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otocatalytic activity of highly
expanded MoS2 under visible light emitting diodes†
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and Joon Ching Juan *ae

Photocatalytic degradation is a promising method to remove organic pollutants from water. Photocatalysts

based on two-dimensional (2D) transition metal dichalcogenides (TMDs) such as MoS2 nanomaterials have

gained tremendous popularity. This is due to their narrow band gap and high visible light absorption. Herein,

a MoS2 photocatalyst with highly expanded interlayer spaces of 1.51 nm was synthesized in the presence of

Pluronic F-127 as a template by a facile one-pot hydrothermal method. This expanded MoS2 (MF-1)

managed to photodegrade 98% (2.62 � 10�2 min�1) of methylene blue (MB) dye under irradiation of 1 W

visible light-emitting diode (LED) white light. The dominant performance of MF-1 is attributed to the

highly expanded interlayer spacing, which exposed more active edge sites. Moreover, the formation of

surface defects such as surface cracks and sulfur vacancies (Sv) facilitates the adsorption capacity and in

situ generation of reactive oxygen species (ROS). The dominant ROS responsible for the

photodegradation of MB is superoxide radical (cO2
�). The photocatalyst shows good recyclability without

deterioration even after five consecutive cycles.
1. Introduction

The growth of the human population and rapid development of
industrial activities has led to environmental pollution. Water
pollution is oen a result of irresponsible anthropogenic
activities. For instance, discharge of untreated dye effluents
from the textile industry is a major contributor to water pollu-
tion.1 It is estimated that 200 000 metric tons of wastewater
containing harmful organic chemical substances are dis-
charged annually without proper treatment technology.2

Untreated dye molecules in water bodies may pose substantial
threats to aquatic life and human health, as they undergo
chemical and biological transformation to toxic substances.
According to sustainable development goal (SDG) 2030, clean
water and sanitation is a particularly important goal to ensure
that drinking water is safe and affordable for people
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worldwide.3 Hence, efficient technologies for the removal of
water pollutants are greatly desired and anticipated.

In past decades, many methods have been introduced to
remove dye pollutants effectively from wastewater, including
adsorption,4 photocatalytic degradation,5 catalytic oxidation6 and
biological processes.7 Amongst these, photocatalytic degradation
has been widely reported as an efficient and biosafe remedy.8 This
is due to the versatility and sustainability of photocatalysts, which
can be activated under the irradiation of natural sunlight to
degrade dye molecules.9 TiO2 is a traditional photocatalyst that
has been actively applied in photocatalytic degradation activity.
However, due to its wide band gap of �3.2 eV, it can only be
activated under UV light irradiation.10 In other words, TiO2 can
only be activated by UV light, which represents approximately less
than 5% of solar light. Therefore, many researchers have
attempted to tune the band gap of TiO2 to the visible light-active
region or have synthesized new types of photocatalysts.10 Recently,
the usage of an energy-efficient light source such as LED white
light has attracted considerable interest than that of visible light
from traditional UV lamps or high-power xenon lamps.11 Although
LED light is more energy-efficient, presently, there are only a few
reports on the use of LED white light-active photocatalysts such as
ZnO0.6S0.4,12 Ag/AgBr,13 Fe3+-doped g-C3N4 (ref. 14) and g-C3N4/
Nb2O5 (ref. 15) for the photodegradation of water pollutants. They
are capable of photodegrading organic pollutants within 240 min
on irradiation with 3–150 W visible LED light.

MoS2 nanostructures are a transition metal dichalcogenide
(TMD) material that is commonly used as a co-catalyst in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic activity.16,17 However, MoS2 is a potential candi-
date in photocatalysis due to its unique physiochemical and
optical properties, which can be modied by reducing the MoS2
staking layer.18 Generally, bulk MoS2 is optically inactive and
also shows low photoluminescence response due to its indirect
band gap of 1.29 eV.19 Meanwhile, the direct band gap of single
or few layers-thick MoS2 exhibits a peak at 1.8–1.9 eV; therefore,
it is a highly suitable semiconductor oxide to be activated within
the visible light region.20 Moreover, with such a narrow band
gap, MoS2 possesses rapid transfer of charge carriers along with
wide absorption in the range of visible light; therefore, it is
a promising and valuable photocatalyst candidate.20,21

