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Structure, optical and visible-light photocatalytic performance of Mo1xCoxS:
(0 <x<0.1) nanoparticles synthesized by facile hydrothermal method for
methylene blue dye degradation
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Mo xCoxS, (0 < x < 0.1) nanoparticles were successfully synthesized by using a
hydrothermal route. The crystal structure of the prepared samples was investigated by X-
ray diffraction (XRD), emphasizing that all the prepared samples had a hexagonal
structure of MoS,, and revealed an increment in the average particle size from 5 to 8§ nm
with increasing the cobalt ratio. The morphology was examined using scanning electron
microscopy (SEM), and the recorded images of pure and cobalt-doped MoS, show flower-
like architecture clusters. FT-IR spectroscopy was carried out to detect functional groups
and stretching and bending vibrations of chemical bonds existing in all the prepared
samples, confirming the presence of Mo-O and Co-O-Co characteristic peaks. The
chemical composition of the synthesized samples was determined by energy dispersive X-
ray (EDX) analysis. The results confirmed the presence of Mo, S, and Co, which are
consistent with the proposed formation of Mo;.xCoxS, nanosystems. Optical properties
were examined by UV—Visible spectrophotometry, reflecting allowed direct transitions
with an energy band gap that decreases from 1.9 eV to 1.53 eV with increasing cobalt
concentration. The photocatalytic degradation efficiency of methylene blue (MB) using
pure and different ratios of cobalt-doped MoS, as catalysts was tested under visible light
radiation, and it was noticed that the MB degradation increased with increasing cobalt
concentration.
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1. Introduction

Environmental pollutants have increased in a terrible way in the last few decades as a
result of industrial development, overpopulation, the use of chemical products such as pesticides
and cosmetics, and the irresponsible behaviors of humans towards the nature. The disposal of dyes
resulting from the factories of the textile sector in the water drains is one of the biggest causes of
water pollution [1]. It is also expected that the number of harmful wastes that are released into the
freshwater will reach 200 kilotons per year, most of which are toxic organic wastes, without any
treatment or purification [2]. One of these harmful wastes is the methylene blue dye, which is used
in numerous industries such as printing papers, advertisements, leather, and clothes coloring, and it
is responsible for various sorts of diseases such as liver malfunctioning, skin irascibilities, and
cancer [3].

Experimentally, purification of water from organic pollutants, salt, and other contaminants
is expensive and consumes time [4]. Therefore, over the years, scientists have developed several
techniques by which organic compounds and dyes can be removed from industrial wastewater,
such as electrolysis, catalysis, photocatalysis, ion exchange, disinfection, microbial control, carbon
filtering, membrane filtration, and reverse osmosis [3-5]. The photocatalysis technique plays a
pivotal role among the aforementioned techniques in the degradation of pollutants because it is
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relatively low-cost, effective, and biologically safe [3, 6]. Semiconductors are among the active
materials that are used in photocatalysis, but their effectiveness is limited and triggered by the
ultraviolet region (5% of natural light) as a result of the relatively large optical band gap, as in the
case of TiO; (Eg= 3.2 eV) [7]. This led to several attempts by the researchers to adjust the optical
band gap of semiconductors to be active materials for photocatalysis in the region of visible light
(45% of natural light) or to synthesize new active materials like transition metal dichalcogenides
(TMDs) [7].

MoS, is one of the most important members of the TMD family. It has photochemical
activity, mechanical stability, and unique magnetic, electronic, and optical properties that make it
an active material for many applications, among them water purification [8, 9] and water splitting
[10, 11]. Bulk MoS, shows slow and weak photocatalytic behavior due to its indirect band gap (E,
= 1.2 eV) and low active sites [12]. On the other side, stacked-layered MoS, has a direct optical
band gap of 1.9 eV, which makes it very appropriate for photocatalysis in the visible light region
[13]. According to the atomic coordination and stacking variations of MoS,, it has three main
phases: 1T, 2H, and 3R, where T, H, and R refer to tetragonal, hexagonal, and rhombohedral
symmetry, respectively, while 1, 2, and 3 are the number of MoS; formulas in each unit cell [14].
The most prevalent structure that naturally exists is the semiconducting 2H-MoS,, which is stable
at room temperature [14]. Layers of MoS; are held together through weak van der Waal forces;
these layers are created by covalent bonds between molybdenum and sulfur, S-Mo-S, as a Mo
layer sandwiched between two S layers [15].

