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Fabrication of La-Doped MoS, Nanosheets with Tuned
Bandgap for Dye Degradation and Antimicrobial Activities,
Experimental and Computational Investigations

Muhammad lkram,* Binas llyas, Ali Haider, Junaid Haider, Anwar Ul-Hamid,
Anum Shahzadi, Souraya Goumri-Said, Mohammed Benali Kanoun, Walid Nabgan,*

and Asif Mahmood*

The development of efficient catalysts with a large number of active sites, tun-
able bandgap, and large surface area has been very challenging. In addition,
a significant bottleneck in the application of catalysts for water treatment is
their dissolution under extreme conditions, such as highly acidic or highly
alkaline conditions that lead to poor application of the reported materials in
real-world applications. In this study, the lanthanum (La)-doped molybdenum
disulfide (MoS;) nanosheets are reported for efficient breakdown of toxic
pollutants from wastewater under a wide pH range from strongly alkaline

to strongly acidic solutions. The La-MoS, nanosheets (NSs) are prepared by

a facile hydrothermal approach using a two-step methodology. A redshift is
observed upon La doping, indicating that the bandgap is lowered after La
doping in MoS,. The changes in bandgap and electronic structure are further
investigated using the density functional theory (DFT), which reveal that
doping of La introduces new states within the bandgap region, allowing for
further induced energy transitions. The La-MoS,, having a doping concentra-
tion of 2%, exhibits the highest catalytic activity against methylene blue (MB)
in neutral, acidic, and alkaline solutions, as well as substantial inhibitory
activity for bacterial strains such as Escherichia coli (E. coli). In summary, the
modified catalyst provides a pathway to design highly efficient catalysts for all
pH range water treatment as well as good activity against microbes.

1. Introduction

Water is fundamental for maintaining and
developing all living things.l However, the
water bodies are contaminated by heavy
metal ions, synthetic dyes, and other aro-
matic contaminants primarily originating
from agricultural and industrial sectors.?]
Around one ten million different dyes
are used in the production processes in a
number of industries for a wide variety of
products, including paper, plastic, leather,
paint, and printing. Among these dyes,
methylene blue (MB) is dreadful because
around 10% to 15% is released directly
into the environment, and the atmosphere
causes dangerous diseases such as skin
inflammation, liver disorders, and cancer.?¥
In recent years, removing contaminants
and dyes from the aquatic environment has
become challenging for researchers.
Traditional water treatment procedures
such as ion exchange, adsorption, chlorina-
tion, aerobic treatment, and adsorption can
be utilized to remove organic pollutants

M. lkram, B. llyas, A. Shahzadi

Solar Cell Applications Research Lab
Department of Physics

Government College University Lahore
Lahore, Punjab 54000, Pakistan

E-mail: drmuhammadikram@gcu.edu.pk
A. Haider

Department of Clinical Sciences

Faculty of Veterinary and Animal Sciences
Muhammad Nawaz Shareef University of Agriculture (MNSUAM)
Multan, Punjab 66000, Pakistan

J. Haider

A. Ul-Hamid

Research Institute

A. Shahzadi
Faculty of Pharmacy

Tianjin Institute of Industrial Biotechnology
Chinese Academy of Sciences
Tianjin 300308, China

Center for Engineering Research

King Fahd University of Petroleum & Minerals
Dhahran 31261, Saudi Arabia

The University of Lahore

The ORCID identification number(s) for the author(s) of this article

can be found under https://doi.org/10.1002/admi.202202404. S. Goumri-Said

Physics Department
Colleges of Science and General Studies

© 2023 The Authors. Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

Alfaisal University

DOI: 10.1002/admi.202202404

Adv. Mater. Interfaces 2023, 10, 2202404 2202404 (10f9)

Lahore 54000, Pakistan

P.O. BOX 50927, Riyadh 11533, Saudi Arabia

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202202404&domain=pdf&date_stamp=2023-04-08

