapid and precise technique for optical band
gap determination for powder samples with the standard error about ±0.02 [33]. Figure 5c
shows the plot of determination of the band gap for the ZnS_HN_Mn0.01 sample. Table 1
presents the calculated band gaps for all samples. The values are, accordingly, 3.30 eV for
un-doped ZnS_EN, 2.93 eV for ZnS_EN_Mn0.001, 3.31 eV for ZnS_EN_Mn0.005, 2.94 eV
for ZnS_EN_Mn0.01 and 2.72 eV for ZnS_EN_Mn0.02 with the highest content of Mn. As
it can be seen, the band gap values of all ZnS and ZnS:Mn stabilized with ethylenedi-
amine decrease when compared with those of ZnS bulk value materials (3.7 eV) [3,10,34].
However, the changes of band gap values upon the Mn doping levels were complicated,
initially, the band gap decreased with an increase of Mn doping levels than increased
for ZnS_EN_Mn0.005 and again decreased as the Mn doping level kept increasing for
ZnS_EN_Mn0.01 and ZnS_EN_Mn0.02. In the case of ZnS and ZnS:Mn stabilized with
hydrazine, we also observe slightly increased band gap values in comparison with the ZnS
bulk value materials, i.e. 3.78 eV for ZnS_NH, 3.81 eV for ZnS_NH_Mn0.001. For ZnS:Mn
with a higher concentration of Mn2+ ions in the NCs, we observe a slightly decreased
band gap when compared to ZnS bulk value materials. Moreover, the optical band gap
of samples ZnS_NH_Mn0.001 and ZnS_K_NH_Mn0.01 synthesized in the presence of
hydrazine with the similar actual Mn doping levels (about 0.38 wt.% Mn2+, Table 1) with
the assistance of the MW heating and traditional heat source, are 3.81 eV and 3.72 eV, re-
spectively. This can suggest that the doping process of Mn atoms has not so high impact on
the engineered ZnS band gap like type of used ligands or type of used heating methods. Its
looks that the type of used stabilizer has more significant impact on the changes of optical
band gap of nanocrystals. For example, the calculated optical band gap for ZnS_NH is
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3.78 eV whereas for ZnS_EN samples was 3.30 eV. And the selection of different stabilizers
did not induce a significant size difference in synthesized ZnS samples if MW was used
instead of conventional heating as implied by TEM analysis results (Figure 2).

Figure 5. DR UV-Vis spectra of ZnS and ZnS:Mn NCs (a) samples with the different amount of the Mn2+ ions synthesized MW
heating and in the presence of ethylenediamine as a stabilizer; (b) samples stabilized in the presence of the ethylenediamine
and the hydrazine with the assistance of the MW heating; (c) samples synthesized in the presence of the hydrazine with
the similar actual Mn doping levels (about 0.38 wt.% Mn2+ ) with the assistance of traditional heat source (K) and the MW
heating; (d) the plot of determination of the band gap for the ZnS_HN_Mn0.01 sample.

The room-temperature photoluminescence (PL) spectra of the as-prepared ZnS and
Zn:Mn NCs is presented in Figure 6. All emission spectra were measured for an excitation
wavelength at 310 nm. Figure 6 presents PL emission spectra for ZnS and ZnS:Mn NCs of
ZnS and ZnS:Mn NCs (a) samples with the different amount of the Mn2+ ions synthesized
MW heating and in the presence of ethylenediamine as a stabilizer; (b) samples stabilized
in the presence of the ethylenediamine and the hydrazine with the assistance of the MW
heating and (c) samples synthesized in the presence of the hydrazine including the samples
with the similar actual Mn doping levels (about 0.38 wt.% Mn2+) with the assistance of
traditional heat source (K) and the MW heating. The PL spectra of all the Mn doped ZnS
samples stabilized with EN or N2H2 were characterized with one sharp band at about
590 nm and a broad peak with the maximum between at 420–470 nm. The band at about
590 nm is attributed to 4T1-6A1 transition in the Mn2+ ions [28,30]. The higher concentration
of the Mn2+ ions in the Zn:Mn samples led to the increased intensity of emission band
corresponding to transition in the Mn2+ ions (Figure 6a,b).
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Figure 6. PL emission spectra for ZnS and ZnS:Mn NCs of ZnS and ZnS:Mn NCs (a) samples with the
different amount of the Mn2+ ions synthesized MW heating and in the presence of ethylenediamine
as a stabilizer; (b) samples stabilized in the presence of the ethylenediamine and the hydrazine with
the assistance of the MW heating; (c) samples synthesized in the presence of the hydrazine including
the samples with the similar actual Mn doping levels (about 0.38 wt.% Mn2+) with the assistance of
traditional heat source (K) and the MW heating.