Generally, MoS2 is fabricated based on the tri-atomic-thick
regime of S–Mo–S layers, where the Mo atom is located
between two trigonal atomic layers of S atom.22 The bond
between Mo and S atom is linked by strong covalent bonds,
whereas the interlayer of S–Mo–S is bonded via van der Waals
forces.23 The crystalline MoS2 consists of basal and edge planes,
where the former is inherently and thermodynamically favored
to have higher surface exposure.24 Despite this, the photo-
catalytic activity of MoS2 is oen limited as a result of its
dependency on the availability of edge sites.25 Therefore, many
studies have been devoted to improving the exposure of MoS2
edge sites through morphology control,26 development of
amorphous-state MoS2 with unsaturated Mo and S sites,27

surface defects28 and expansion of the interlayer distance.29

Generally, the intrinsic structure of MoS2 has an interlayer
spacing of around 0.62 nm.30 It has been reported that expan-
sion of the interlayer spacing of MoS2 can reach 0.91 nm. This
spacing enabled the expanded MoS2 to form a composite with
CdS nanorods, and the photocatalytic activity was enhanced by
21-fold.31

The interaction between the MoS2 layers is governed by weak
van der Waals forces. Upon introduction of foreign substances
such as oxygen,32 so templates,22 polymers33 or carbon,34 the
interlayer spacing of MoS2 can be expanded. Furthermore, the
intercalation of foreign substances indirectly instigates defects
in the crystal structure, which can enhance the exposure of the
catalyst active sites. For instance, Li et al.22 synthesized
expanded MoS2 with polyethylene glycol (PEG) under a hydro-
thermal route. Zhou et al.32 synthesized oxygen-incorporated
defect-rich MoS2 nanosheets with expanded interlayers
through a solvothermal method. The expanded interlayer
spacing that exposes more edge sites manages to improve the
performance of MoS2 for the electrocatalytic activity of the
hydrogen evolution reaction (HER). This is because the expan-
sion of the interlayers allows the intercalation of foreign ions,
improving the electrochemical performance. However, the
photocatalytic activity of the highly expanded interlayer MoS2 is
still very limited.

In this study, highly expanded MoS2 was successfully
synthesized by a facile one-pot hydrothermal method. A Plur-
onic F-127 surfactant template under acidic conditions was
employed to produce highly expanded interlayers of MoS2. The
highly expanded MoS2 exhibited high photocatalytic perfor-
mance under 1 W of LED white light irradiation and great
reusability.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
Preparation of MoS2 photocatalyst

A suspension was prepared by mixing 4 mmol of Na2MoO4$2H2O
[99.5%, Merck] and 8 mmol of C2H5NS [99.0%, Merck] in 50 mL
of deionized water. Then, the mixture was stirred for 30 min.
Subsequently, F-127 (0.4 g) was added to the suspension, and the
pH was adjusted to 1, 3, and 5, respectively, with HCl (37%,
Merck). The suspensions with pH 1, 3 and 5 are denoted asMF-1,
MF-3 and MF-5, respectively. Then, the solution was further
stirred for 3 h before being transferred into a Teon-lined
stainless steel autoclave. The autoclave was subjected to hydro-
thermal treatment at 180 �C for 24 h. Aer hydrothermal treat-
ment, the precipitate was washedwith acetone, ethanol and lastly
distilled water several times. For comparison purposes, MoS2 was
synthesized without the addition of F-127 or adjustment of the
pH; this sample is denoted as M. Meanwhile, the MoS2 sample
with the addition of F-127 only is denoted as MF.
Photocatalytic degradation experiment

The photocatalytic degradation activity was studied using
a custom-made photoreactor with 1 W LED as the light source.
The distance between the light source and dye solution is 2 cm.
Then, 10 mg of MoS2 was added to 50 mL of 20 mg L�1 MB dye
solution and allowed to stir in the dark for 30 min to achieve
adsorption–desorption equilibrium. The photodegradation
reaction was initiated for 120 min, and 3 mL of suspension was
collected at 15 min intervals. The collected suspension was
ltered and analyzed using a UV-vis spectrophotometer at
a maximum absorption wavelength of 664 nm. The efficiency of
the synthesized MoS2 in the photocatalytic degradation of MB
dyes was calculated by eqn (1).

Photodegradation efficiency ð%Þ: Co � C

Co

� 100 (1)

where Co represents the initial concentration of dye (ppm) and C
is the recorded value of the variable reaction concentration
(ppm). Chemical oxygen demand (COD) tests were conducted to
identify the capacity of the photocatalyst in the mineralization of
MB dye.35 The COD value obtained refers to the amount of oxygen
needed by the organic dyes to be oxidized into CO2 and H2O
species. The chemical oxygen demand (COD) levels before and
aer degradation of the solution were identied using the APHA
Standard Method, whereby the samples were added to COD
digestion solution and digested at 150 �C for 2 h. The COD level
was then measured using a HACH DR2800 spectrophotometer
and the COD removal (%) was calculated based on eqn (2):

COD removal ð%Þ: CODi � CODf

CODi

� 100 (2)

where CODi and CODf are the initial and nal concentrations of
COD in the pollutant solution, respectively.
Characterization of the MoS2 samples

The X-ray diffraction (XRD) of the MoS2 samples was studied
using a PANalytical EMPYREAN diffractometer with Cu Ka (l ¼
Nanoscale Adv., 2021, 3, 1106–1120 | 1107
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1.54 Å), scanning 2q in the range of 5–80� and a step size of 0.04�

s�1. The d-spacings of the samples were calculated using eqn (3).

nl ¼ 2dhkl sin q (3)

where dhkl represents the perpendicular distances between the
hkl plates, n is the order of diffraction, l is the incident ray
wavelength and q is the angle of incidence, also referred to as
the angle of scattering. Meanwhile, the crystallite sizes were
calculated using the Debye–Scherrer formula (eqn (4)).

