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Abstract

This article reports the synthesis of PEGylated microspheres of MoS2 nanosheets through the hydro-
thermal method and its application in rhodamine B and methylene blue dyes photodegradation, and
photoreduction of chromium(VI) to chromium(IIl) in water under illumination with visible light. The
catalyst was characterized using X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM),
Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDS),
Fourier Transform Infra Red (FTIR), Thermo-gravimetric Analysis (TGA), and UV-Vis spectroscopies.
XRD result reveals the MoS2 nanosheets to be present in the hexagonal phase of MoSs. SEM, TEM,
and HRTEM images show that the synthesised sample has spherical shapes made up of several thin
sheets of MoS2. The catalyst showed visible light responsivity with a calculated band gap of 1.92 eV.
The MoS2 nanosheets exhibited high degradation efficiency against both dyes. The RhB and MB dyes
experienced degradation efficiencies of 97.30 % (RhB) and 98.05 % (MB) in 75 min 90 min, respectively.
The MoS: photocatalyst is also observed to be effective in photocatalytic reduction of Cr(VI) and dis-
played 91.05% reduction of Cr(VI) to Cr(III) in 75 min. The results reveal that the synthesised MoS:
nanosheet is a good photocatalytic material for degradation of dyes and reduction of Cr(VI) to Cr(III) in
water. Copyright © 2019 BCREC Group. All rights reserved
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1. Introduction development has led to increased energy crisis
and environmental contamination [1]. Environ-
mental contaminations issues are mostly associ-
ated with hazardous wastes, and toxic organic
pollutants discharged into water bodies. Most of
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toxic organic dyes and dyestuffs [2-4].

Heavy metals such as chromium (Cr) which
is usually used in various applications includ-
ing its use in alloys, steel manufacturing,
chrome plating, leather tanning and wood proc-
essing [5,6] exists in the environment as a re-
sult of direct discharge from industries. It is re-
garded as a harmful entity owing to its highly
toxic nature. Chromium exists in two different
forms, i.e. Cr(VI) and Cr(III) with Cr(VI), being
the most harmful form present in the aquatic
environment. Dyes and Cr(VI) contaminated
wastewater discharged from industries pollute
water resources and pose life-threatening
health effects to humans and wildlife [7]. As a
result, issues relating to water pollution with
heavy metals and organic dyes are receiving
greater attention with a focus on the removal of
dye molecules and Cr(VI) from wastewater be-
fore their final discharge into the environment.

Many efforts have been put into the removal
of organic pollutants from wastewater due to
the threat they pose to all forms of life. Re-
cently, various techniques have been applied
for the elimination of heavy metals and organic
dyes from polluted water which includes chemi-
cal oxidation [8], extraction [9], adsorption [10],
photocatalytic activity [11], and biochemical
method [12]. Amongst them, photocatalytic
degradation and photocatalytic reduction of or-
ganic pollutants and heavy metals using nanos-
tructured photocatalyst semiconductor materi-
als have been considered to be the most promis-
ing and sustainable strategies for water decon-
tamination and environment remediation [13-
15]due to their simplicity of design, low cost,
flexibility and eco-friendliness [16,17]. Photo-
catalytic degradation of organic pollutants is a
process that combines catalysis with solar ra-
diation [18,19] to degrade the dyes into harm-
less compounds (CO:z and H20) and also to re-
duce Cr(VI) into harmless Cr(III). In this re-
gard, a photocatalytic semiconductor material
absorbs light of energy more than or equal to
its band-gap, resulting in electrons and holes
generations followed by the formation of free
radicals that are responsible for the oxidation
of the contaminants.

Amongst the known photocatalyst, titanium
dioxide (TiOg) is the broadly used photocatalyst
of choice due to the fact that it possesses cer-
tain peculiar features including strong oxidiz-
ing power, chemical stability, nontoxicity and
low cost [20,21]. Irrespective of the various ad-
vantages, the use of TiOz2 and other photocata-
lysts in industrial scale photocatalysis is still
restricted due to certain inherent shortfalls of
these photocatalysts. These shortfalls include

rapid recombination of excited charge carriers,
poor chemical stability and wide band gap en-
ergies which only permits the catalysts to use
ultraviolet (UV) light instead of the more abun-
dant visible light. The UV light represents only
about 4 % of the solar spectrum while the visi-
ble light accounts for about 45 % of the spec-
trum [22]. Therefore, it has become necessary
to fabricate photocatalysts that are capable of
utilizing visible light with efficient charge car-
riers separation abilities [23,24].