The comparison of samples with a similar, actual manganese concentration of
about 0.38 wt.%, assigned as ZnS_NH_Mn0.001 (0.3706 wt.% Mn), ZnS_K_NH_Mn0.01
(0.3857 wt.% Mn) allows concluding that the selection of heating method has also impact
on PL emission of ZnS:Mn NCs. Samples prepared in MW reactor show higher PL emission
of the band at 590 nm. On the other hand, Figure 6b shows that the type of used stabilizer
for the synthesis of un-doped ZnS NCs does not impact the PL properties of nanocrystals.
As can be seen, the emission of both samples is very low, compare to Mn-doped ZnS
NCs. As we know, the PL emission spectra can be also useful to explain the variation of
photocatalytic activities among the samples since they can provide information on the
electron-hole separation efficiency. In most cases, the higher the PL intensity from the
sample indicated a higher probability of electron-hole recombination, i.e., lower electron-
hole separation efficiency which mostly decreases the photocatalytic activities. However,
in the cease of Mn-doped ZnS NCs, the emission which can be observed is coming mostly
from electron-hole recombination in Mn ions (4T1-6A1) not only from the sample surface
but also from nanocrystals (Figure 3c). In addition, the exact Mn doping concentration in
ZnS NCs is still relatively low.

3.2. Test of Photocatalytic Activity

The photocatalytic activities of the as-synthesized ZnS and ZnS:Mn nanowires sta-
bilized with ethylenediamine and hydrazine were evaluated by the photodegradation
of rhodamine B under UV irradiation. It is known that the photocatalytic process takes
place on the surface of catalysts. Therefore, the adsorption–desorption equilibrium mea-
surements were performed before irradiation to investigate the adsorption ability of the
samples. First, the suspensions were magnetically stirred for 1 hour in dark to establish the
adsorption–desorption equilibrium between the RhB and the photocatalyst. In the dark
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experiment the solution phase concentration of RhB rapidly decreases upon addition to the
ZnS or ZnS:Mn NCs suspension due to adsorption. About 15% of RhB was adsorbed in the
dark due to the a relatively high BET surface of used photocatalysts. The characteristic ab-
sorption of RhB at 550 nm was selected to monitor the photocatalytic degradation process.
Figure 7a presents the dependence of the RhB-normalized UV absorption at the maximum
of absorbance versus illumination time in the presence of the ZnS_NH_Mn0.01 sample. It
can be seen that over 60% of the dye was degraded after 3 h while the RhB was not degraded
at all in the solution without the presence of ZnS NCs photocatalysts (Figure 7b, the blank
test). Figure 7c,d present the time profiles of the photocatalytic efficiency of the degradation
process of RhB in a water solution versus irradiation time under UV light in the presence
of ZnS and ZnS:Mn NCs stabilized with ethylenediamine and ZnS and ZnS:Mn stabilized
with N2H2, respectively. All ZnS and ZnS:Mn NCs show the photocatalytic activity in the
degradation of RhB. In most cases, the efficiency of the photocatalytic degradation process
of RhB increases with the increase of irradiation time.

Figure 7. Time-dependent UV-Vis absorption spectra for RhB observed during incubation with
the ZnS_NH_Mn0.01 samples under UV illumination, the concentration of dye RhB vs ZnS based
NCs was 1:67 (typical 0.15 mg RhB vs 10 mg of ZnS:Mn NCs) (a), blank test (b), time profiles of
photocatalytic degradation process of RhB in water solution under UV light with the presence of ZnS
and ZnS:Mn NCs stabilized with EN (c) and ZnS and ZnS:Mn stabilized with N2H2 (d).