D ¼ 0:9l

b cos q
(4)

whereD is the crystallite size, l is the incident ray wavelength, b is
the full width at half maximum (FWHM) and q refers to the Bragg
diffraction angle. The surface morphologies of the MoS2 samples
were observed and captured using a eld-emission scanning
electron microscope (FESEM, FEI QuantaFEG650 S) with 20 kV
radiation. The synthesized sample was mounted on FESEM stubs
and coated with a layer of gold. High-resolution images were
captured using a high resolution transmission electron micro-
scope (HRTEM, FEI Tecnai G2 F20), operated at an acceleration
voltage of 200 kV with 0.2 nm resolution. Raman and photo-
luminescence (PL) tests were performed using a Renishaw inVia
Raman Microscope (Gloucestershire, UK) with 514 nm and
325 nm Ar-ion lasers, respectively. The optical properties of the
MoS2 samples were recorded using an ultraviolet-visible spec-
trophotometer (UV-Vis, Perkin Elmer Lambda 35 UV-Vis spec-
trophotometer) from 200–800 nm. The band gaps of the samples
were obtained using Tauc's equation (eqn (5)):

ahv ¼ A(hv � Eg)
n (5)

where a is the absorption coefficient, hv is the photon energy, Eg
represents the optical band gap and A is the proportionality
constant, which is n¼ 2 for direct transitionmode. The chemical
and elemental analysis of the samples was performed using
a JEOL JPS-9030 X-ray photoelectron spectrometer (XPS, Tokyo,
Japan) equipped with an X-ray source of Mg Ka (1253.6 eV). The
binding energy of the XPS element peaks obtained was calibrated
with the C 1s standard position at 284.2 eV. The procedure for
XPS analysis was conducted based on three requirements: (i) the
spin–orbit splitting energies of Mo 3d and S2p are xed to 3.13�
0.2 eV and 1.18 � 0.2 eV, respectively, (ii) the constraint of the
FWHM for both peaks in a doublet is xed to be constant, and
(iii) the peak area ratio of the doublet peak is assigned based on
the degeneracy of the spin state. The stoichiometric ratios (S/Mo)
for the samples were obtained based on the integrated peak area
of the ratio of the Mo 3d and S 2p states with the use of relative
sensitivity factors (RSF) of 9.5 and 1.67, respectively.
Fig. 1 XRD patterns of (a) M, (b) MF, (c) MF-5, (d) MF-3, and (e) MF-1.
Photoelectrochemical study of the MoS2 samples

Photoelectrochemical measurements of the samples were per-
formed on a Metrohm Autolab instrument (PGSTAT302N). The
electrochemical workstation involved a three-electrode system
with the sample coated on uorine-doped tin oxide glass (1 � 1
cm) as the working electrode, Ag/AgCl as the reference electrode
1108 | Nanoscale Adv., 2021, 3, 1106–1120
and Pt as the counter electrode. 0.5 M of aqueous Na2SO4 at pH
6.5 was used as an electrolyte. The photocurrent test was con-
ducted using a 150 W Xe lamp with an applied bias of 0.2 V. The
electrochemical impedance spectroscopy (EIS) was performed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with an AC amplitude of 50 mV and at a frequency of 0.1 Hz to
100 kHz. The Mott–Schottky (M–S) plot of the sample MF-1 was
measured in the potential range of �0.4 to 0.8 V (vs. Ag/AgCl)
with a potential step at 500 Hz frequency. The conversion of
the potential E vs. Ag/AgCl (pH 6.5) to E vs. normal hydrogen
electrode (NHE, pH 7.0) was based on eqn (6). The conduction
band energy (ECB) was calculated based on eqn (7).36

ENHE,pH 7 ¼ E(Ag/AgCl,pH 6.5) + DV � 0.059 � (7.0 � 6.5) (6)

ECB ¼ EVB � Eg (7)

where DV ¼ 0.21 V refers to the Ag/AgCl potential against NHE,
ECB is the conduction band potential, EVB represents the valence
band potential and Eg is the band gap energy (eV).
3. Results and discussion
3.1. XRD analysis

Fig. 1a shows the XRD pattern of the pristine MoS2 (M), which
exhibits a typical diffraction pattern of MoS2 (JCPDS no. 75-
Table 1 Properties of the synthesized MoS2 samples