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

from the water. Regrettably, these techniques have several prob-
lems, including insufficient removal, significant energy use,
and dye transfer.l’! In addition to the aforementioned methods,
catalytic dye degradation in the existence of nanomaterials has
attracted a great deal of attention from researchers due to its low
affordability, minimal toxicity, high chemical stability, and eco-
logically benign qualities.®) Nanomaterials were studied for their
unique physicochemical properties and dye-degradation water
treatment techniques.! Transition metal dichalcogenides have
gained interest for their catalytic, electrical, and photocorrosion
resistance,®l making them ideal for specific applications like catal-
ysis, lubricants, and energy storage and conversion. Among these
nanomaterials, low dimensional materials like molybdenum
disulfide (MoS,) is a multilayer material that can be employed in a
broad number of applications, including storage material,*) catal-
ysis,'”! and nanoelectronics."! MoS, possesses a direct bandgap
energy (E,) of 1.8 eV in two dimensions, while in one dimension,
it possesses an indirect E, of 1.2 eV."”] In the layered structure
of MoS,, the atoms of molybdenum and sulfur are arranged in
a hexagonal pattern, resulting in an S-Mo-S interaction.! MoS,
with a layered structure has weak van der wall forces consisting
of three stacked layers in which the molybdenum is sandwiched
between two sulfur atoms (S-Mo-S).®l Although MoS, has
shown promising catalytic™ and antimicrobial activities,'>1® its
applications are severely limited by lower reduction potential and
poor stability in strongly acidic solutions, etc.'" These attributes
must be improved to maximize the application of MoS,-based
nanostructures in water treatment.

Here, we report the preparation of lanthanum (La)-doped
MoS; nanosheets (NSs) to achieve a large number of active
sites, tuned bandgap, and enhanced catalytic activity. Previously,
rare-earth elements, such as Ce, Eu, and Gd, have been doped
into MoS, to tune the electronic structure using their partially
filled 4f and 5d orbitals."® Among these, lanthanum (La*') is
a crucial activator in the photocatalysis of hydrogen evolution
and serves as a facilitator for separating photogenerated elec-
tron-hole pairs.'! La was found to strongly impact the struc-
tural, optical, and morphological characteristics of MoS, NSs.
Interestingly, the modified NSs exhibited excellent activity and
high stability in all pH range solutions and enhanced antimi-
crobial activity. We also performed first-principles calculations
to examine the electronic structures of MoS, and the adsorp-
tion energies of MB on La-doped MoS, NS.
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2. Experimental Section

2.1. Chemicals

Sodium molybdate dehydrates (Na,M00,.2H,0, 99%), thiourea
(N,H,CS), lanthanum nitrate hexahydrate (La(NOs3);.6H,0)
were acquired from Sigma Aldrich (Germany). Oxalic acid
(C,H,04) was procured from Mark (Germany) and utilized
without purification.

2.2. Syntbhesis of La-Doped MoS,

MoS, was synthesized hydrothermally; initially, 0.5 m colloidal
solution of sodium molybdate dehydrates was prepared and
added thiourea liquefied (1:1.5), respectively. pH 12 was adjusted
using oxalic acid. Then, various concentrations of La (2%, 4%)
were added, and the mixture was magnetically agitated for
45 min. Eventually, the solution was transferred to an autoclave
to accomplish the reaction at 180 °C for 24 h and permitted to
cool down at ambient temperature. After this, the obtained pre-
cipitate was centrifuged twice at 7500 rpm and sonicated for 5 h
to attain a 2D layer. To obtain the resultant product, the solu-
tion was dried at 120 °C for 15 h (Figure 1).

