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antibiotics under visible light irradiation
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ABSTRACT

Herein, we report the MnS, CdS and MnS/CdS nanoparticles prepared by
precipitation method. The as-synthesized particles were characterized using by
scanning electron microscope, X-ray diffraction, UV-diffuse reflectance spec-
troscopy, photoluminescence, X-ray photoelectron spectroscopy and photo-
electrochemical technique. MnS/CdS composite combination enhanced the
optical, photocatalytic, and photoelectronic properties of the samples. Photo-
catalytic performances of the samples were evaluated under visible light irra-
diation. The photoelectrode activity of all samples was also investigated. MnS/
CdS composites were found as efficient photocatalysts under visible light. The
enhanced photocatalysis of the composites was attributed to the possible defect
structure, high electron density of CdS and inhibition of electron/hole pairs as
well as optimal content of CdS in the composite system. MnS/CdS composites
must be evaluated for photocatalytic and photoelectrochemical activities with
broader visible light range.
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antibiotic-resistant microorganisms [4]. Tetracycline
(TC) has been found in aquatic environments that

Introduction

Environmental pollution and energy shortage are
major problems of the modern world [1, 2]. To over-
come these problems, many researchers are working
on green energy and green chemistry [3]. Partially
metabolized antibiotics are creating serious environ-
mental problem as they are being detected in ground
water, sediment, etc. In addition, they intervene in the
growth of living cells and lead to the proliferation of

Address correspondence to E-mail: aliimran@mu.edu.tr

https:/ /doi.org/10.1007 /s10853-019-04299-6

negatively affected the environment itself as well as
human, animals’ health [2]. Fluoroquinolones (FQs)
are widely used as broad-spectrum antibiotics, which
are commonly found in ground or fresh water (approx.
2.5-50 ng L") [5]. Antibiotics cause allergies, toxicity,
and can lead to the antibiotic-resistant bacteria in the
environment. Adsorption, biodegradation, filtration,
semiconductor photocatalysts, etc., have been applied
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to eliminate such antibiotics from waste water. Semi-
conductor composites are widely used to remove
organic contaminants [6]. Photocatalysts are ideal
materials to convert solar energy into be electrochem-
ical energy. This process degrades organic pollutant
and produces H, that is a green energy [7]. Semicon-
ductor composites are efficient absorber due to their
multi-functional properties such as high absorption
coefficients, plasmonic effects, electron injection and
wider absorption bands. [8, 9]. Semiconductors cat-
alyze in photoelectric events that fabricate induced
electrons and holes under UV-visible irradiation.
These charge carriers can start chemical reaction on the
catalysts surface [10]. The efficiency of the photocat-
alytic activity of pristine semiconductors has been
increased making their composites that increase the
light absorption and separation of charge carries [11].

The use of metal sulfides (MS) is trending due to
special crystal and energy band structure. It is being
used as a substitute for noble metals in the modifi-
cation of CdS [12]. MnS is a perfect energy storage
material but carries certain disadvantages in photo-
catalytic and photoelectrochemical applications [13].
Coupled structure with other semiconductors such as
CdS, TiO,, and MoS, can be made to overcome their
deficiencies. A contact-type complex consisting of
different bandgaps can exhibit a different structure in
electric field. This case helps to increase the separa-
tion of electron to hole (¢~ /h*) pairs [14]. Conse-
quently, the energy levels of the two semiconductors
can come to equilibrium to act as a staggered
heterojunction. Although the photocatalytic activity
of a photocatalyst has been significantly enhanced
compared with each bare photocatalyst, charge
migration rate, separation efficiency of the electron
and hole (¢7/h™) pairs, absorption in visible region
and available active sites of photocatalysts still need
to be improved. CdS is a II-IV promising semicon-
ductor photocatalysis. CdS has high photocatalytic
activity and wider visible light absorption spectra
with narrow band gap (~ 2.2 eV) [15]. However, the
oxidation of photogenerated holes, which causes
photocorrosion of CdS, results in poor stability in
aqueous solutions [16].