Sample
Interlayer spacing
(nm)

Crystallite
size (nm)

M 0.62 13.55
MF 1.09 3.85
MF-5 1.05 4.86
MF-3 1.07 3.37
MF-1 1.51 3.88

Fig. 2 Schematic of sample M and the expansion of the d-spacing of sa

© 2021 The Author(s). Published by the Royal Society of Chemistry
1539). The peaks at 14.2�, 32.1�, 34.9�, 43.7� and 57.0� corre-
spond to the (002), (100), (102), (006) and (110) lattice planes of
MoS2, respectively.37 A distinctive peak of (002) at 14.2� indi-
cates that the S–Mo–S layers are stacked in an ordered
manner.38 On the other hand, the (002) plane of MF (Fig. 1b)
shied to a lower angle (8.1�). Interestingly, a new peak at 16.2�

corresponding to the (004) plane emerged. This suggests that
the interlayer spacing of MoS2 had expanded. This is in
concordance with a previous study,39 in which the peak of the
expanded MoS2 at 14.4� shied to 8.9� while a new peak at 17.8�

corresponding to the (004) plane was observed. The relationship
between the peak shiing and the expansion of interlayer
spaces was further veried through calculation of the d-spacing.

Based on Table 1, the intrinsic d-spacing of M is 0.62 nm.
Meanwhile, the d-spacing of MF is 1.09 nm, which is 1.75 times
higher than that of M. This occurrence is due to the intercala-
tion of F-127 surfactant between the crystal lattice, which
caused the MoS2 lattice structure to expand. This was also
observed by Chen et al.,40 as the usage of cetyl-
trimethylammonium bromide (CTAB) surfactant successfully
B/A ratio S/Mo ratio Mo4+/Mo6+

0.57 2.0 —
0.59 1.7 3.4
0.59 1.6 2.4
0.65 1.7 3.1
0.66 1.4 1.2

mple MF-1.

Nanoscale Adv., 2021, 3, 1106–1120 | 1109
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expanded the MoS2 interspacing to 56%. Notably, MF-1
exhibited the largest expanded interlayer spacing of 1.51 nm,
which is more than double that of M. This very large lattice
expansion will cause MF-1 to undergo uniaxial lattice strain
along the [001] direction and thus induces in-plane compres-
sion (Fig. 2). It is noteworthy that the (002) peaks of the samples
were broadened, indicating changes in the crystallite size. By
Fig. 3 FESEM images of (a) M, (b) MF, (c) MF-5, (d) MF-3, and (e) MF-1.

1110 | Nanoscale Adv., 2021, 3, 1106–1120
using the Scherrer equation (eqn (4)), the FWHM for the (002)
diffraction peak was calculated (Table 1). It can be observed that
the samples with expanded interlayer spacings havemuch lower
crystallite sizes compared to sample M, which also indicates the
presence of disordered and shorter-range structures in samples
MF, MF-5, MF-3 and MF-1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2. Morphology

Fig. 3 shows the images and morphologies of the synthesized
MoS2 samples. The mechanism of MoS2 hydrothermal treat-
ment was initialized with the nucleation and crystallization
process. This led to the formation of MoS2 nanosheets, followed
by the gradual self-assembly of these nanosheets into a coral
structure (Fig. 3a). When F-127 was introduced, the coral
structure of MF (Fig. 3b) was less packed compared to that of M.
This is because the non-ionic surfactant (F-127) introduced
a good dispersing effect, which prevents the particles from
clumping together. This hinders the formation of a highly
packed structure. Furthermore, the structure of MoS2 changes
drastically from a coral shape to an irregular shape as the pH
becomes more acidic. At low pH, the hydroxyl groups on the two
hydrophilic tails of the F-127 surfactant are protonated, which
creates an electrostatic interaction with the Mo ions.22 This
inhibits the self-assembly process; thus, a random distribution
of MoS2 plate-structures was formed in MF-1 (Fig. 3e).

Fig. 4(a) and (b) show that the HRTEM microstructures of
both M and MF are composed of highly dense MoS2 nanosheets
with wrinkled surfaces that are extruded out like lamellar
structures. On the other hand, the microstructure of MF-1
(Fig. 4c) is loosely and randomly arranged, which agrees with
the FESEM image (Fig. 3e). At higher magnication (Fig. 4d–f),
it can be observed that the stacking layer increased in the order
Fig. 4 Low resolution TEM images of (a) M, (b) MF and (c) MF-1 and hig
stacking layers and interlayer distances (inset).