2.3. Catalytic Activity (CA)

The CA of pristine and La-doped MoS, was determined against
MB dye degradation. Initially, MB solutions were prepared at
three pH values: acidic, neutral, and basic. Basic and acidic
mediums were prepared using NaOH and H,SO, solution.
After this, 3 mL MB solution was mixed with 400 uL NaBH,
solution, which acts as a reducing agent. Added 400 UL of cata-
lyst into the solution, and MB color turned into leucomethylene
blue, indicating the successful degradation of synthetic dye.
The experiment was conducted at room temperature and exam-
ined the dye degradation using a UV-vis spectrophotometer.
The degradation percentage was calculated using Equation (1)

% Degradation = (C, —C,/C,)x100 (1)

Where C, indicates dye concentrations at the initial time and
C, represents the dye concentrations at a specific time.

Synhesized

Syni hesized La-MoS,
MosS, La-MoS, Nanosheets
\) Stirring

A Hydrothermal

’ Centrifugation
Calcination

Figure 1. Synthesis diagram of La-doped MoS, Nanosheets.
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2.4. Catalytic Mechanism

In the catalysis mechanism, two aspects are thought to be cru-
cial: first, introducing a reducing agent and, second, incorpo-
rating a nanocatalyst into the dye. Generally, a reductant is a
chemical substance that typically provides an electron to MB,
acting as an oxidant. During the catalysis process, a redox
reaction typically involves the transfer of an electron from a
reductant to an oxidizing agent, leading to synthetic dye deg-
radation. The degradation process in the absence of a nano-
catalyst is slow and time-intensive. The inclusion of a catalyst
increased degradation as the catalyst reduced the activation
energy and enabled electron transfer from the BH,~ (donor) to
the MB™ (acceptor). This research evaluated dye degradation by
catalytic activity utilizing a reducing agent and a synthesized
nanocatalyst.?*!

2.5. Isolation and Identification of MDR Escherichia coli

Raw milk samples were obtained by directly milking chosen
lactating cows into sterile glassware and collecting them from
various markets, veterinary hospitals, and farms located around
the province of Punjab in Pakistan. Raw milk was brought into
the laboratory at a temperature of 4 °C. MacConkey agar was
utilized to count the number of coliforms in raw milk. Every
plate was kept in an incubator for 48 h at 37 °C. In order to
make a preliminary diagnosis of E. coli, colonial morphology
was examined using Gram stain, and a number of other bio-
chemical assays were performed with reference to Bergey’s
Manual of Determinative Bacteriology.l?!

2.5.1. Antibiotic Susceptibility

On Mueller Hinton agar (MHA), the antibiotic susceptibility
test was carried out with the disc diffusion method developed
by Bauer et al.?2l The experiment was carried out to assess
the resistance of E. coli against ciprofloxacin (Cip) 5 pg anti-
biotic.l?3l The turbidity of the E. coli cultures grown after puri-
fying was adjusted to 0.5 MacFarland. After that, it was spread
out on MHA (Oxoid Limited, Basingstoke, UK), and antibiotic
discs were placed on the surface of the inoculation plate at a
distance from one another to prevent the inhibition zones from
collapsing into one another. After 24 h of incubation at 37 °C,
the data were analyzed following the guidelines established by
the Clinical and Laboratory Standard Institute.?¥ The presence
of a bacterium that is resistant to at least three antibiotics is
required for it to be classified as MDR.[]

2.5.2. Antimicrobial Activity

The inhibition zones against MDR E. coli have been measured
using the agar well diffusion method to determine the in vitro
antibacterial action potential of MoS, and La (2% and 4%)
doped MoS,. MacConkey agar plates have been inoculated
with MDR E. coli at a concentration of 1.5 x 108 CFU mL™
(0.5 McFarland standard). Pathogens of E. coli have always been
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successfully recovered from ovine mastitis fluid to evaluate
the bactericidal efficacy of both pristine and doped nanostruc-
tures. Infectious bacterial treatments have been scraped on
agar plates, and sterile cork borers have been used to create
holes with a diameter of 6 mm each. A positive control was pro-
vided by the common medication ciprofloxacin (5 pg/50 mL),
and negative control was supplied by dilute iodine water
(50 uL). The boreholes have been filled with host and varied
concentration levels of the doped nanostructure at high and
low concentrations (1.0 mg/50 UL and 1.0 mg/50 UL, respec-
tively). After that, the plates were let to sit in an incubator at
room temperature for one whole day, and the inhibited zones
surrounding the wells were measured using a Vernier caliper.
After the diameters (in millimeters) of the inhibition zones that
encircled the wells had been measured, the antibacterial activity
of the samples that had been generated could be assessed.!2®!