The % of dye degradation is calculated using the following equation:

% Degradation= (Ao − At/Ao) × 100 (2)

where Ao is the absorbance at time t = 0 min and At is the absorbance after time t min of
treatment, Ao and At are recorded at λmax of dye (at 550 nm for RhB) [35]. Figure 8 presents
the photocatalytic degradation kinetics of photocatalytic degradation process of RhB in
aqueous solution under UV light with the presence of ZnS and ZnS:Mn NCs stabilized
with EN and N2H2, respectively.
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Figure 8. Photocatalytic degradation kinetics of photocatalytic degradation process of RhB in aqueous
solution under UV light with the presence of ZnS and ZnS:Mn NCs stabilized with EN (a) and ZnS
and ZnS:Mn stabilized with N2H2 (b).

3.2.1. Effect of Mn-Doping on the Photocatalytic Activity

In order to check the doping effect on the photocatalytic performance in the RhB
degradation process, the ZnS NCs stabilized with ethylenediamine were prepared with
varied Mn doping concentration (see Table 1). Photocatalytic studies have been carried
out for ZnS NCs and different Mn percentages of ZnS:Mn NCs stabilized with EN
for the photodegradation of RhB under UV light irradiation. The time profiles and
photocatalytic degradation kinetics as well as the comparison of the photocatalytic
activity of ZnS NCs in the RhB degradation process for different Mn concentration are
shown in Figures 7a, 8a and 9a.

The study shows that the addition of Mn strongly improves the photocatalytic prop-
erties. As shown in Figures 7a and 9a, the photocatalytic activity of RhB is about 45%,
36%, 27%, 18%, 16% for ZnS_En_Mn0.02 (1.0622 of Mn wt.%), ZnS_EN_Mn0.1 (0.4705 of
Mn wt.%), ZnS_EN_Mn0.005 (0.1682 of Mn wt.%), ZnS_EN_Mn0.001 (0.0944 of Mn wt.%),
ZnS_EN, respectively, under UV light irradiation within 300 min. The ZnS_EN_Mn0.02
sample displays the highest photocatalytic activity and about 45% of RhB dye molecules
can be degraded within 300 min. Additionally, for all the samples of the ZnS and ZnS:Mn
NCs, a pseudo-first-order model was applied and the corresponding equation ln(C0/C) = kt
was used, where C0 and C are the concentrations of dye in the solution at times correspond-
ing to 0 and t, respectively, and k is the pseudo-first-order rate constant. The correlation
with regard to pseudo-first-order reaction kinetics was 0.9913, 0.9434, 0.9681, 0.9303, and
0.9496 for the ZnS_EN_Mn0.02, ZnS_EN_Mn0.01, ZnS_EN_Mn0.005, ZnS_EN_Mn0.001
and ZnS_EN samples, respectively, as shown in Figure 8a.