© 2021 The Author(s). Published by the Royal Society of Chemistry
of M >MF >MF-1. Additionally, the measured interlayer spacing
distances of M, MF and MF-1 are 0.62, 1.09 and 1.51 nm,
respectively (inset Fig. 4d–f), which coincides with the d-spacing
values calculated from XRD. Notably, the low stacking layer of
MF-1 is randomly arranged, is oriented in a disorderly fashion
and contains a dislocated edge (encircled in Fig. 4f). The pres-
ence of F-127 surfactant under very acidic conditions (pH 1)
induces greater expansion of the lattice structure along the c-
axis and results in the formation of surface defects. This
enhances the edge site exposure and thus provides additional
catalytic active sites, benetting the photocatalytic activity.
Additionally, MF-1 has lower stacking layers, which can be
proved by the greater downward shi of the (002) peak
compared with that of M and MF. This is in agreement with
Panigrahi and Pathak,41 who reported that the (002) peak was
shied from 14.0� to 13.4�. Therefore, MF-1 consists of loosely
assembled structures, low stacking layers, and a greater number
of vertically disordered and defect structures, which signies
that MF-1 demonstrates higher active edge site exposure
compared to the other samples.
3.3 Raman spectra

As shown in Fig. 5, the Raman spectra of all the samples possess
typical vibration modes of E1

2g (378.3 cm�1) and A1
g (405.9 cm�1)

peaks for MoS2. This corresponds to the in-plane and out-of-
h resolution TEM images of (d) M, (e) MF and (f) MF-1 with measured

Nanoscale Adv., 2021, 3, 1106–1120 | 1111
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Fig. 5 Raman spectra of (a) M, (b) MF, (c) MF-5, (d) MF-3, and (e) MF-1.
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plane vibrations of 2H-MoS2, respectively.42 All the samples
possess a similar feature, whereby the excitation of the A1g peak
mode is higher than the E2

1g peak mode. This indicates that the
surfaces of M, MF, MF-5, MF-3 and MF-1 are dominated by the
terminated edges.23 The frequency differences between the
E1
2g and A1

g peaks also provide information regarding the
stacking layers.24,33 The frequency differences between the
E1
2g and A1

g peaks decreased gradually in the order of M > MF >
MF-5 > MF-3 > MF-1. This indicates that MF-1 has the fewest
stacking layers, as conrmed by the HRTEM results. Moreover,
there is an additional peak at �820 cm�1 which is attributed to
the bonding of Mo and O atoms43 in samples MF, MF-5, MF-3
and MF-1. The intensity of the peaks signicantly increased
when the pH of the synthesis conditions was further lowered.
This is due to the oxidation of MoS2 nanosheets resulting from
the expansion of the interlayer spacing.
3.4. Optical properties

Fig. 6a depicts the UV-vis spectra of all the samples, and the
tangent line drawn across the gure indicates the absorption
edges of the respective samples. It can be observed that the
samples have absorption edges within the range of 500 nm to
640 nm. This implies that the samples can be activated under
the irradiation of LED light, which possesses a broad light
spectrum ranging from 400 to 800 nm (Fig. S1†). Additionally,
the measured band gap energy (Eg) of the samples (Fig. 6b) falls
within 2.0–2.5 eV, which also indicates that the photocatalytic
activity of the samples could be carried out under visible light
irradiation. In Fig. 6c, the intensity of the PL decreases in the
order of MF-1 > MF-3 > MF > MF-5 > M. This indicates that MF-1
exhibits lower stacking layers, which agrees with other
reports.44,45 In other words, the MoS2 with lower stacking layers
possesses stronger PL intensity, which is attributed to its
stronger interaction with the light.46 Therefore, MF-1 has
greater capability to absorb visible light.
1112 | Nanoscale Adv., 2021, 3, 1106–1120
As shown in Fig. 6d, the PL peaks for all the samples were
deconvoluted into three peaks through a Lorentzian function.
The samples are tted at 1.8, 2.0 and 2.2 eV, which correspond
to the A-trions, A-exciton and B-exciton of MoS2 PL emission,
respectively.21,47 The A-exciton and B-exciton are associated with
the excitonic transition at the K-point of the Brillouin zone.
Meanwhile, the A-trion peak was attributed to the transition
resulting from charge impurities in the MoS2 layer.48 Techni-
cally, non-radiative recombination originating from defects will
cause the A and B emission intensities to vary.49,50 To identify
the defect densities, the B/A intensity ratios are recorded in
Table 1. Notably, the B/A intensity ratio of MF-1 is �16% higher
than that of M, which indicates that MF-1 possesses greater
defects compared to the other samples.
3.5 Chemical composition and elemental states