2.5.3. Statistical Analysis

The zones of inhibition measurement size (mm) were used to
determine the antimicrobial effectiveness, and the diameters of
the inhibition zones were statistically analyzed using one-way
analysis of variance (ANOVA) in SPSS 20.1%"]

3. Results and Discussion

XRD was utilized to assess the structural characteristics, phase
purity, and layer spacing of the synthesized samples, see
Figure 2a. The diffraction pattern of MoS, at 14.37°, 32.67°, and
33.50° is indexed to the planes (002), (100), and (101), indicating
the hexagonal crystal structure and are well matched with
standard data (00-037-1492).1%8] The monoclinic phase exhibited
by Mo,S; at 23.12°, 34.55°, 45.80°, and 53.41° referred to planes
as (102), (111), (104), and (311), corresponds to card no. (03-065-
0445).12% The diffraction peak at 19.23° is ascribed to the plane
(110) with (JCPDS card no. 01-082-1709) demonstrating rhom-
bohedral crystal structure of Mo;S,. The peak intensity reduced
slightly in La-doped (2%) and pure (4%) MoS, samples, showing
lower crystallinity after La doping."™! After doping, a slight shift
in peaks was observed, attributed to lanthanum (La**)higher
ionic radius compared to molybdenum (Mo*).?% The con-
nection of functional groups to various vibrational modes was
assessed using FTIR spectroscopy between 4000 and 500 cm™
(Figure 2b). The band observed at 3371 cm™ assigned to the
bending mode of O—H attributed to water molecules. S-S and
S-O stretching appeared at bands 840 and 1124 cm™, respec-
tively.?% The bands found around 1415 and 1611 cm™ are linked
to sulfur production coupled with active MoS, sites and extended
C-H band.? MoS, was found to have a band at 480 cm™,
assigned to the Mo-S bonding.*?) Characteristic bands around
1380, 931, and 2170 cm™! alluded to Mo-O, S-S bond, and N=C
transmittance, respectively.!"*3 Furthermore, bright circular
rings were explored by the SAED patterns, suggesting the poly-
crystalline nature of prepared samples. The obtained results are
correlated with XRD patterns (see Figure 3c—e).

UV-vis spectrophotometer was used to examine absorp-
tion spectra and bandgap energy of dopant-free and La-doped
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Figure 2. a) X-ray diffraction patterns, b) FTIR spectra, and c—e) SAED profiles of as-prepared and La-doped (2 %, 4 %) MoS; nanosheets.