Different methods have been applied to increase
the photocatalytic performance of CdS. It has been
synthesized as a core shell structure to enhance the
flow charge carrier and inhibit charge recombination.
It can also be modified as co-catalysts onto the
semiconductors [17]. This limits the charge
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recombination and increases the charge separation by
facilitating energy band bending and reveals a new
electric field [18]. Until now, there are limited studies
with MnS/CdS composites and their degradation
studies. Yang et al. [19] prepared ZnO/TiO,/CdS
composites with enhanced photoelectrocatalytic per-
formance. Wang et al. [20] studied MoS,-modified
Mn,CdogS/MnS heterojunction while Li et al. [21]
synthesized Mn,Cd;,S photocatalyst, both for
enhanced photocatalytic H, evolution.

Herein, we report a new composite MnS/CdS
photocatalyst fabricated through a facile precipitation
method. The photocatalytic and photoelectrochemi-
cal performances of composites were tested under
visible light irradiation with different molar ratios of
CdS. The as-prepared MnS/CdS heterojunctions
presented a significantly enhanced photocatalytic
and photoelectrochemical activity.

Experimental

Synthesize of MnS, CdS and MnS/CdS
composites

To synthesize the CdS nanomaterials (NM), a facile
chemical precipitation method was used. Initially,
0.63 g NaS was dissolved in methanol/water mixture
(20/80 v/v) and 1 mL of ethylene glycol was added
into it. The mixture was stirred for 2 h (Solution A).
0.56 g of Cd(NO;), was dissolved in 40 mL of water,
added into solution A and stirred for 2 h. The obtained
precipitate was filtered, centrifuged for 30 min, and
dried inan ovenat 80 °C for 3 h that revealed CdS NM.

The same method was used to synthesize MnS
NM. Around 0.84 g of NaS was dissolved in metha-
nol/water mixture (20/80 v/v), and 1 mL of ethylene
glycol was added into it. The mixture was stirred for
2 h (Solution B). 1.12 g of Mn(NOj3), was dissolved in
50 mL of water and dropped to Solution B. The MnS
particles were filtered and centrifuged for 30 min.
The obtained MnS sample was dried at 90 °C for 2 h
before calcination at 200 °C.

MnS/CdS composite materials were prepared by
precipitation CdS in MnS solution. In this process,
0.5g of MnS particles was mixed with relative
Cd(NO3); and NaS components in 100 mL of
methanol/water (20/80 v/v) solution. The mixture
was stirred for 3 h. The obtained samples with
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various MnS/CdS molar ratio (1/3.5), (1/5) and (1/7)
were labeled as MC1, MC2 and MC3, respectively.

Characterization

The crystalline structures were examined by X-ray
diffraction (XRD: Rigaku D/MAX 350) using copper
K radiation (k = 0.154056 nm). The microstructure
and shape of the particles were investigated using
scanning electron microscope (SEM) (JEOL JSM-
7600F). X-ray photoelectron spectroscopic (XPS)
measurement was taken using a PHI 5000 Versa
Probe. The photoluminescence (PL) emission spectra
of the samples were obtained using a spectrofluoro-
metric (Spex 500 M, USA). The UV-Vis DRS analyses
of all the samples were performed using a Lambda 35
UV-Vis spectrophotometer in the solid state. Raman
studies were performed at room temperature using
Raman spectrophotometer (Bruker IFS 66/S, FRA
106/S, HYPERION 1000, RAMANSCOPE II). The
recorded spectra were obtained using 532 nm laser.
The electrochemical impedance spectra (EIS) were
analyzed on an impedance analyzer (Gamry Poten-
tiostat/Galvanostat/ZRA Reference 3000) using a
standard three-electrode system with the samples as
the working electrodes, a saturated calomel electrode
(SCE) as the reference electrode, and a Pt wire as the
counter electrode. Frequency operating range was
specified as 1 kHz-10" Hz.

Photocatalytic performance studies

The photocatalytic performance of the as-synthesized
catalysts was evaluated by decomposition of the
Oxytetracycline (OTC) and flumequine (FLQ) antibi-
otics under visible light irradiation. A special pho-
toreactor was used to reveal the degradation
experiments. 300 W Xenon arc lamp was used as
visible light source. 0.1 g of samples was dispersed in
a 50 mL FLQ (10 ppm) and OTC (10 ppm) solution.
Natural pH was maintained throughout the catalytic
reactions. The FLQ and OTC solutions were stirred
for 1 h to adjust adsorption/desorption equilibrium.
After that, 2 mL aliquot was taken and filtered to
measure absorbance in UV-Vis spectrophotometer.
The residual FLQ and OTC concentration was esti-

mated using Eq. 1 as given below:
C0—C 0=
0 t

%Degradation = x 100 (1)
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where Ag and A, are the initial and final absorbencies
of FLQ at 248 nm and OTC at 251 nm.