Morphological control is a very important parameter in reducing the limitation of MoS,
usage in photocatalysis, despite its aforementioned unique features. This is because the
photocatalytic activity depends on the abundance of edge sites and recombination time [16]. It is
worth noting herein that morphological control is not the only strategy to achieve this reduction,
but there are many other ways, including the insertion of amorphous-state MoS, with vacant Mo
and S domains [17], making surface defects [18], and increasing the interlayer spacing [19].

Several techniques can be followed to synthesize MoS; nanoparticles, such as chemical
vapor deposition [20], ultrasonic spray pyrolysis [21], sulfurization [22], liquid exfoliation [23],
and decomposition of ammonium tetrathiomolybdate [24]. However, these techniques require
complex equipment and high temperatures and are difficult to use, making it challenging to control
the size and surface of MoS,. Therefore, the bottom-up hydrothermal technique is convenient and
effective for preparing and controlling the surface and size of nanomaterials without requiring high
temperatures or complex procedures [25]. Hydrothermal technique also has many applications,
such as hydrodesulfurization [21], lithium-ion battery [26], and hydrogen evolution reaction [27].

Latterly, doping semiconducting P-type MoS, with various transition metal ions has
become an effective strategy to enhance its photocatalytic activity due to the greater number of
active sites that can be created as a result of the doping process [20]. Farooq et al. [28] achieved
96% degradation efficiency of MB using 5% cadmium-doped MoS, with urea as a surfactant in
180 minutes. Li et al. [29] reported that the activation of peroxymonosulfate (PMS) by visible-
light irradiation resulted in 92% tetracycline hydrochloride (TCH) degradation efficiency in 60
minutes for the as-prepared Fe-MoS; (0.1). Khan et al. [30] enhanced the photocatalytic activity of
MoS, using nickel metal ions as a dopant; as the concentration of Ni doped in MoS; increased
from 1% to 5%, the degradation of MB dye increased from 85% to 96% using a 500-watt Hg lamp
as a source of UV radiation for 240 minutes. Their results showed that Ni doping enhanced the
MB dye degradation process. In the same work, they also improved the degradation of Rhodamine
B (RhB) dye under the same conditions from 77% to 91% with 1% to 5% Ni doping in MoS,,
compared to 62% for pure MoS.

MoS:; has attracted much attention for both primary research and device fabrication, such
as photodetectors [31]. Nano-MoS; is known for its high catalytic activity, chemical stability, low
cost, and ease of synthesis. Its photocatalytic activity depends on its nanostructure and the number
of exposed edge sites. Nevertheless, the drawbacks of MoS; as a photocatalyst are its water
insolubility and small specific surface area. Hence, it’s important to explore various techniques to
increase the active sites in order to enhance its photocatalytic activity [32, 33]. In this study, the
MoixCoxS2 (0 <x < 0.1) nanosystem has been synthesized via the facial hydrothermal technique to
investigate its activity in photocatalytic application under visible light illumination. It was
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expected that Co ions intercalation would not be difficult because of the comparable ionic radii of
Mo™ (65 pm) and Co™ (54 pm) [34].

2. Experimental details

2.1. Materials

Superior purity chemicals such as ammonium molybdate tetrahydrate ((NHs)sM07024-
4H,0), thiourea (CH4N,S), cobalt nitrate hexahydrate (Co(NOs),.6H,O), ethyl alcohol
(CH3CH,0H), and methylene blue dye (Ci6HsCIN3S) were provided by the ALPHA CHEMIKA
company, and all the chemicals were used without any additional purification.

2.2. Synthesis of MoS; nanoparticles

Undoped MoS; nanoparticles were synthesized via a simple hydrothermal technique. In
this experiment, 1.24 g of ((NH4)sM07024-4H>0) and 1.645 g of CH4N,S were dissolved in 30 ml
of distilled water until a clear mixture was formed after stirring it for 30 min. The mixture was
then put in a 40-ml Teflon-lined autoclave and heated at 210 °C for 24 h. After letting the sample
cool naturally to room temperature, the black product was collected by a 4000 RPM centrifuge and
washed many times with deionized water and ethanol. Finally, the product was dried in the oven at
60 °C for 12 h [35].