Molybdenum disulfide (MoS2) is a low-cost,
non-toxic and abundant semiconductor mate-
rial with a small direct energy band gap (1.8
eV) in nanoscale and indirect energy band gap
(1.2 eV) [25,26] in bulk form. It has been exten-
sively used in electronics, energy conversion,
and storage devices, but the potential of MoS2
nanostructures in water purification and metal
reduction has not been fully explored. In this
study, we employed the one-step hydrothermal
synthesis method to synthesize microspheres of
MoS2 nanosheets using polyethylene glycol
(PEG) as a capping agent. The photocatalytic
activity of the synthesized photocatalyst was
explored for the photodegradation of Rhoda-
mine (RhB), Methyl blue (MB) and photoreduc-
tion of Cr(VI) to Cr(III) in aqueous solution.

2. Materials and Method
2.1 Materials

Ammonium hexamolybdate tetrahydrate
(AHM), polyethylene glycol (PEG, average My
400), thiourea, ethanol (99.8 %), methylene
blue, rhodamine B, and potassium dichromate
(KoCr207) were all obtained from Sigma-
Aldrich and used without further purifications.
Standard solution of the methylene blue and
rhodamine B dyes were prepared through the
dissolution of the appropriate masses of the
dyes in deionized water (1000 mL). The desired
dye concentrations (20 mg/lL) were obtained
through dilution of the prepared standard solu-
tions. The Cr(VI) solution (10 ppm) was pre-
pared by dissolving the calculated amount of
K2Cr207 in deionized water (1000 mL).

2.2 Synthesis of MoS2 Nanosheets using PEG
as a Capping Agent

The microsphere MoS2 nanosheets were syn-
thesised in a Teflon-lined autoclave via a
hydrothermal route by using AHM and thio-
urea as the sources of molybdenum and sul-
phur, respectively. PEG-400 was used as a cap-
ping agent. The procedure of the preparation
was as follows: A 1.200 g of AHM was dissolved
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in 15 mL distilled water by a magnetic stirrer tect the functional groups in the sample.
for 15 min. In another vial, 1.00 g of PEG-400 Thermo-gravimetric analysis (TGA) was also
was also dissolved distilled water (15 mL). The performed to determine the thermal stability of
PEG-400 solution was then introduced into the PEGylated MoS:2 nanosheets. UV-Vis spec-
vial containing the AHM solution after which trometer was used for the determination of the
the mixture was stirred for 30 min. Thereafter, energy band gap and also for the evaluation of
2.400 g of thiourea was added the above mix- photocatalytic activities.

ture and the resultant mixture was stirred for

another 20 min. The final solution was then 2.4 Photocatalytic Experiment

transferred into 50 mL Teflon lined autoclave

and reacted at 220 °C for 24 h. A black precipi- 2.4.1 Photodegradation of dye molecules

tate was obtained at the end of the reaction and Photodegradation properties of the micro-
was separated by centrifuging the suspension sphere MoS2 nanosheets were assessed by
for 20 min (7830 rpm). The Black MoS: monitoring its ability to degrade RhB and MB
nanosheet was collected and washed several dyes in aqueous solutions. In both experiments,
times with distilled water and ethanol. It was 50 mg of the photocatalyst was dispersed in
then dried in an oven overnight at 60 °C. A 100 mL (10 ppm) each of RhB and MB dye
schematic diagram for the synthesis of the Pe- aqueous solutions. Prior to irradiation, the dye
gylated microsphere MoS2 nanosheets is pre- solutions with suspended photocatalysts in a
sented in Scheme 1. round bottom flask were stirred in dark condi-

tions to ensure that the surfaces of the cata-
2.3 Materials Characterizations lysts were saturated with the dyes. The solu-

tions were then placed in a photoreactor and
were exposed to visible light under magnetic
stirring conditions. The visible light was pro-
duced by attaching a UV filter to a solar simu-
lator (250 W) which was the source of light for
the experiment. At a regular time interval of
15 min, 4 mL of irradiated solutions of each
dye was collected and centrifuged to remove
the catalysts, and the supernatants were used
for the evaluation of photodegradation. The su-