MoS, nanosheets (Figure 3a,b). The characteristic absorption  doping as the absorption band extends to higher wavelengths.
spectra displayed at A,,,, = 320 were assigned to the excitonic =~ Tauc’s plot was used to compute the optical bandgap energies
characteristics of MoS,.4 A redshift is observed with the La  (3.87-3.47 eV) of samples. To study the process of electron-hole
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Figure 3. a) Optical spectra of doped NS, b) bandgap energy plot, c) PL spectra of MoS, and La-doped (2 %, 4 %) MoS;, NSs.
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pair recombination in MoS, and La-doped MoS, samples, PL
spectroscopy was employed (Figure 3c). Because of the strong
association between the PL effect of 2D MoS, and its elec-
tronic-band structure, this technique provides an efficient way
to characterize the material.®* The PL spectra seemed to have
the highest intensity, =320 nm, which was comparable with the
UV-vis spectral®* Observed high excitation wavelength corre-
sponds to surface states, quantum confinement phenomenon,
and edge sites of MoS, NSs.13¢ According to findings, PL inten-
sity gradually decreased upon the desired incorporation of La.
The reduction in PL intensity for 4% La-MoS, is attributed to
effective charge transfer due to the optimum doping ratio.l"”]
FESEM was employed to confirm the surface morphological
study of produced La-doped MoS, as depicted in Figure 4a—c. It
can be seen that the particles had a spherical shape and a high
porosity which raids. The porosity between aggregated particles
assists in the rapid decomposition of organic dyes (Figure 4a).
The introduction of La in low amounts leads to the formation
of nanoclusters, which, in turn, triggers agglomeration and
the beginning of rod development (Figure 4b). Moreover, a
few rod-shaped particles were detected with increasing doping
concentration of La (Figure 4c). To assess the confirmation of
synthesized pristine and the presence of dopants in MoS,, the

Figure 4. a—c) SEM and a’-c) EDS analysis of MoS, and La-doped MoS,.
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EDS technique was employed (Figure 4a’-c’). The excellent
purity of MoS, is validated by the prominent peaks of Mo and
S, whereas the peak of C is most likely attributed to carbon
tape in the sample mounting process. In Figure 4b’,c’, the 4.6%
presence of La confirmed the successful doping of lanthanum
in doped MoS,. Sodium (Na) peaks in spectra originate from
using NaOH to control pH during NSs synthesis, while the
coating induces Au peaks sputtered on the specimens to pre-
vent charging effects.

The morphological feature of dopant-free and doped MoS,
was investigated by employing TEM images, as displayed in
Figure 5a—c. The TEM analysis in Figure 5a exhibit that this
might be a porous structure formed by hierarchical aggre-
gation of 2D MoS,; sheets that will improve the surface area.
Obtained nanosheets were overlayered by the introduction La,
where the shadowed portion of the images explores the multi-
layer nanosheet structure of MoS,, causing the particle struc-
ture to become asymmetrical (see Figure 5b,c). Furthermore,
the estimated d-spacing value of produced nanosheets was
computed as 0.62 nm for dopant-free samples and fulfills the
theoretical d-spacing of the MoS, crystallographic plane (002)
while interlayer spacing for doped samples were 0.62-0.64 nm,
as shown in Figure 5a’-(’), these measurements corresponded
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Figure 5. a—c) TEM and a’-c’) HR-TEM micrographs of as-prepared and
La (2% and 4%)-doped MoS, NSs.

extremely well with the XRD findings (Figure 2a). The minor
shift in interlayer spacing from 0.62 to 0.64 nm with La doping
indicates that the lattice has not changed considerably upon
doping. There is no change in lattice upon doping, as proved by
the (002) plane in all three samples.
Catalytic activity was accessed by degradation of MB with
NaBH,in the presence of prepared nanocatalystin basic (pH=12),
neutral (pH = 7), and acidic (pH = 4) mediums, Figure 6.
Degradation without catalyst was maximum of 10.71% in
10 min. With the addition of a catalyst, the calculated % degra-
dation was 89.85%, 93.82%, 99.99%, 84.77% in basic medium,
95.42%, 9734%, 99.99%, 99.99% in neutral medium, and
99.99%, 99.99%, 99.99%, 95.74% in an acidic medium for MoS,

100

% Degradation

Lal% La2% Lad4%

NaBH, MosS,

Figure 6. Percentage degradation of MB using nanocatalyst at different
pH
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Figure 7. Antibacterial activity of prepared nanostructures against E. coli
a) low dose, b) high dose.