According to the Beer-Lambert law, initial and
final absorbencies represent the initial Cy and final C
concentrations of the FLQ and OTC antibiotics.

XRD analysis

The structural properties of the prepared MnS, CdS
and MnS/CdS composites were determined by X-ray
diffraction. The (1 1 1) peak at 27.5 in Fig. 1a shows
meta-stable B-MnS phase (Cubic phase). Peaks at
25.61°, 31.2° and 51.01° can be indexed to (1 00), (10
1) and (1 0 3) planes of y-MnS phases [22]. Two dif-
ferent phases were obtained in this preparation
method. During the formation of the MnS structures,
probably B-MnS phase has minimal free energy clo-
sely followed by that of y-phase [23]. This means [3-
MnS and y-MnS have not transformed to o-MnS at
200 °C of calcination temperature. The most intense
peak was obtained at 31.2°. It is possible that the
preferential growth occurred at (1 0 1) face during the
reaction process.

Figure 1b shows the XRD pattern of CdS sample.
The peaks at 20 = 23.56°, 30.28°, 36.44°, 43.76° and
49.32° and 61.74° correspond to (100), (101), (102),
(110), (103) and (104) planes of wurtzite hexagonal
CdS, respectively [24]. In the case of MnS/CdS
composites, all samples present similar diffraction
peaks of hexagonal CdS with lattice constants
a=0421 nm and c = 0.647 nm, respectively. The
main peak of MnS is slightly seen in the composites;
either CdS peak overlaps it or its amount is com-
paratively less. Whatsoever, the presences of these
characteristic peaks refer to the preparation MnS/
CdS composites. The average crystallite size from the
most intense peaks was calculated using the Scherrer
Eq. 2 as given below:

B2

d=———
51/2‘305@

(2)
where d is the average crystallite size, B is the
Scherrer constant (0.91), k is the wavelength of the
X-ray, 1,2 is full width at half maximum of the
diffraction peak, and @ is the angle. The calculated
particle size of MnS, CdS, MC1, MC2 and MC3 was
28.61, 29.54, 29.60, 29.63 and 29.78 nm, respectively.
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SEM analysis

The morphology of MnS, CdS and MnS/CdS (MC1)
samples at different magnifications is provided in
Fig. 2. Erratically distributed spherical morphology
of pure MnS nanoparticles can be seen (Fig. 2a).
Higher aggregation rates were observed in this
sample (Fig. 2a, al), which were closely packed and
agglomerated during the synthesis. The diameters of
MnS nanoparticles are approx. 500-700 nm (Fig. 2a,
al).

Figure 2b, bl shows SEM results of the CdS
nanoparticles; urchin-like agglomerates can be seen
there. Furthermore, the specific surface area of MCl1
sample was studied by N, adsorption-desorption
analysis. Type-IV isotherm with an H3 hysteresis
loop indicated mesoporous structure (Fig. 2d).
However, the specific surface area, pore volume and
pore size are 4.95 m*/g, 0.021 cm®/g and 15.93 nm,
respectively; thus less antibiotics adsorbed [25]. Fig-
ure 2¢, c1 presents SEM images of MnS/CdS com-
posite nanoparticles (MC1) and EDS results for target
elements. The spherical MnS and spiky CdS are
together in the composites (Fig. 2c) where the spiky
parts of CdS are slightly reduced. As a whole, the
spherical MnS and spiky CdS are in the form of
composite and are urchin-like.

Figure 1 XRD pattern of
MnS, CdS and composites
(MCI1, MC2, MC3).
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Figure 2 SEM images of MnS, CdS and MCI1 sample (a, b,»™
¢) and N, adsorption—desorption analysis of the MC1 sample (d).