2.3. Synthesis of Co-doped MoS; nanoparticles

The synthesis of M0;1.xCoxS (0.02 <x < 0.1) samples, with x varying in steps of 0.02, was
performed using the hydrothermal route in the same procedure as for undoped MoS,. The cobalt-
doped material was produced in one step by adding stoichiometric weights of the reacting
materials (NH4)sM07024- 4H,0, Co (No3),.6H,0, and CH4N,S, with weight percentage in a 1-x: x:
2 ratio in the solution [36].

2.4. Photocatalytic experiment

Photocatalytic activity of the as-prepared and cobalt-doped MoS: nanoparticles was tested
through MB dye degradation efficiency under the irradiation of visible light (A > 420 nm). In this
experiment, 10 mg of MoS, powder was added to 50 ml of a 10 molar aqueous solution of MB
and stirred in the dark for 30 minutes to achieve adsorption-desorption equilibrium. Then, 3 ml of
the suspended solution was gathered every 5-minutes interval to measure its absorbance spectrum
up to 1000 nm via UV-Vis spectrophotometer [28]. The same steps are then repeated for each of
the different cobalt-doped Mo;.xCoxS, samples, with varying Co ratios from x = 0.02 up to x =
0.10 in steps of 0.02, by adding 10 mg of each sample at a time.

3. Characterization and measurements

XRD patterns of the produced samples were recorded using Philips X-ray diffractometer
of 1710 PW model, which based on CuK, radiation (A=1.54184 A) and operates at 40 KV applied
voltage. Angles between 5° and 80° were measured while maintaining an angle-scanning rate of
0.06° per minute. FT-IR transmittance spectra were performed using NICOLET FT-IR 6700
spectrometer in the range 400-4000 cm' for pellets samples mixed with KBr. In order to
investigate the surface morphology of the prepared powder samples, SEM images were taken
using (JSM)-T200 Jeol-Japan device. Elemental composition of the prepared samples was carried
out using an energy dispersive X-ray spectroscopy (EDX) unit connected to a scanning electron
microscope model ULTRADRY QUANTA FEG 250 (Field Emission Gun). Optical absorbance
and catalytic curves were measured for the suspension nanoparticles using a Thermo Evolution
300 UV-Visible Spectrophotometer (200 to 1000 nm). Optical energy band gaps were calculated
according to the Tauc plot from the UV- Visible data.
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4. Results and discussion

4.1. X-ray diffraction

The microstructure of the hydrothermally prepared pure and cobalt-doped Moi«CoxS, (0 <
x < 0.1) samples was examined by XRD analysis. The pattern appearing in figure 1.a shows six
diffraction peaks positioned at 20 = 13.78°, 28.72°, 33.22°, 39.28°, 48.87°, and 58.78°
corresponding to (002), (004), (100), (103), (105), and (110) planes, respectively, which are in
high agreement with standard data JCPDS file no. 37-1492, which reveals the formation of
crystalline hexagonal MoS, (2H-MoS; polytype) without any impurities [37, 38]. All the doped
samples with different cobalt concentrations (from x = 0.02 to x = 0.1) reflect the same peaks,
which is clear evidence of stabilization of the hexagonal crystal structure without any formation of
molybdenum oxide peaks such as MoO; or MoO, [39]. The inequality of the broadening of the
reflected peaks, ranging from 0.3° to 3.3° for different hkl reflections, can be attributed to the
presence of small grains with respect to others [34]. The average particle size can be calculated
with the following Debye-Scherrer formula [40]:

kA
Dxrp = B cos©®) ()

Here f is the full width at half maximum, 0 is Bragg’s angle, k is the shape factor and here
is considered to be 0.94, and A is the wavelength (A=0.154 nm).

The average particle size (Dxrp) for the Mo;«CoxS: nanosystem is estimated, and it
exhibits a systematic increase with increasing cobalt-doping concentration, as shown in figure 1.b.
The lattice strain ¢, dislocation density 0, and theoretical density p can be calculated according to
equations (2), (3), and (4), respectively [41, 42].