and La-doped MoS, (1%, 2%, and 4%), respectively. MoS, doped
with 2% La showed the highest degradation, possibly attributed
to exceptional adsorption performance due to important para-
meters, including surface area, interfacial sites, and pore width,
indicating 2% is optimal lanthanum doping. As the concentra-
tion increased to 4%, the degradation of MB decreased in an
acidic medium.’”! The increasing dopant concentration might
partially block the active sites of MoS, resulting in a decrease
in catalytic activity.l38l

The suitable diffusion method was used to test the bac-
tericidal effectiveness of La-doped MoS, concerning the
E. coli pathogen (see Figure 7). At both the lowest and highest
doses, significant (p < 0.05) inhibition zones were found at
0.9-2.05 mm and 1.30-2.05 mm, respectively (Table 1). Com-
parative analyses of the inhibition zones for E. coli were carried
out using a negative control consisting of DI water (0 mm) and
a positive control consisting of ciprofloxacin (5 mm), respec-
tively. In point of fact, the antibacterial activity of the nano-
structures can be attributed to a variety of phenomena, such as
electrostatic contact or interactions with OH™ and H,0 present
at the surface. These interactions both result in the produc-
tion of reactive oxygen species (ROS), which are responsible
for the nanostructures’ antibacterial properties. Additionally,
the dimensions, shapes, and mass-to-surface ratios of prepared
doped NPs depend on oxidative stress. This is because tiny par-
ticles instantly discharge ROS, which degrades the cytoplasmic
constituents of bacteria, ultimately leading to the collapse of
the bacteria.3% Antibacterial activities were shown to be signifi-
cantly improved due to the higher concentration of NPs that
resulted from contact. Because both metallic species coexist in
the NPs, a synergistic effect is formed, which results in a signif-
icant increase in the antibacterial activity of the doped NPs.l*!
Another way nanoparticles interact with germs is by vigorous

Table 1. Antibacterial activity of La-doped MoS, nanostructures.

Samples Inhibition zones [mm]

0.5 mg/50 uL 1.0 mg/50 uL
MoS, 0.9 1.30
La 2% 1.45 1.80
La 4% 2.05 2.05
Ciprofloxacin 5 5
DIW 0 0
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Figure 8. a) Side view, b) Top view of La-doped MoS,, and c) and side view of the adsorption of MB on the MoS, monolayer.

cationic interaction with negatively charged microbial compo-
nents, which ultimately disintegrates bacteria.l2641

To explore the electronic properties of the pristine and La-
doped MoS, NS, the linear combination of atomic orbital (LCAO)
basis sets were employed with the PseudoDojo pseudopoten-
tial,*J as implemented in the QuantumATK package.[*¥! Within
the generalized gradient approximation (GGA), the Perdew—
Burke-Ernzerhof (PBE)* functional and DFT-1/2 approachl®!
were used to characterize the exchange and correlation effects.
When the atomic force reached 0.05 eV A~l, and the highest
energy variation between the two stages was less than 10° eV, the
structure was optimized. The cutoff for density mesh of 10° Ha
was employed, and the 4 X 4 x 1 set of k-points was chosen for
the structure optimization and the 6 x 6 x 1 set for electronic
property calculations. A 5 x 5 x 1 supercell based on a hexa-
gonal unit cell was adopted to model the MoS, monolayer, and a
vacuum space of 15 A was employed on the z-axis to avoid artifi-
cial interaction between nearby layers,**l as shown in Figure 8a.
The La-doped MoS, monolayer is modeled by substituting one
Mo atom with one La atom, yielding a doping concentration of
4%, as displayed in Figure 7b. The lattice constant of the opti-
mized structure MoS, monolayer is found to be a = b = 3.25 A,
which is consistent with the reported investigations,®”) and the
bond length of Mo—S and S-S is defined to be 2.48 and 3.23 A,
respectively.l The spin-orbit coupling (SOC) and noncollinear
mode are considered in calculating the electronic structures.