The comparisons of the reported photodegradation efficiency of ZnS:Mn stabilized by
EN photocatalyst synthesized with the microwave method for the degradation of RhB are
summarized in Figure 9a. Obviously, the ZnS_EN_Mn0.02 exhibited much smaller degrada-
tion efficiency compared to standard powder P25 TiO2 (see also Figure S2 in Supplementary
Materials). Taking into account the positive impact of Mn doping on the activity in the pho-
tocatalytic degradation of RhB we need to consider also the exact Mn doping concentration
and characterization in ZnS NCs. As can be seen in Table 1 the nominal Mn concentra-
tion is different than the exact doping amount of Mn. For instance, ZnS_EN_Mn0.01
(0.4705 of Mn wt.%) has different doping amount from ZnS_NH_Mn0.01 (0.6847 of Mn
wt.%), ZnS_K_EN_Mn0.01 (0.1207 of Mn at%), and ZnS_K_NH_Mn0.01 (0.3857 of Mn
at%). The photocatalytic activity of these samples in the degradation process of RhB
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was also different about 36%, 60%, 16% and 30% for ZnS_EN_Mn0.1, ZnS_NH_Mn0.01,
ZnS_K_EN_Mn0.01 and ZnS_K_NH_Mn0.01, respectively. The highest photocatalytic
activity presents sample ZnS_NH_Mn0.01 with the highest effective Mn doping concen-
tration. One of the important parameters influencing the photocatalytic activity of the
ZnS:Mn samples is the UV light absorption abilities, band gap properties as well as the
specific surface area. All these properties have been discussed in detail in the previous
chapters. Table 1 and Figure 5a show that the Mn doping led to a shift of the ZnS opti-
cal band gap from 3.30 to 2.72 eV. The band gap of ZnS_EN_Mn0.01, ZnS_NH_Mn0.01,
ZnS_K_EN_Mn0.01 and ZnS_K_NH_Mn0.01 samples was 2.94 eV, 3.64 eV, 3.58 eV and
3.72 eV, respectively. On the other hand, the specific surface area of these samples was
adequate of 207.4 m2/g, 211.2 m2/g, 185.1 m2/g and 194.8 m2/g for ZnS_EN_Mn0.01,
ZnS_NH_Mn0.01, ZnS_K_EN_Mn0.01 and ZnS_K_NH_Mn0.01, respectively. Nanomateri-
als synthesized in MW-assisted methods show higher specific surface area and also higher
light absorption abilities (Figure 5c). The Mn2+ ions doping caused also the enhanced
absorbance to the visible region of the spectrum and PL emission at 590 nm. However,
the Mn doping in ZnS NCs allows them to be used as effectual UV photocatalysts for
the degradation of organic contaminants. This enhancement can suggest a more efficient
separation process of the photogenerated charge carriers than that of un-doped ZnS, which
can positively influence the photocatalytic activity even under UV light. The Mn2+ ions
in ZnS NCs behave like electron sinks, which can effectively trap and transfer the photo-
generated electrons, and then improve the separation of electrons and hole pairs. Similar
effect has been observed also for other nanomaterials, e.g. ZnSe, ZnO, CuO, by other
authors [30,36,37].

Figure 9. The comparison of efficiency of photocatalytic degradation of RhB for (a) different ZnS
and ZnS:Mn NCs samples with the different amount of the Mn2+ ions synthesized MW heating and
in the presence of ethylenediamine versus standard P25 TiO2 photocatalyst; (b) for ZnS samples
stabilized in the presence of the ethylenediamine and the hydrazine with the assistance of the MW
heating; (c) samples synthesized in the presence of the hydrazine including the samples with the
similar actual Mn doping levels (about 0.38 wt.% Mn2+) with the assistance of traditional heat source
(K) and the MW heating;. (d) different ZnS and ZnS:Mn NCs samples.
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3.2.2. Effect of the Stabilizing Agent and the Used Synthetic Method on the
Photocatalytic Activity

In order to check the effect of the used stabilizing agent and the synthetic process
on the photocatalytic performance of ZnS NCs in the RhB degradation process, the
ZnS NCs stabilized with ethylenediamine and hydrazine were prepared with the same
Mn doping concentration using both the microwave and the conventional heating (see
Table 1). Likewise, the photocatalytic studies have been carried out for all ZnS-based
samples for the photodegradation of RhB under UV light irradiation. The time profiles and
photocatalytic degradation kinetics as well as the comparison of the photocatalytic activity
of ZnS_EN, ZnS_EN_Mn0.01, ZnS_NH and ZnS_NH_Mn0.01, ZnS_K_NH_Mn 0.01 in the
RhB degradation process are presented in Figure 7a,b, Figure 8a,b and Figure 9b,c. The
study shows that the use of the hydrazine as a stabilizing agent strongly improves the
photocatalytic properties in both cases of Mn-doped ZnS and un-doped ZnS NCs. The
highest efficiency of the degradation process was observed for sample ZnS_NH_Mn0.01
(0.6847 of Mn wt.%), where during 3 h of UV irradiation, 61% of the dye was degraded.
When we compare the un-doped ZnS NCs synthesized in MW reactor, samples ZnS_NH
and ZnS_EN (Figure 9b) we observe higher photocatalytic performance for the crystals
with shorter amine molecules as hydrazine on the surface of the NCs. The specific surface
area of ZnS_EN was 218.4 m2/g (with pore size of 8.76 nm) whereas for ZnS_NH was only
207.5 m2/g (with a pore size of 5.63 nm). However, Figure 5b shows that the un-doped
ZnS nanocrystals stabilized with hydrazine (ZnS_NH) have better light absorption abilities
in the UV light region of the spectrum than ZnS NCs stabilized with ethylenediamine,
including the irradiation at 254 nm. These properties make ZnS_NH NCs a more efficient
photocatalyst (almost twice, 16% for ZnS_EN vs. 32% for ZnS_NH).