The crystal structure of the product was in-
vestigated by X-ray diffraction (XRD) with Cu-
Ka radiation (1=0.15418 nm). The morphology
and structure of the sample were characterized
by transmission electron microscopy (TEM) and
field emission scanning electron microscopy
(FESEM) equipped with energy dispersive X-
ray spectroscopy (EDS). Fourier transformed
infrared (FTIR) spectrometer was used to de-
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Scheme 1. A schematic diagram for the synthesis of the Pegylated microsphere MoS2 nanosheets
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pernatants were analysed using UV-Vis spec-
trophotometer to record the intensity of the ab-
sorption peaks of RhB (5655 nm) and MB (665
nm).

2.4.2 Photoreduction of Chromium Cr(VI)

The photocatalytic performance of the syn-
thesised catalyst was also evaluated through
photocatalytic degradation of Cr(VI) under
visible light irradiation. The photocatalyst (50
mg) was suspended in Cr(VI) solution (100 mL,
10 ppm) and the mixture was stirred for 20 min
under a dark condition so as to attain adsorp-
tion-desorption equilibrium. Then, the suspen-
sion was illuminated with visible light for 75
minutes and at every 15 minutes intervals, 4
mL of the suspension was withdrawn and cen-
trifuged to separate the photocatalyst and the
Cr(VI). The process of photocatalytic reduction
was monitored using UV-Vis spectrophotome-
ter to record the intensity of the absorption
peaks of Cr(VI) at 350 nm.

2.4.3 Catalyst recyclability study

The recyclability of the MoSz2nanosheets for
the degradation of RhB and MB dyes and re-

spheres of MoS2 nanosheets

duction of Cr(VI) to Cr(III) was also performed
by adhering to the procedure described in sec-
tion 2.4.1 and 2.4.2, respectively. The reusabil-
ity assessments were executed 5 successive
times. At the end of each degradation cycle, the
catalysts were separated from the solution by
centrifugation. They were washed, dried at 60
oC for 12 h, and reused.

3. Results and Discussions
3.1 Characterizations

The morphologies of the synthesised micro-
spheres of MoS2 nanosheets were obtained via
FESEM, TEM, and HRTEM. The FESEM im-
age of the pure MoSz2in Figure 1(a) clearly
shows a cluster of MoS2 thin sheets. That of
the Pegylated MoS: (Figure 1(b)) is of micro-
spherical shapes made up of several thin
sheets of MoS2. Thus, the PEG-400 played the
role of a capping agent. TEM image from
Figure 1(c) shows that the sample is made up
of sheets of MoSz. Figurel(d) which shows a
high resolution-TEM image of the sample, re-
veals a layered structure of nanosheets. The
distance between the adjacent layers was esti-
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mated to be 0.682 nm corresponding to (022)
planes of hexagonal MoSz2 nanosheets. For the
identification of elemental composition in the
sample, SEM equipped with EDS was used. A
typical EDS spectrum of MoS2 shown in Figure
1(e) reveals the presence of Mo and S. The ele-
mental C and O, come from the PEG-400 used
as capping agents during the synthesis.

Figure 2 reveals the XRD pattern of the syn-
thesized MoS2 nanosheets. All the diffraction
peaks are indexed as hexagonal MoS2 (ICDD:
00-037-1492). The diffraction peak at 14.28°
corresponds to (002) planes with a d-spacing of
0.620 nm which was calculated from Bragg’s
equation, whereas the d-spacing of pristine
MoSs, according to ICDD: 00-037-1492, is 0.612
nm indicating enlarged interlayer spacing in
the nanosheets.

The peak at 33.96° correspond to (100)
planes and indicates reduced spacing of 0.264
nm compared with 0.274 nm of pristine MoSs.
The two peaks at 40.27° and 60.28¢ correspond
to (103) and (110) planes with d-spacing of
0.224 nm and 0.153 nm, respectively. The re-
sults prove that the PEGylated MoS:
nanosheets were successfully prepared. The
peaks were found to be broad which indicate

40 60 80
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Figure 2. XRD pattern of the microspheres of
MoS2 nanosheets
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Figure 3. FTIR spectrum of the microspheres
of MoS2 nanosheets

smaller crystallite.