Fig. 7 shows the XPS measurements of the elemental compo-
sitions and the oxidation states of the MoS2 samples. The Mo 3d
spectrum of M consists of a set of doublet peaks which corre-
spond to Mo4+ of the Mo 3d3/2 and Mo 3d5/2 peaks (Fig. 7a).
Meanwhile, the Mo 3d spectra of MF, MF-5, MF-3 and MF-1
(Fig. 7b–e) can be tted with two doublets. The doublets
located at lower binding energies correspond to Mo4+ of Mo 3d3/
2 and Mo 3d5/2, while the smaller doublets located at higher
binding energies demonstrate the presence of partially oxida-
tive Mo6+.51 This further proves the existence of MoS2 nanosheet
oxidation observed in the Raman analysis. The occurrence of
different Mo oxidation states indicates the presence of crystal
defects in the samples. As for the S 2p peak, samplesM,MF, MF-
5, MF-3 and MF-1 show similar doublet peaks, attributed to S
2p3/2 and S 2p1/2 of S

2� for MoS2 (Fig. 7f–j).
The stoichiometric ratios (S/Mo) of the samples were calcu-

lated from the XPS data using the major peak areas of Mo 3d
and S 2p, which are assigned to MoS2. According to Table 1, the
S/Mo ratio of M is equal to 2, which corresponds to the pristine
MoS2. However, MF, MF-5, MF-3 and MF-1 possess S/Mo ratios
less than 2. This indicates that the samples synthesized in the
presence of surfactant and low pH conditions thus contain
unsaturated Mo atoms. This condition also implies the pres-
ence of S vacancies in samples MF, MF-5, MF-3 and MF-1.
Notably, MF-1 has the lowest S : Mo ratio, which indicates
that the Mo atoms in MF-1 are highly unsaturated. This is
because in an acidic environment, the S atoms in MF-1 can be
easily etched, which leads to the formation of Sv sites. Forma-
tion of Sv in MoS2 can cause the electrons to accumulate at the
vacancy sites, acting as trapping centers for photogenerated
electron–hole pairs.48 This will induce the formation of A-trions
in the PL emissions. However, oxygen and moisture in the
atmosphere tend to adsorb on the Sv sites and then act as
charge transfer channels. This will remove the excess electrons
accumulated at the vacancy sites and thus enhance the PL
intensity by subsequently converting the A-trions to A-exci-
tons.52 This can be observed by the weaker A-trion peak and
higher PL intensity of MF-1 compared to the other samples.

Moreover, the unsaturated Mo atoms at the Sv sites of MF,
MF-5, MF-3 and MF-1 are highly vulnerable to oxidation in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-vis spectra and (b) band gaps of the samples. (c) Normalized PL peaks of the samples. (d) Deconvoluted PL peaks of the samples.
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aqueous solution, forming Mo6+ species such as HMoO4
� and

MoO4
2�.53 Additionally, MoO3 may form due to bonding of O2

with the Sv sites. Therefore, the Mo6+ observed in Mo 3d is
assigned to the Mo–O bonding, which is detected in the PL
(Fig. 6b).54 The Mo4+/Mo6+ ratios of MF, MF-5, MF-3 and MF-1
© 2021 The Author(s). Published by the Royal Society of Chemistry
decrease with increasing interlayer spacing. The decrease of
the Mo4+/Mo6+ ratio indicates that more O2 molecules were
adsorbed onto the Sv sites, forming Mo–O bonds. Thus, the
presence of Sv provides additional adsorption sites for O2

molecules through Lewis acid–base interactions. This could
Nanoscale Adv., 2021, 3, 1106–1120 | 1113
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Fig. 7 XPS spectra: Mo 3d and S 2p core level regions of M (a and f), MF (b and g), MF-5 (c and h), MF-3 (d and i), and MF-1 (e and j).
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efficiently reduce the O2 to reactive oxygen species (ROS), such
as superoxide radicals (cO2

�).55 Because MF-1 possesses the
lowest Mo4+/Mo6+ ratio, MF-1 is capable of forming and weak-
ening O2 molecules to form ROS species.
1114 | Nanoscale Adv., 2021, 3, 1106–1120
3.6 Photodegradation of MB

Fig. 8a shows the photocatalytic activity of the expanded MoS2
under the illumination of 1W LED white light. The photolysis of
MB dye without the presence of photocatalyst was negligible. It
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Comparisons of the (a) photocatalytic performance and (b) pseudo-first-order kinetics of samples M, MF, MF-5 and MF-1. (c) Percentages
of photodegradation in the presence of different scavengers. (d) Percentages of COD before and after degradation of MB by MF-1. (e) Recy-
clability performance of MF-1.
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is interesting to observe that MF-1 shows the highest photo-
degradation of MB dye. MF-1 manages to photodegrade up to
98% of the MB dye within 120 min under LED white light
irradiation. The photodegradation activity of the samples
© 2021 The Author(s). Published by the Royal Society of Chemistry
decreases as follows: MF-1 (k ¼ 2.62 � 10�2 min�1) > MF-3 (1.85
� 10�2 min�1) > MF (1.08� 10�2 min�1) > M (9.4� 10�3 min�1)
> MF-5 (8.2 � 10�3 min�1). All the samples are easily activated
Nanoscale Adv., 2021, 3, 1106–1120 | 1115
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Fig. 10 Schematic of the photodegradation of MB over MF-1.
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under visible LED white light and can photodegrade the dye
within 120 min.