B

&= 4 tan (0) (2)
1
5=2 3)
ZM
P=3v 4

where Z is the number of formulas per unit cell (Z = 2 for MoS,), M is the molecular weight, and
N. is Avogadro’s number.

Also, the lattice volume V of the hexagonal structure can be calculated via equation (5)
[43]. It was found that, the volume of the unit cell decreases with increasing the ratio of Co
concentration, and this is due to decreasing the lattice parameters a and ¢ of the hexagon, which
can be explained in terms of the ionic radii difference for both Mo™ (65 pm) and Co™ (54 pm)
[34]. The obtained parameters are indexed using the CellRef program [44], and the calculated data
are listed in Table 1.

c %
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Fig. 1. (a) XRD diffraction patterns of Mo;Co.S: (0 <x <0.1) nanoparticles; (b) change of the average
particle size (Dxrp) with Co concentration.

Table 1. XRD-estimated structural parameters of Mo,.. Cox S> nanoparticles.

x [ald [ cd [ VA [pem/cm?) Dyrp (M) | £x 1072 | §x 1072 (nm)?
0 3.149 12.604 108.27 4.909 8.083 2.468 4.259
0.02 3.149 12.539 107.67 4914 5.529 2.689 4.909
0.04 3.148 12.448 106.82 4931 6.134 2.664 5.584
0.06 3.146 12.352 105.87 4,952 6.336 2.529 4.580
0.08 3.140 12.403 105.92 4.926 7.262 2.440 4.465
0.10 3.148 12.328 105.82 4.908 7.578 2.672 6.016

4.2. Fourier Transform Infra-Red Spectroscopy

FT-IR spectroscopy was carried out to detect the stretching and bending vibrations of the
chemical bonds existing in the prepared samples of the MoixCoxS: system. As appears in figure 2,
for the as-prepared MoS, (x = 0), there are transmittance peaks centered at 3458 cm™, 1629 cm™,
1405 cm™, 1090 cm™, 910 cm™, and 590 cm™. The band positioned at 3458 cm™ is attributed to
symmetrical (O-H) stretching vibration bonds, and the band position at 1629 cm™ is credited to
stretching vibrations (-OH) of the hydroxyl group [45]. While the peak located at 1405 cm™ is due
to characteristic (Mo-O) vibration [45]. The bands located at 1090 cm™, 910 cm™, and 590 cm™ are
assigned to S-O asymmetric stretching, S-S bond, and Mo-S vibration, respectively [45, 46]. In
addition to the bands that appear in the pristine MoS,, there are two peaks that appear in the
cobalt-doped MoS, samples. The first one is positioned at 1205 cm™ due to the presence of a C-S
bond [46], and the other located at 760 cm™ due to Co-O-Co functionalities [47, 48].
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Fig. 2. FT-IR spectra of Mo,.«Co.S> nanosystem.
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4.3. Scanning electron microscopy (SEM)

The morphological information of undoped and cobalt-doped MoS, samples was
employed by scanning electron microscopy (SEM). The recorded image of pure MoS, presented in
figure 3.a shows regular, flower-like architecture clusters. Higher magnification SEM images in
figures 3.b and 3.c emphasize the 2D structure of these flower-like MoS,, and each single
nanoflower consists of tens to hundreds of slightly curved petals [36, 49]. When compared to pure
MoS;, the morphology and structure of cobalt-doped Mo «CoxS, samples that are shown in figures
3.(d-f) for 4%, 8%, and 10% cobalt ratios, one can notice several voids and less agglomeration
appear in the images of these samples, which supply more beneficial active sites for catalytic
reactions [50-52].