Figure 3 illustrates the FTIR spectrum of
the photocatalyst. Two vibrational modes at
about 3435 and 1635 cm-! are observed and as-
signed to the hydroxyl functionalities of ad-
sorbed moisture from the atmosphere on the
MoS: nanosheets. Figure 3(1), which is the in-
serted spectrum from 2800-3000 cm-l range,
shows the methyl symmetric and asymmetric
stretches which are attributed to adsorbed
PEG molecules on the MoS2 nanosheets. The
inserted spectrum of Figure 3(ii) which ranges
from 400-500 cm-1, exhibits a characteristic vi-
brational mode at 455 cm-! and was assigned to
the Mo-S linkage of the synthesised MoS2 sam-
ple.

To assess the thermal stability of the pre-
pared PEGylated MoSz nanosheets, TGA
analysis of the sample was executed in the
temperature range of 25 to 800 °C in air flow.
The result is shown in Figure 4. The result
shows four stages of weight lost. The first
weight loss from 25 to 130 °C happens immedi-
ately after heating begins. This weight loss is
assigned to the evaporation of absorbed wa-
ter/moisture from the atmosphere.

The second stage of weight loss occurs from
245 to 340 °C and it is attributable to the de-
composition of adsorbed polyethylene glycol
molecules on the MoS:z surfaces [32]. The third
weight loss which occurred from 355 to 456 °C
is assigned to the oxidation of MoS2 to hexago-
nal-MoOs (h-MoOs) and finally phase transfor-
mation to a-MoOs. The last sharp stage of
weight lost transpires possibly because of the
decomposition of a-MoOs.

UV-Vis spectrum (Figure 5 (a)) was ob-
tained in order to probe the optical properties
of the synthesized sample. The MoS2 nanosheet
demonstrates the ability to absorb light in the
wavelength range of 200 to 800 nm. This indi-
cates the ability of the catalyst to absorb light

100

T T T T T T T T ™
0 200 400 600 800 1000
Temperature (°C)
Figure 4. TGA curve of the microspheres of
MoS:2 nanosheets
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in both UV and visible light range of the electro-
magnetic spectrum.

The energy band of prepared MoS:
nanosheets was calculated using equation (1):

ohy = A(hv—Eg)" @

where a, v, A, and E,; are the absorption coeffi-
cient, light frequency, proportionality constant
and band gap energy, respectively. n describes
the type of transition in the semiconductor.

MoS: exhibits a direct transition in nanoscale
and indirect transition in bulk form, hence the
value of n was taken as /2 for the synthesised
MoS2 nanosheets. Figure 5(b) shows the energy
band gap of the catalyst which was estimated
from the plot of (ahv)? versus hv by extrapolating
the straight line to X-axis intercept. The result
indicates that the synthesised MoS2nanosheet
has the energy band gap of 1.92 eV. This band
gap value means that the MoSz2 nanosheet 1s visi-
ble light active and hence its ability to absorb
light in the visible range (Figure 5(a)).
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3.2. Photocatalytic Studies

3.2.1 Photocatalytic degradation of Rhodamine-
B

Figure 6(a) illustrations the changes in the
absorption spectrum of RhB dye with respect to
irradiation time over the synthesised MoS:
nanosheets. The typical absorption peak of
RhB which occurs at 555 nm is noted to de-
creases progressively with an increase in irra-
diation time. This reduction in the peak inten-
sity indicates the gradual degradation of the
dye with increasing time. Figure 6(b) displays
the photocatalytic degradation rate of RhB as a
function of time with light and without irradia-
tion with light. The concentration of RhB was
observed to reduce progressively as the irradia-
tion time increases.