According to the Langmuir–Hinshelwood model, the pho-
todegradation process is well tted with pseudo-rst-order
kinetics (Fig. 8b). It is noteworthy that the photodegradation
of MF is 14% higher than that of M. As expected, the expanded
MoS2 layer of MF has reduced stacking layers; thus, more active
edge sites are exposed for photocatalytic activity. However, MF-1
is 39% and 25% more active than M and MF, respectively. This
is mainly due to its highly expanded interlayer spaces, which are
about 2.4 and 1.38 times higher than those of M and MF. The
highly expanded MF-1 has caused the adjacent layers of MoS2 to
decouple, thus causing the individual monolayer to act like
a free single MoS2 layer. Decoupling of the interlayer spacing
will occur when the interlayer is highly expanded.56 The
decoupling of the interlayer spacing in MF-1 will increase the
edge site exposure, providing more catalytic active sites for the
photodegradation of MB dye. Therefore, MF-1 with the largest
expansion of interlayer spacing will have the greatest perfor-
mance in the photocatalytic degradation of MB dye.

The formation of surface defects also served to create addi-
tional edge sites for the photocatalytic activity of MF-1. This is
because the internal surface of the MoS2 layer is more acces-
sible, which agrees well with Xie et al.28 They discovered that
defects induced additional active edge sites and increased the
HER activity by 9 fold. In this study, the presence of Sv in MF-1
facilitated the generation of ROS from O2. Generally, the
adsorption of O2 on pristine MoS2 is governed by low adsorption
energy, which is insufficient to activate O2 molecule to form
ROS. This is due to its large inactive basal plane surface without
Mo dangling bonds.57 However, surface defects such as cracking
and Sv have enhanced the exposure of Mo active metal,
providing larger adsorption energy for O2 molecules. This
promotes the migration of electrons from the electron-rich Mo
atoms to the adsorbed O2 molecules, thus generating more ROS
such as superoxide radicals (cO2�) and hydroxyl radical (cOH)
for the photodegradation of MB dye. This was proven by Sarkar
and co-workers, who showed that MoS2 that is rich with Mo is
highly effective in the generation of ROS.58 Therefore, the highly
expanded interlayer spacing of MF-1 with lower stacking layers,
high edge site exposure, rich defects and oxygen passivation of
Sv enabled it to possess high photocatalytic activity under LED
visible light irradiation.
Fig. 9 (a) Transient photocurrent and (b) electron impedance spectrosc

1116 | Nanoscale Adv., 2021, 3, 1106–1120
3.7 Photoelectrochemical (PEC) measurements

Transient photocurrent–time measurements of the samples
were performed under the irradiation of visible light with four
on–off cycles. As shown in Fig. 9a, all the samples showed
instant photocurrent response upon illumination of light that
diminished instantly when the light was shut off. This also
agrees with a previous study,59 which implies steady photo-
catalytic activity. Among the samples, MF-1 depicts the highest
photocurrent response without a dramatic reduction even aer
four consecutive cycles. This proves that MF-1 with highly
expanded interlayer spacing has greater photoresponse in
generating and separating photogenerated charge carriers.
Moreover, in the EIS Nyquist plots (Fig. 9b), MF-1 possesses the
smallest arc radius of its semi-circle. This implies that MF-1
experiences the lowest charge transfer resistance. Therefore,
MF-1 with low charge transfer resistance and high separation of
photogenerated charge manages to enhance the photo-
degradation of MB dye.

The Mott–Schottky (M–S) plot of MF-1 (Fig. 9c) demonstrates
a negative slope, which suggests that MF-1 is a p-type semi-
conductor. By extrapolating the M–S plot to 1/C2 ¼ 0, the at
band potential (EFB) of MF-1 is 0.2 V (V vs. Ag/AgCl, pH 6.5). In
general, a p-type semiconductor has EFB of approximately 0.3 V
above the EVB; thus, the EVB of MF-1 is 0.5 V (vs. Ag/AgCl, pH
6.5).60 Using eqn (6) and (7), the calculated EVB (vs. NHE, pH 7)
and ECB (vs. NHE, pH 7) of MF-1 were +0.7 V and �1.5 V,
respectively. Based on these data, the band energy diagram of
MF-1 is illustrated in Fig. 10.
opy of the samples; (c) Mott–Schottky plot of sample MF-1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparative study of the photodegradation activity of MoS2 materials

Materials Light source Dye
Catalyst dosage
(g L�1)

Concentration of dye
(mg L�1)

Degradation percentage
(%)

Time taken
(min) Ref.