0.5 0.5
3 Fermi level
; 0.0 & — Total 0.0
8 . S3p oo
e — Mo 4d
]
-0.5 -0.5

. - - -2.0
0 50 100 150 200

DOS (ev-1)

Energy (eV)

To further get the stability of La doping into MoS, mono-
layers, the binding energy is computed as follows,*
By, = EgopedMos2 — Ev — Epa, Where Eggped Mos2 Stands the total
energy of the La-doped monolayer. Ey and Ej, are the total
energies of MoS, with vacancies and isolated La atoms, respec-
tively. The binding energy with the equilibrium distance is
—10.4 eV, which relates to the most significant binding effect.
To describe materials based on their electronic properties, the
electronic band structure and the density of states of the pure
and La-doped MoS, monolayer are calculated using the DFT-1/2
method with SOC contribution, as displayed in Figure 9. From
the analysis of the results, the bandgap of monolayer MoS, is
found to be 1.93 eV, which is consistent with the experimental
measurement (1.90 eV) and previous theoretical values.[*l Fur-
thermore, the top valence bands and the bottom conduction
bands of the pure monolayer MoS, are primarily made up of the
states Mo 4d and S 3p. The doping of the La atom changes the
electronic character of the system, which can introduce the new
states within the bandgap region, allowing for further energy
transitions to be induced. It is observed that the in-gap states
reveal strong hybridization with Mo 5d and S 3p states that are
around the dopant with a small contribution from La 5d states.
The calculations reveal that a small total magnetic moment of
0.833 up is induced in doping material. The adsorption energy
(Eags) of the MB molecule on the pristine and La-doped mono-
layer MoS, is expressed®! as; E,qs = Enos2 - MB — Enmosz — Emp

S

10 10

0.5 0.5
; Fermi level ;
® — Total ®
> s3p 00 &
o — Mo 4d o
S — La5d S

-1.0

- -2.0
50 75 100 125 150
DOS (ev!)

Figure 9. Calculated Band structures and DOS of a) pristine and b) La-doped monolayer MoS,
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where Eyjos;  mp denotes the total energy of the La-doped MoS,
monolayer with an MB, Eponolayer T€presents the total energy of
undoped and La-doped MoS, lattice, and Eyp is the energy of a
MB molecule. The estimated E,q4 values are found to be —0.225
and —0.954 eV for the pristine and La-doped monolayer MoS,,
respectively. Negative adsorption energy can cause the MB to
adsorb on pure and La-doped MoS, nanosheets with more
excellent stability.

4, Conclusion

The current work is based on the preparation of La-doped
MoS; NSs via hydrothermal technique. XRD spectra of MoS,
and La-doped MoS, NSs unveiled multiple crystal structures,
including (hexagonal, monoclinic, and rhombohedral) and
upon La doping, peak intensity decreased gradually. The func-
tional group and the band at 480 cm™ confirmed Mo-S bond
existence in a pure sample confirmed by FTIR. The reduction
in bandgap energy from 3.87 to 3.47 eV with La doping was
revealed extracted from absorption spectra obtained through
UV-vis spectrophotometer. The elemental composition was
explored by EDS analysis, where Mo and S peaks represent the
formation of pure sample and La peaks for doped MoS, NSs.
The first principles methods show that La doping changes the
electronic character of the pristine monolayer, which can intro-
duce the new states within the bandgap region, allowing for
further energy transitions to be induced. Moreover, the adsorp-
tion energies of the MB on La-doped MoS, nanosheets were
examined, and stable structures were found. La (2%) doped
MoS, exhibited maximum CA against MB degradation in an
acidic and neutral medium of about 99.99%. The substantial
inhibitory zones for E. coli were detected following the addition
of La to MoS,;. According to the findings of this work, the syn-
thesized MoS, and La-doped NSs have shown to be composite
innovations with excellent catalytic efficacy for cleaning indus-
trially contaminated water. These materials have the potential
to be put to use in applications in biomedicine that are not very
costly.
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