The results also show that the rate of degra-
dation of RhB by MoS: nanosheets in the pres-
ence of light is faster as compared to the degra-
dation rate in the absence of light, which im-
plies that light plays an important role in the

(b)
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T
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Figure 5. (a) UV-Vis and (b) Tauc plot estimated band-gap energy of the microspheres of MoS2
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Figure 6. (a) UV-Vis spectroscopic changes of RhB aqueous solution in the presence MoS2 nanosheets,
(b) Photocatalytic degradation rate of RhB as a function of time and (c) Percent removal of RhB in the
presence of MoS2 nanosheets as a function of irradiation time
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photodegradation of RhB. The reduction in the
concentration of the dye in the dark can be at-
tributed to adsorption of its molecules onto the
surface of the catalyst which usually takes
place prior to degradation.

The following equation was used to deter-
mine the % removal of RhB at a particular time
t:

% Removal = (1 —C]xloo (2

C

o

It was observed that the prepared MoS2
nanosheets showed greater efficiency in the
degradation of RhB under light irradiation
than in the absence of light, since the percent-
age removal in the presence of light was ob-
tained to be 97.3 % and only 66.3 % was
achieved in the absence of light as shown in
Figure 6(c).

3.2.2 Photocatalytic degradation of Methyl Blue

The variation in the absorption spectrum of
MB (10 ppm) dye with respect to irradiation
time over the synthesised MoS2 photocatalyst
is shown in Figure 7(a). The characteristic ab-
sorption peak at 665 nm decreases with an in-
crease in irradiation time. The photodegrada-
tion rate of MB is shown in Figure 7(b). The re-
sults show that the concentration of MB de-
creases as the irradiation time increases indi-
cating a gradual degradation of the dye with in-
creasing time. To determine removal efficiency
of MB by MoS2 nanosheets, the equation (2)
was used. As evident from Figure 7(c), the pre-
pared MoS: photocatalyst degrades 98.05 % of
MB in 90 min. Thus the MoS2 nanosheet ex-
hibit high degradation efficiency against both
RhB and MB dyes.

3.2.3 Chromium photoreduction studies

The photoreduction study was undertaken
to evaluate the capability of MoS2 nanosheets
to photoreduce Cr(VI) to Cr(III). The UV-Vis
absorption spectra of Cr(VI) reduction is pre-
sented in Figure 8. The figure shows a consis-
tent decrease in the absorption spectrum of
Cr(VI) with time in the presence of MoS:2
nanosheets which suggests that the Cr(VI) was
gradually being converted to Cr(III) by the
catalyst with increasing irradiation time.
Figure 8(b) indicates the rate of Cr(VI) conver-
sion as a function of time, and it was observed
that the concentration of Cr(VI) decreases as
the irradiation time increases. These observa-
tions mean the Cr(VI) become progressively
converted to Cr(IIT) with increasing time. In or-
der to investigate the role of kinetics on the
photocatalytic reduction of Cr(VI), the plot of
—in (C/C,) versus time (f) was obtained and the
result is shown in Figure 8 (c). The plot was fit-
ted with Langmuir-Hinshelwood pseudo first
order equation with the rate constant of 0.0251
min-l. Figure 8(d) represents the percentage re-
duction of Cr(VI) in the presence of MoS2
nanosheets and shows that 91.05 % Cr(VI) re-
duction was achieved in 75 min.

3.2.4 Comparison of the effectiveness of the as-
synthesized MoSz nanosheets with other pub-
lished results

In order to ascertain the effectiveness of the
as-synthesized MoS:2 nanosheets over other
photocatalysts in the degradation of RhB and
MB, and the reduction of Cr(VI), the photode-
gradation and photoreduction efficiencies of the
MoS: nanosheets have been matched with
other published data (Table 1). Taking into
consideration the concentrations of the cata-
lysts and the pollutants used, and the duration
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Figure 7. (a) UV-Vis spectroscopic changes of the MB aqueous solution in the presence MoS:
nanosheets, (b) Photocatalytic degradation rate of MB as a function of time and (c) Percent removal of
MB in the presence of MoS2 nanosheets as a function of irradiation time
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Figure 8. (a) UV-Vis absorption spectra of Cr(VI) reduction, (b) Photocatalytic reduction rate of Cr(VI),
(¢) Langmuir—Hinshelwood pseudo-first order kinetic plots or reduction of Cr(VI), and (d) Percent
photoreduction of Cr(VI)