Raman studies

Figure 3 presents Raman spectrum of MnS, CdS and
MnS/CdS composites. Peaks at 286 cm ™" correspond
to the longitudinal optical phonon (LO) mode (A1/
E1) while the peak at 583 cm ™' is 2 M magnon scat-
tering [26]. As known, CdS is available in two dif-
ferent crystalline forms, i.e., hexagonal wurtzite and
cubic zinc-blende. The wurtzite CdS presents six
Raman active modes which are E, at 43 cm™', A;
transverse optical (TO) at 234 em ™}, E, at 256 cm ™Y,
E; (TO) at 243 cm ™!, A; longitudinal optical (LO) at
305 cm ™', and E; (LO) at 307 cm ™' [27]. The peaks at
303 cm™! and 601 cm ™' show 1LO and 2LO of active
modes. MnS/CdS (MC1) sample showed three peaks
at ~ 285, ~ 303, and ~ 601 cm~!. Raman spectra
can reflect a shift to lower or higher x-axis (broad-
ening and downward shift) because of tensile and
compressive stresses affected as reported earlier. As
seen from Fig. 3b, the characteristic peaks of CdS
showed blueshift in general. Compressive stresses
may have caused this shift in the MC1 composite.
Moreover, CdS in the MC1 sample has displayed
suppressing Raman scattering band probably due to
absorption of sufficient photons by CdS.
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UV-diffuse reflectance spectroscopy (UV-
DRS) Studies

Optoelectrical characteristics of the photocatalysts are
obtained with UV-DRS analysis (Fig. 4). MnS pre-
sented two sharply absorption peaks at 247 and
345 nm. Probably MnS matrix gets B and 7y form.
Conversely, CdS displayed a visible region absorp-
tion peak at 454 nm. MC1 composite sample pre-
sented visible region absorption peaks. Surprisingly,
no differences were found in the UV-DRS spectra of
MC1 composite, which was highly similar to the bare
CdS spectrum. A possible explanation for this might

40

35

e
(=}
& 204
15 4
o , ——cCds
Vi MnS
/ —MC1
5 . r : r , r . : .
200 300 400 500 600 700

Wavelength (nm)

Figure 4 Diffuse reflectance spectra of MnS, CdS and MnS/CdS
composites.
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be that CdS is more dominant in terms of both elec-
tron density and crystal size.

The band gap of each sample was calculated using
Eq. 3.

1240
E, = - (3)

where A absorption is edge and E, is the band gap
value. A straight axis intersecting the energy showed
band gap of MnS, CdS and MC1 samples as 3.31, 2.73

and 2.98, respectively. Equation 4 is used to reveal
the Ecg and Eyp edge absorption.

ECB =0— EE —05x Eg and EVB = ECB + Eg (4)

where ¢ is the electronegativity of CdS (5.18 eV) [28]
and Eg is the energy of free electron on the hydrogen
scale (NHE, 4.5 eV). Ecg, Evg and E, are conduction
band, valence band and bad gap values, respectively.
The VB and CB values of MnS were 1.96 and — 1.34
while the VB and CB values of CdS were 2.04 and
— 0.68, respectively.

Photoluminescence (PL) studies

PL is an effective study to reveal the electronic
structure, photochemical and optical properties of a
semiconductor. The room-temperature photolumi-
nescence (PL) spectra (300-600 nm) of all samples are
shown in Fig. 5. MnS generally excites at 270 and
300 nm. The absorption spectrum of MnS (red line
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spectra) at an excitation wavelength of 300 nm con-
sisted of three emission peaks at 425, 460 and 485 nm,
respectively. The former peak at 425 nm is the near
band emission of y-MnS [29] while the last two cor-
respond to the B-MnS of Mn™? lowest energy d—d
transitions of °A;(S) — *AL*E'G and
®A1(S) — *T,(*G), respectively [22]. In PL of CdS
(green line spectra), four emission peaks at 361, 424,
460 (purple light) and 485 nm (blue light) were
observed. The peak at 485 nm can be attributed to the
near band emission [30]. The emission band at
424 nm can be due to a small fraction of weakly
trapped e/ ht pair excitons. Moreover, due to the
recombination of excitons or shallowly trapped ¢~/
h* pairs that causes band edge potential between 450
and 500 nm, the emission band was observed at
460 nm [31]. All emission peaks of pure CdS showed
higher PL intensity indicating faster recombination
rate of electron/hole pairs. In the case of MnS/CdS
composites, introducing MnS in the MnS/CdS com-
posite decreased the PL emission intensity. As well
known, the decrease in emission intensities can be
attributed to the reducing recombination of charge
carriers (e~ /h™). As seen from Fig. 5, the PL intensity
of all MnS/CdS samples is lower. MC1 has presented
least PL intensity but more strong separation and
highest transfer efficiency of photoinduced elec-
tron/hole pairs [32]. In addition, the PL spectra of all
samples have presented the combination of charac-
teristic bands because of both MnS and CdS. This is
an important issue for the future research for differ-
ent photocatalyst applications.
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Figure 5 Photoluminescence spectra of MnS, CdS, MC1, MC2,
and MC3 samples.
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XPS studies