It is well known that microwave heating is a promising technology and its applica-
tions have been fast growing due to its exclusive effects, such as rapid volumetric heating,
increased reaction rates, shortened reaction time and improved reaction selectivity [25]. In
our study, we observed much better photocatalytic performance of the NCs synthesized
in MW-assisted synthesis when compared to the sample synthesized in the reactor with
conventional heating. For example, only 30% of the RhB molecules were photocatalytically
reduced with sample ZnS_K_NH_Mn0.01 (the surface area = 194.8 m2/g), having the same
nominal Mn doping concentration and stabilizing agent like sample ZnS_NH_Mn0.01 (the
surface area = 207.4 m2/g), where 61% of the dye was degraded. In our study, microwave
irradiation was effectively used to modify the desired morphology and high surface areas
of ZnS-based NCs (see Table 1 and Figure 2). These properties have huge effects on the
photocatalytic properties of nanocrystals [30]. In turn, when we compare the ZnS:Mn NCs
with the similar actual Mn doping levels about 0.38 wt.% Mn (Table 1, Figure 9c) in NCs
(ZnS_NH_Mn0.001 versus ZnS_K_NH_Mn0.01) synthesized in the presence of hydrazine
with the assistance of the MW heating and traditional heat source, we observe higher photo-
catalytic performance for the crystals synthesized in microwave-assisted synthesis. Almost
48% of RhB molecules were photocatalytically reduced with sample ZnS_NH_Mn0.001
having the similar Mn doping concentration and hydrazine as the stabilizing agent. In
turn, only about 30% of RhB molecules were photocatalytically reduced in the presence
of ZnS_K_NH_Mn0.01 samples. The specific surface area of ZnS_K_NH_Mn0.01 was
194.8 m2/g (with pore size of 7.73 nm) whereas for ZnS_NH_Mn0.001 was 207.4 m2/g
(with a pore size of 8.76 nm).

In fact, the ZnS_NH_Mn0.01 sample shows the highest efficiency in the degradation
process of all catalysts but its pseudo-first-order rate constant was clearly lower than
those of some other catalysts. The pseudo-first-order rate constant was 0.9496, 0.9434,
0.9402, 0.7842 and 0.9577 for the ZnS_En, ZnS_EN_Mn0.01, ZnS_NH and ZnS_NH_Mn0.01,
ZnS_K_NH_Mn 0.01 samples, respectively, as shown in Figure 8. It can be found that
the experimental data were not ideally fitted to the pseudo-first-order model, with low
correlation coefficients of 0.7842 for ZnS_NH_Mn0.01. This indicates that the experimental
data did not well obey the pseudo-first-order kinetic model. It is known that photocatalytic
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oxidation rate constant, k, is a property of a photocatalyst, and does not significantly
depend on reactant structure [38]. Therefore, this deviation can be connected to different
aspects related to the surface properties of photocatalysis as well as the reaction mechanism
including the adsorption/diffusion process; e.g. the photocatalyst surface was saturated in
dye over nearly the entire concentration range studied. However, in order to give a clear
explanation of this deviation, further research of the system, including an understanding
of the adsorption mechanisms and the detailed kinetic analysis, is required [39,40].