15kV X186,

15kU X16.80006 ipm 88800861 15kUV X16.000 ipm 888677

Fig. 3. (a-¢) SEM images of undoped MoS.; (d) 4% Co-doped MoS,; (e) 8% Co-doped MoS>,; and
() 10% Co-doped MoS>.
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4.4. Energy Dispersive X-Ray Spectroscopy (EDX)

Energy dispersive X-ray measurement was carried out to detect the chemical composition
of the prepared Mo;«CoxS, nanoparticles. Figures 4.(a-f) show only the peaks of molybdenum
(Mo) and sulfur (S) for pure MoS, and the peaks of molybdenum (Mo), sulfur (S), and cobalt (Co)
for cobalt-doped MoS, samples. These peaks reveal that no foreign impurity is detected.
Molybdenum has its peak at 2.47 KeV, corresponding to L, radiations, and sulfur has its peak at
2.48 KeV, corresponding to K, radiations, while cobalt has its peaks at 6.91 KeV and 7.64 KeV
corresponding to K, and Kjp radiations, respectively [28, 53]. The energy levels of sulfur and
molybdenum are so close that their peaks are not distinct [28]. The detected Co, Mo, and S
confirm the proposed formation of Mo;«CoxS, nanosystems.
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Fig. 4. EDX spectra of Mo;.+CoxS> nanosystem: (a) x = 0; (b) x = 0.02; (c) x = 0.04; (d) x = 0.06; (e) x =
0.08; and (f) x = 0.1.

4.5. Ultraviolet Visible Spectroscopy

The optical characteristics of pure MoS; and cobalt-doped MoS; nanoparticles dispersed in
distilled water have been examined via UV-Vis absorption spectroscopy. Figure 5.a clarifies the
absorbance spectra of undoped MoS,. As observed, there are three bands, one in the range of 450-
480 nm, and the other two absorption bands appear around 630 nm and 680 nm because the direct
band gap transitions at the K point [54 ,55]. This is a good indication that MoS, nanoflowers have
a small optical band gap (~1.8 eV) owing to the quantum confinement effect [56]. The absorption
spectra of the different cobalt-doped concentrations of Mo;xCoxS, (0.02 < x < 0.1) are shown in
figure 5.b. Equation (6) can be used for the calculation of the absorption coefficient o [57]:

2.303px103
A=

IcM A (6)

where A is the absorbance, p is the theoretical density of each sample, L is the optical path length
here considered to be 1 cm, M is the mass of one mole, and ¢ is the molar concentration.
The optical band gap of these samples can be calculated by applying Tauc equation [58],

(«hv)® = B (hv — Ey) 7)

where o is the absorption coefficient in cm™, hv is the energy of the incident photons in eV, B is a
constant independent of the photon energy, and n is a constant that may has one of four values 2,
1/2 and 3, 1/3 for direct, indirect allowed transition, and direct and indirect forbidden transition,
respectively and E, is the optical band gap. The exponential-like behavior for the obtained data
appears at n = 2 (direct allowed transition) when plotted hv on the X-axis versus (chv)? on the Y-
axis, while the value of the band gap could be detected by tacking the intercept of the fitting
straight line as in figures 6.(a-f).

The calculated value of the optical band gap for pristine MoS; is E; = 1.9 eV, which is
similar to the result concluded in a previous work [59]. However, when we incorporated cobalt
ions into the material’s lattice by using the Mo1.x<CoxS, nanoparticles, we observed a decrease in
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the optical band gap by increasing the cobalt ratio. As a result, the optical band gap reached 1.53
eV for the 10% Co doping concentration, as shown in figure 7. This implies that adding Co as a
dopant created high oxygen vacancies in the material, resulting in the formation of new energy
states near the valence band top and conduction band bottom, which is consistent with the
theoretical result obtained from DFT calculations [60].
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Fig. 5. UV-Vis absorption spectra of (a) pure MoS> and (b) cobalt-doped Mo ;.xCo.S: system.
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Fig. 7. Variation of the optical band gap with cobalt concentration through Mo .<Co.S> nanosystem.

4.6. Photocatalytic studies

The photocatalytic dye degradation is explained in terms of the absorption of light by dye
molecules in the investigated specimen. Figures 8. (a-g) show the sequential time-dependent UV-
Vis spectra of photocatalytic degradation of MB under visible light irradiation. The degradation
process was followed up by a gradual decrease in the main absorption peak of MB around 663 nm
[61]. The degradation of MB without any catalyst was carried out as shown in figure 8.a, and no
self-degradation was noticed over time. This ensures that the dye degradation process is solely
dependent on the photocatalyst. The photocatalytic degradation efficiency (E%) for Mo;.xCoxS: (0
<x £0.1) nanosystem samples was calculated by using the following equation [62]:

Ag—A¢

E% = A

x 100 (8)

where Ay and A are the absorption values determined by the UV-Visible spectrophotometer at 0
and t minutes, respectively.
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Fig. 8. Sequential time-dependent UV-vis spectra of photocatalytic degradation of MB under visible light
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Undoped MoS; has the lowest degrading activity (50%), indicating that pure MoS; has
weak absorbance in the visible portion of the electromagnetic spectrum, which is in great
agreement with the previous work indicated by Ye et al. [63]. The photocatalytic degradation was
enhanced to 58.2%, 61.7%, 66.5%, 69.4%, and 82.8% by increasing the concentration of cobalt to
2%, 4%, 6%, 8%, and 10% Co, respectively, which means that the optimum photocatalyst
concentration is 10% Co (Mo09Co00.1S2). The enhancement of the photocatalytic properties of
cobalt-doped MoS; over the pure one may be because doping increases the number of active MoS,
sites and improves the separation of electron-hole pairs [64]. Figure 9.a reflects the change in the
ratio of C/Coy during the period of light irradiation. Furthermore, the Langmiur-Henshelwood (L-
H) model, which is treated as a pseudo first-order kinetic reaction depicted in equation (9), is
utilized to derive the recombination rate constant (y) for MB dye [65].

In (g—;) =yt 9)

where Cy is the dyes' initial concentration before illumination, C; is the residual concentration at
time t, and v is the rate constant.

In order to study the kinetic reaction of MB degradation, the rate constant y for all the
synthesized samples is calculated by taking the slope of the lines in figure 9.b. The recombination
rate constant y and degradation efficiency E% of MB dye using Moi«CoxS, (0 < x < 0.1)
nanoparticles are shown in figures 9.c and 9.d, respectively. Figure 10 displays the proposed
photodegradation mechanism; moreover, the following few points summarize how MoS; degrades
a dye [65]:

I. Light is absorbed by MoS, resulting in photogenerated electron hole pairs.
1i. These generated electrons in the conduction band interact with oxygen molecules
present in water and form superoxide radicals O, .
1. Meanwhile, holes interact with water molecules, causing the formation of
hydroxyl radicals.
iv. Finally, these radicals undergo a chemical reaction with the organic molecules that

are in the dye, degrading them into H,O and COs.

MoS, + hv - MoS, (e~ + h*) (10)
MoS,(e™) + 0, — 03~ (11)
MoS,(h*) + H,0—> OH + H* (12)
0, +H,0- H,0, + OH (13)
H,0, - 2 OH" (14)

OH" + Dye— CO, + H,0 (15)
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Fig. 9. (a) change in the ratio of C/Cyversus the time of light irradiation; (b) In (Cy/C,) versus period for
kinetic reaction, (c) recombination rate constant y of M0;..Co.Sz (0 <x < 0.1) for MB dye; and (d) MB
photocatalytic degradation efficiency (E%) for all the Mo;.<CoxS: samples.

ELECTROMAGNETIC SPECTRUM

MB '
dye

o —— 0,+H,0

Fig. 10. Schematic description for the MB dye degradation mechanism in MoS> photocatalyst.

5. Conclusion

Hydrothermal process was successfully used to synthesize Mo;xCoxS; (0 < x < 0.1)
nanoparticles. XRD and FT-IR obviously demonstrate the formation of a single-phase
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semiconducting undoped and cobalt-doped MoS,. Lattice parameters decreased with increasing
cobalt ion ratio because of its smaller ionic radius as compared to the radius of Mo ion. The
average grain size was found to increase with the increase in cobalt percentage and ranged from 5
to 8 nm. SEM images establish the formation of 2D nanoflowers and show an increment in the
gaps through the material with cobalt ratios, which supply more beneficial active sites for catalytic
reactions. Detection of cobalt, molybdenum, and sulfur using energy dispersive X-ray
spectroscopy (EDX) confirms the proposed formation of Moi«CoxS, nanosystems. UV-visible
studies demonstrate that the optical band gaps decreased with increasing Co content, which is
ascribed to the creation of sub-levels among the energy band gaps. This, in turn, affects the
photocatalytic activity of Mo «CoxS> nanoparticles or the degradation of MB dye as the
degradation becomes more efficient by increasing the Co-ion substitutions.
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