X-ray photoelectron spectroscopy (XPS) analysis was
performed to reveal the chemical compositions and
the surface chemical status of the MnS/CdS sample
(MC1). Figure 6a shows survey spectrum of MC1
sample that clearly shows Mn, Cd and S elements.
Mn 2p spectrum (Fig. 6b) displays two strong peaks
at 641.5 eV and 652.4 eV, respectively. This energy
values correspond to 2p;,» and 2p3, of Mn?"in MC1.
As seen from Fig. 6c, two peaks, which are attributed
to the Cd 3ds,, (403.9 eV) and Cd 3d;,, (410.1 eV),
can be observed. Moreover, XPS spectra of sulfur
(Fig. 6d) present two peaks at 167.23 (S 2p;,,) and
2313 (S 2s177). There is a significant difference
between the Cd and S binding energies. These find-
ings suggest that there is an effective contact between
MnS and CdS rather than an ordinary physical mix-
ture. [33].

Electrochemical analysis

As is shown in Fig. 7a, Nyquist plots of MnS, CdS
and MC1 composites show effective semicircles. As
well known, the smaller radius confirms a faster
charge transfer rate. As seen in Fig. 7a, the semicir-
cular diameter of MC1 sample is lesser. These find-
ings suggested that MC1 sample has excellent
conductivity in the non-photo excited state [34]. This
observation might support the hypothesis that there
is a fast electron transfer between catalyst interfacials
and also confirms the remarkably improved electron
migration between the CdS and MnS interface that
causes lower recombination rate of electron and hole
pairs.

Dielectric results of MnS, CdS and MC1 were
obtained to understand the impact of their frequency
on the conductivity (Fig. 7b). Dielectric constant gives
information about polarizabilities at the applied fre-
quency [35]. The dielectric constant has decreased
slowly with increasing the frequency. Dielectric
constant of MC1 was higher than that of MnS and
CdS probably due to the defect level, which magni-
fied polar centers in the MC1 (MnS/CdS composite).
This defect level has enhanced the photocatalytic
performance of MnS/CdS (MC1) composite during
the FLQ and OTC degradation.

@ Springer
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Figure 6 XPS spectra of MC1 sample a survey, b Mn 2p, ¢ Cd 3d, d S 2s, 2p.

Photocatalytic activity

The concentration of antibiotics decreased through-
out 120 min at 248 (FLQ) and 251 (OTC) nm (Figs. 8a,
9a). After 120 min of visible light irradiation, only
10% of FLQ and 11% of OTC were degraded for bare
MnS, while 18% of FLQ and 19.5% of CdS were
degraded for bare CdS. Comparatively, MnS/CdS
composite samples showed higher photodegradation
of the antibiotics under visible light irradiation
(Fig. 8b, 9b). Highest degradation efficiency was
reflected by MC1 composite with 83 (FLQ) and 75
(OTC) % (Fig. 8b, 9b). CdS was more reactive than
MnS as the band gap of MnS is higher than the CdS.
In addition, bare CdS displayed low catalytic per-
formances because of the lower inhibition of photo-
generated species and the deficiency of active sites.
Under same conditions, MnS sample showed very
low degradation efficiency for both FLQ and OTC

@ Springer

antibiotics (Fig. 8b, 9b) as MnS is not active for pho-
tocatalytic activity under visible light irradiation. The
photocatalytic performance of the samples can be
presented by first-order kinetic equation (Eq. 5).