Figure 10 shows the incident photon-to-electron conversion efficiencies (IPCE) as a
function of wavelength and potential of the ZnS_NH_Mn0.01 sample. This presents the
best efficiency photoactivity. The IPCE values for different wavelengths were derived with
determination of power of the incident monochromatic beam at each of the wavelength,
using the following equation:

IPCE(%) = (1240/ λ) × (lph/pin) X 100 (3)

where λ is the wavelength of the incident light in nm, lph is the photocurrent in A
cm−2 and pin is the power of the incident monochromatic light in Wcm−2 [30,40]. The
ZnS_NH_Mn0.01 shows the photocurrent response mostly in the UV range of the light
spectrum, with the optimum IPCE efficiency near 5% at about 380 nm and 1450 mV. In turn,
the IPCE of P25 TiO2 (see also Figure S1 in Supplementary Materials) is 57% according to
literature [41].

Figure 10. The incident photon-to-electron conversion efficiencies (IPCE) as a function of wavelength
and potential for ZnS_NH_Mn0.01.

It is well known that the practical application of the photocatalyst strongly depends
also on the stability and recyclability of the photocatalysts. Therefore, to study the perfor-
mance stability of the sample which showed the best photocatalytic activity, the recycling
test of photocatalytic degradation of RhB was performed under UV light. Figure 11 shows
the stability tests for the photodegradation of RhB over the ZnS_NH_Mn0.01, photocat-
alysts under UV light. The stability test of the photocatalysts was performed by cycling
experiments. It can be clearly seen that the efficiency of the photocatalytic process is
relatively stable, however the efficiency of photodegradation decreased only slightly. These
results indicate that ZnS is a very good candidate for a photocatalyst in the degradation of
water pollutants.
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Figure 11. The stability test for the photodegradation process of RhB in the presence of
ZnS_NH_Mn0.01 photocatalysts.

4. Conclusions

In summary, ZnS and ZnS:Mn nanowires were successfully obtained in a microwave-
assisted solvothermal synthesis method, which is simple, cost effective and easily scalable.
Two molecules were used as ligands: ethylenediamine and hydrazine. These ligands
were used as capping agents to tune the morphology of the ZnS samples by influencing
the crystal growth. The morphology and optical properties of the as-prepared NCs were
characterized with the XRD, TEM, DR UV-Vis, FT-IR and BET analyses. The as-synthesized
ZnS:Mn NCs stabilized by hydrazine showed the largest photocatalytic activity in the
degradation of rhodamine B. The enhanced photocatalytic performance could be attributed
to a large specific surface area, high Mn2+ doping concentration and short amines on the
surface as ligands, which improved the migration rate of the electron/hole to the surface
NCs. It has been proven that the photocatalytic activity of the Mn-doped ZnS NCs strongly
depends on the dopant concentration. The as-designed ZnS and ZnS:Mn nanowires are
promising in degrading organic pollutants in water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14195840/s1, Figure S1. XRD patterns (a) of ZnS nanocrystals stabilized with ethylenedi-
amine and (b) ZnS nanocrystals stabilized with hydrazine; the peaks in the pattern matching well with
wurtzite structure according to JCPDS#96-110-0045.; Figure S2. Time-dependent UV-Vis absorption
spectra for RhB observed during incubation with the P25 TiO2 samples under UV illumination.
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30. Matras-Postołek, K.; Sovinska, S.; Węgrzynowicz, A. Synthesis and characterization of ZnSe and ZnSe:Mn nanosheets and
microflowers with high photoactive properties by microwave-assisted method. Chem. Eng. Process. Process. Intensif. 2019, 135,
204–216. [CrossRef]

31. Deng, Z.-X.; Wang, C.; Sun, X.; Li, Y.-D. Structure-Directing Coordination Template Effect of Ethylenediamine in Formations of
ZnS and ZnSe Nanocrystallites via Solvothermal Route. Inorg. Chem. 2002, 41, 869–873. [CrossRef]

32. Zhang, J.; Li, X.; Liu, D.; Wang, S.; Yan, J.; Lu, M.; Xie, X.; Huang, L.; Huang, W. Stirring revealed new functions of ethylenediamine
and hydrazine in the morphology control of copper nanowires. Nanoscale 2019, 11, 11902–11909. [CrossRef]