MoS2 100 W Xe MB 0.2 10 89.2 150 59
(1T/2H) MoS2 400 W W MO 0.5 20 95 120 60
TiO2/MoS2 500 W Xe RhB 0.1 5 97.8 180 61
PbBiO2I/MoS2 300 W Xe RhB 0.3 10 99 180 62
BiSI/MoS2 250 W Mg CV 0.5 5 90 250 63
MoS2/Zn0.5Cd0.5S 300 W Xe RhB 0.5 10 74 120 64
MoS2 1 W LED MB 0.2 20 98 120 This work
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3.8 Proposed photodegradation mechanism

Fig. 10 displays the proposed photodegradation mechanism.
Upon illumination of light, electrons (e�) and holes (h+) are
photogenerated on the surface of the MF-1 photocatalyst (eqn
(8)). Then, the photogenerated electrons are transferred to the
conduction band (CB) and migrate to the Sv sites, which act as
trapping sites for the photogenerated electrons. This greatly
prevents the photogenerated charges from recombining and
thus prolongs the lifespan of the redox reaction. At the Sv sites,
the electron-rich Mo atoms possess high adsorption energy with
O2 molecules, which facilitates the reduction of O2 molecules to
cO2

� radicals [E0 (O2/cO2
�) ¼ �0.284 V] (eqn (9)).58 It is note-

worthy that the adsorbed H2O could not undergo oxidation to
form cOH radicals, as the valence band (VB) position of MF-1
(EVB ¼ 0.7 eV) is less positive than the water oxidation poten-
tial [E0 (cOH/OH�)¼ +2.38 V]. However, the cOH radical can still
be generated when the adsorbed O2 undergoes multi-electron
and proton redox reactions (eqn (10) and (11)).61 The chemical
equations involved are described below:

MF-1 + hv / eCB
� + hVB

+ (8)

O2 + e� / cO2
� (9)

O2 + 2e� + 2H+ / H2O2 (10)

H2O2 + e� + H+ / cOH + H2O (11)

cO2
�, cOH, h+ + MB dye / CO2 + H2O + inorganic molecules

In order to verify the proposed mechanism, free radical
trapping experiments were conducted using ammonium oxalate
and isopropyl alcohol to trap h+ and cOH radicals, respectively.
Pure N2 was also used as a scavenger and was purged
throughout the photocatalytic reaction to restrain the genera-
tion of cO2

� radical.62 As shown in Fig. 8c, the presence of N2 gas
dramatically decreased the photocatalytic activity to 31%, while
in the presence of isopropyl and ammonium oxalate, the pho-
tocatalytic activity was reduced to 55% and 83%, respectively.
Therefore, this experiment conrmed that cO2

� radical plays
the most important role in the photocatalytic degradation of
MB dye, followed by cOH and h+ radicals. This further justies
© 2021 The Author(s). Published by the Royal Society of Chemistry
that the presence of Sv facilitates the transfer of electrons from
MF-1 to O2 and reduces O2 to cO2

� radicals.
Based on Fig. 8d, the COD value of the MB dye solution

plummeted from the original value of 14 mg L�1 to 2 mg L�1

within 2 h of photocatalytic degradation by MF-1. The 86% COD
removal efficiency is sufficient to prove that MF-1 is a promising
photocatalyst in the application of dye wastewater treatment.
Moreover, the stability of a photocatalyst is an important factor
to obtain a highly reusable photocatalyst (Fig. 8e). It can be
clearly seen that the photocatalytic degradation does not
decelerate dramatically aer ve consecutive cycles. This indi-
cates that MF-1 is highly stable even aer being reused for ve
cycles. In comparison with previous reported studies (Table 2),
highly expanded MoS2 in our work prove that MoS2 can acts as
photocatalyst with great photocatalytic activity.65–68 Therefore, it
can be concluded that the highly expanded interlayer spaces of
MF-1 show remarkable photoactivity by using a more energy-
efficient light source and demonstrate high stability.

4. Conclusion

In summary, a highly expanded MoS2 photocatalyst exhibits
high photoactivity under 1 W LED visible light irradiation. The
incorporation of F-127 non-ionic surfactant under acidic
conditions, especially at pH 1, manages to produce highly
expanded MoS2 with interlayer spaces of 1.51 nm. The exposure
of the active edge sites from the highly expanded MF-1 sample
has greatly enhanced the photocatalytic performance by 1.7
times compared to pristine MoS2. Moreover, oxygen passivation
of Sv improves the optical absorption of the photocatalyst under
the visible light irradiation and enhances the generation of cO2

�

radicals for the photocatalytic reaction. Therefore, due the
highly expanded interlayer spacing of MF-1 with high reus-
ability, it could potentially serve as a long-term-usage photo-
catalyst under energy-efficient LED white light to remove dyes
pollutants from wastewater.
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