in(G,) = k-t (5)

where C is the concentration of antibiotics changing
with time, Cy is the initial concentration of antibiotics,
k is the first-order kinetic constant, and t is the reac-
tion time [36]. As seen from Figs. 8c and 9c, the linear
correlation rate of kinetic models of the samples is
very high. Moreover, the optimal CdS content (1/3.5)
showed more degradation which is 11 and ~ 8 times
higher than that of bare CdS for FLQ and OTC
antibiotics (Fig. 8c, 9¢c). Further increasing the CdS
loading (1/5 and 1/7 molar ratio) decreased the
photocatalytic activity. It is possible that much con-
tent of CdS caused light scattering that decreased the
catalyst concentration. Therefore, the reduction in
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Figure 7 Electrochemical analysis of MnS, CdS and MCI1
sample a Nyquist plots, b dielectric constants.

light intensity did not inhibit the recombination of
electron (7) hole (k") that is responsible for the
degradation process.

The same MC1 composite showed higher degra-
dation rate and where FLQ > OTC degradation.
Hence, it could conceivably be hypothesized that
FLQ has lower molecular weight and chemical
structure; OTC is more complex and more aromatic.
MC1 sample has higher degradation efficiency,
although it has a broader band gap. There are two
possibilities: first more defects in the crystal structure
can accelerate the inhibition of electron and hole
pairs; second, there is optimal content of the com-
ponents in the catalyst structure. The possible charge
transfer of ¢~ /h* pairs in the coupling MnS/CdS
heterojunction photocatalyst could be explained as
given in Fig. 10. Both CdS and MnS could be induced
to reveal e /ht pairs in the CB and VB band edge,
respectively. However, due to the higher band gap of
MnS, the VB electrons could be excited to defect level
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supported with dielectric constant. Because of the
intimate contact between MnS and CdS, photoin-
duced electrons in the CB of CdS can migrate to the
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Figure 9 Photocatalytic degradation of OTC by MCI catalyst

under Visible Light irradiation: a UV-Vis degradation profile of

FLQ, b degradation rate, ¢ pseudo-first-order kinetic results of the
samples.

defect level of MnS and also, the photogenerated
holes on the VB of MnS can be transferred to the VB
of CdS that would effectively separate the e /h*
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Figure 10 Charge carries distribution of MC1 composite sample
for FLQ and OTC degradation under visible light irradiation.

pairs. This formation blocks the photooxidation of
CdS [37]. The redox potential of superoxide radical is
— 0.33 eV. The CB electrons can produce superoxide
('Oy) radicals with O, as it is more negative than the
potential of O,/'O,. However, VB potential of MnS
and CdS is more negative than the standard redox
potential of OH /'OH (2.40 eV). The transferred
holes (i) from VB level of MnS could not reveal OH
radical. This finding is unexpected but suggests that
‘OH radicals were produced from superoxide radi-
cals as shown in the reaction below:

0O, +2H,0 — OH™ + H;0, + OH’
H,O, — 20H

From a different perspective, the holes might be
involved in the oxidation reaction of antibiotic
directly [4]. These oxidative and reductive species
can cause an effective separation of charge carries
indicating the higher degradation rate.

Conclusion

The MnS, CdS and MnS/CdS composites were suc-
cessfully prepared via simple precipitation method.
The obtained catalysts samples showed significant
photocatalytic degradation and photoelectrochemical
activities against FLQ and OTC. SEM images showed
urchin-like composites. Although MnS has a high
band gap, the CdS has shifted the composite to the
visible light region. The lower peak intensity in PL
spectra showed that the composite materials have
effective electron/hole (¢~ /h™) inhibition. Dielectric
constant data showed a possible crystalline defect in
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the composite structure that has played an active role
in photodegradation. MC1 (1/3.5) composite sample
showed the highest degradation performance of 83
and 75% against FLQ and OTC under visible light
irradiation. The photocatalytic degradation activity of
the samples can be attributed to the transfer of charge
carries, defect level and effective inhibition of elec-
tron/hole pairs. This study concludes the synthesis of
new photocatalyst to decompose organic pollutant
under visible light irradiation. More studies are
required to research the commercialization of these
photocatalysts.
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