33. Sangiorgi, N.; Aversa, L.; Tatti, R.; Verucchi, R.; Sanson, A. Spectrophotometric method for optical band gap and electronic
transitions determination of semiconductor materials. Opt. Mater. 2017, 64, 18–25. [CrossRef]

34. Katan, C.; Nicolas Mercier, N.; Even, J. Quantum and Dielectric Confinement Effects in Lower-Dimensional Hybrid Per-ovskite
Semiconductors. Chem Rev. 2019, 13, 3140–3192. [CrossRef]

35. Sangpour, P.; Hashemi, F.; Moshfegh, A.Z. Photoenhanced Degradation of Methylene Blue on Cosputtered M:TiO2 (M ) Au, Ag,
Cu) Nanocomposite Systems: A Comparative Study. J. Phys. Chem. C 2010, 114, 13955–13961. [CrossRef]

36. Ullah, R.; Dutta, J. Photocatalytic degradation of organic dyes with manganese-doped ZnO nanoparticles. J. Hazard. Mater. 2008,
156, 194–200. [CrossRef]

37. Iqbal, M.; Thebo, A.A.; Shah, A.H.; Iqbal, A.; Thebo, K.H.; Phulpoto, S.; Mohsin, M.A. Influence of Mn-doping on the photocat-
alytic and solar cell efficiency of CuO nanowires. Inorg. Chem. Commun. 2017, 76, 71–76. [CrossRef]

38. Ollis, D.F. Kinetics of Photocatalyzed Reactions: Five Lessons Learned. Front. Chem. 2018, 6, 378. [CrossRef]
39. Guo, H.; Ke, Y.; Wang, D.; Lin, K.; Shen, R.; Chen, J.; Weng, W. Efficient adsorption and photocatalytic degradation of Congo red

onto hydrothermally synthesized NiS nanoparticles. J. Nanoparticle Res. 2013, 15, 1–12. [CrossRef]
40. Hajra, P.; Shyamal, S.; Mandal, H.; Sariket, D.; Maity, A.; Kundu, S.; Bhattacharya, C. Synthesis of oxygen deficient bismuth oxide

photocatalyst for improved photoelectrochemical applications. Electrochim. Acta 2019, 299, 357–365. [CrossRef]
41. Ngamsinlapasathian, S.; Sreethawong, T.; Suzuki, Y.; Yoshikawa, S. Single- and double-layered mesoporous TiO2/P25 TiO2

electrode for dye-sensitized solar cell. Sol. Energy Mater. Sol. Cells 2005, 86, 269–282. [CrossRef]

http://doi.org/10.1007/s10854-014-2572-0
http://doi.org/10.1021/jp0107560
http://doi.org/10.1016/j.jcrysgro.2005.05.005
http://doi.org/10.1038/nature03832
http://doi.org/10.1016/j.cep.2018.11.022
http://doi.org/10.1021/ic0103502
http://doi.org/10.1039/C9NR01470E
http://doi.org/10.1016/j.optmat.2016.11.014
http://doi.org/10.1021/acs.chemrev.8b00417
http://doi.org/10.1021/jp910454r
http://doi.org/10.1016/j.jhazmat.2007.12.033
http://doi.org/10.1016/j.inoche.2016.11.023
http://doi.org/10.3389/fchem.2018.00378
http://doi.org/10.1007/s11051-013-1475-y
http://doi.org/10.1016/j.electacta.2019.01.009
http://doi.org/10.1016/j.solmat.2004.06.010

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of ZnS and ZnS:Mn Nanowires in MW 
	Preparation of ZnS Nanocrystals in Conventional Heating 
	Characterization of Nanowires 
	Photocatalytic Activity Test 

	Results and Discussion 
	Characterization of the ZnS and ZnS:Mn Nanowires 
	Test of Photocatalytic Activity 
	Effect of Mn-Doping on the Photocatalytic Activity 
	Effect of the Stabilizing Agent and the Used Synthetic Method on the Photocatalytic Activity 


	Conclusions 
	References