Table 1. Comparison of the effectiveness of the as-synthesized MoSz nanosheets with other published
resultson the photodegradation of RhB and MB, and the photoreduction of Cr(VI) in wastewater using
visible light

Catayst name Pollutant  Catalyst conc. Pollutant Tilpe Degradation Reference
name (mg/L) conc. (mg/L) (min) (%)

CuS/PVA RhB 20 50 60 80 [27]
Au/ZnO RhB 100 20 60 87 [28]
NaBiO3 RhB 100 20 180 97 [29]

PEG-MoS:; RhB 50 10 90 97 [present work]
Pure MoS2 RhB 50 10 90 72 [present work]
TiO2 MB 20 20 300 86 [30]

Zn0-SnOq MB 400 20 60 96 [31]

TiO2/AC MB 20 50 90 98 [32]
PEG-MoS:; MB 50 10 90 98 [present work]
Pure MoS: MB 50 10 90 76 [present work]

TiO2 Cr(VID) 50 20 60 86 [33]

NiFe204-S102 Cr(VI) 200 10 300 97 [34]

Zn0O Cr(VI) 1000 20 120 80 [35]
PEG-MoS: Cr(VD) 50 10 90 91 [present work]
Pure MoS: Cr(VI) 50 10 90 68 [present work]
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of the photocatalytic experiments, the degrada-
tion efficiencies of the as-synthesized MoS:
nanosheets evidenced that it is an effective
catalyst as it showed much higher degradation
efficiencies in the degradation of the two dyes
and the reduction of Cr(VI) in comparison to
the other photocatalysts used. In addition, the
efficiency of the pure MoSz2 (MoSz2 without PEG
400) against the photodegradation of the two
dyes (RhB and MB) and the photoreduction of
Cr (VI) was also compared with that of the pe-
gylated MoS2 (Table 1). The results revealed
that the pegylated MoSzdisplayed higher effi-
ciencies in all the processes compared to the
pure MoS:z. This observation indicates that the
PEG 400, apart from acting as a capping agent,
also enhanced the photodegradation efficiency
of MoSs.

3.2.5 Recyclability studies

The ability of the photocatalyst to be regen-
erated and re-used has been tested. This prop-
erty is an important requirement as it will as-
sist in reducing the cost associated with using
new photocatalysts during each cycle. The out-
come of this analysis (Figure 9) show only a
small variation within the catalyst’s reusability
over the five cycles in the degradation of the
dyes (RhB and MB) and the reduction of
Cr(VI). The degradation efficiencies ranged
from 97.3 % to 91.7 %, and 98.05 % to 92.2 %
within the 80 min irradiation time for RhB
and MB, respectively. Those of Cr(VI) reduc-
tion varied from 91.05 % to 89.25 %. The re-
sults indicate that the MoSz nanoparticle has

I k1B
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100 . (VD)

(-]
3 2 =
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Figure 9. Recyclability study on MoS2
nanosheets for the degradation of RhB, MB,
and reduction of Cr(VI)

the potential to be effectively recycled and re-
used over a number cycles to proficiently de-
grade the dyes and reduce Cr(VI) to Cr(III) in
aqueous medium.

4. Conclusion

In summary, the microspheres of MoS:2
nanosheets were successfully synthesised by
hydrothermal method. XRD reveals that the
synthesised MoS2 nanosheets can be indexed to
hexagonal structure of MoSz (ICDD: 00-037-
1492). SEM, TEM, and HRTEM images show
that the synthesised sample has spherical
shapes made up of several thin sheets of MoS2
with the d-spacing of 0.682 nm. The energy
band gap was estimated to be 1.92 eV. The
RhB and MB dyes experienced degradation ef-
ficiencies of 97.30 % (RhB) and 98.05 % (MB)
by the catalyst in 75 min 90 min, respectively
in the presence of light. The results reveal that
the synthesised MoS2 nanosheet is a good
photocatalytic material for degradation of dyes
in water. It was also observed that light plays
a crucial role in the degradation of the dyes.
The catalyst 1s also observed to be effective in
the photocatalytic reduction of Cr(VI). 91.05 %
reduction of Cr(VI) to Cr(III) was achieved in
75 min.
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