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| A two-step process involving hydrothermal and co-precipitation methods was used to synthesize core-shell nanoparticles of lanthanum |

| ferrite @zinc sulphide (LaFeO;@ZnS), which were then characterized. The X-ray diffraction (XRD) patterns exhibiting distinct diffraction |
peaks corresponding to both LaFeO; and ZnS components confirmed the synthesis of the nanocomposite. Transmission electron microscopy

| (TEM) images confirmed that the nanocomposite exhibited a core-shell structure. The photoluminescence quenching in LaFeO;@ZnS |

| nanoparticles indicates a decrease in the recombination of photogenerated charge carriers. The photocatalytic degradation of methylene blue |

| was assessed using LaFeO;@ZnS core-shell nanoparticles, which showed a considerable improvement in efficiency compared to the pure |

| LaFeO; and ZnS nanoparticles. This superior photocatalytic performance can be attributed to the synergistic interaction between the |
LaFeOscore and ZnS shell, which led to increased absorption of visible light by the photocatalyst and longer lifetimes of the photogenerated

: charge carriers without undergoing recombination. :

| |

L

INTRODUCTION

Industrial dyes are the major effluents that significantly
contribute to water pollution, posing severe health and environ-
mental risks [1,2]. Most of the dyes are complex organic comp-
ounds, aromatic in nature, engineered to maintain their colour
despite exposure to water, sweat, light, various oxidizing and
reducing chemicals and microbial activity [3]. As a result, they
are extensively used in various industries such as textiles, food,
rubber, printing, cosmetics, medicine, plastics and paper, all
of which benefit from their durability and vivid colours [4].
However, the substantial volumes of dyed wastewater genera-
ted, present considerable hazard to the entire ecosystem. The
challenges of efficiently cleaning and controlling such waste-
water is further complicated by the toxicity and permanence
of certain dyes. Various physical, biological and chemical
methods are used for dye degradation [5-8]. However, physical
methods such as ion-exchange, membrane separation and adsor-
ption are often less favoured due to limitations like pore block-
age and membrane fouling, which restrict their applicability
and effectiveness [4,9-11]. On the other hand, biological methods

using microbial and enzymatic techniques, though more environ-
ment friendly, tend to be less efficient due to their susceptibility
to deactivation by various physical or chemical factors and the
need for extended periods to achieve effective dye degradation
[12-14]. Chemical wastewater treatment methods, including oxi-
dation, electrolysis and coagulation-flocculation, are generally
more efficient; however, these methods can produce toxic by-
products and generate sludge with disposal issues [15-17].
Moreover, they face commercialization challenges such as high
energy consumption, large chemical requirements and the need
for specialized equipments. In this light, advanced oxidation
processes (AOPs) such as ozonation, Fenton reaction, ultrasound
and photocatalytic processes have evolved as efficient strategies
for dye removal [18-20].

Among these AOPs, photocatalytic dye degradation has
been developed as a sustainable and effective technology where
a catalyst upon photon irradiation promotes the complete miner-
alization of the hazardous dye into non-toxic compounds [21].
The major requirement of this technique is to identify and
develop an optimal photocatalyst which is non-reactive with
biological and chemical substances, resistant to degradation
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under light exposure, capable of utilizing visible or near-UV
light, having increased catalytic active sites for the surface
interface reactions, cost-effective, safe for human health and
exhibiting high photocatalytic activity [22]. Till date, titanium
dioxide (TiO,) remains as the most extensively studied photo-
catalyst [23]. However, other metal oxides such as zinc oxide
(Zn0O), tungsten trioxide (WOs), iron(III) oxide (Fe,Os), vanadium
pentoxide (V,0s), silver oxide (Ag-O), binary metal sulfide semi-
conductors like cadmium sulfide (CdS) and zinc sulfide (ZnS),
perovskites like strontium titanate (SrTiOs), bismuth ferrite
(BiFeOs) are also being investigated for their photocatalytic
potential [24-26]. The effectiveness of these photocatalysts in
processes like dye degradation is influenced by various physical
properties, including particle size, shape, surface morphology,
porosity, crystalline quality, specific surface area and the size
of band gap [27,28]. However, weak absorption of visible light,
rapid recombination of photogenerated charge carriers, poor
surface/interface reactions and limited surface area continue
to pose significant challenge that minimizes the quantum yield
and restrict their viability for photocatalytic applications.
Nevertheless, in the recent years, there has been a notable
rise in the development of specialized nanomaterials tailored
for specific applications, with multifunctional capabilities, aimed
to address the existing limitations and thereby improve the
photocatalytic performance. Various approaches have been imple-
mented for example, elemental doping that mainly alters the band-
gap; cocatalyst loading that boosts the separation of photo-
generated excitons and the morphological variation in enhancing
the characteristics like specific surface area and light absorption
[29-34]. Another suitable alternative is to couple different nano-
materials to form heterojunction nanocomposites [35,36].
Within the realm of nanocomposites, the core-shell nanostructure
stands out as a distinct category, characterized by an arrangement
in which the shell nanoparticle envelops the core nanoparticle.
The main advantage of such nanostructures lies in their ability
to merge the characteristics of both core and shell. This
interaction facilitates the accurate adjustment of several
features, such as porosity, crystallinity, specific surface area,
charge carrier recom-bination time and band gap size [37].
Lanthanum ferrite is a visible light active, perovskite type
material possessing a narrow bandgap of nearly 2 eV, making
it a highly suitable photocatalyst for reactions initiated by
visible light. Moreover, LaFeO; exhibits exceptional chemical
and thermal stability, along with remarkable biocompatibility.
However, fast recombination of excitons impedes its photo-
catalytic efficiency [38,39]. The shell nanoparticle, ZnS is a
highly promising, non-toxic, earth abundant and cost effective
photocatalyst with potential for considerable photocatalytic
activity, particularly, in the degradation of organic pollutants
and water purification. However, its broad band gap that reduces
its responsiveness to visible light challenges its catalytic per-
formance [40]. In the current study, a novel lanthanum ferrite
@zinc sulphide (LaFeO;@ZnS) core-shell nanostructure was
synthesized via a two-step process (hydrothermal method for
core and co-precipitation technique for shell fabrication) and
also investigated the structural, morphological, microstructural,
optical and photoluminescence properties of LaFeO;@ZnS core

shell nanoparticles. The photocatalytic degradation efficiency
of the synthesized nanocomposite for methylene blue (MB)
dye was also investigated.

EXPERIMENTAL

The analytical grade reagents used in this work were ferric
nitrate nonahydrate (Fe(NOs);-9H,0, 98%; Fisher Scientific),
lanthanum nitrate hexahydrate (La(NO;);-6H,0, 99.9%; Alfa
Aesar), citric acid (C¢HsOy7, 99.5%; Spectrochem), ethanol (99%;
Hyman), zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98%; Qua-
ligens) and sodium sulphide (Na,S, 98%:; Fischer Scientific).
Deionized water was used for the synthesis and photocatalytic
experiments.

Synthesis of pristine LaFeO; nanoparticles: The LaFeOs
nanoparticles (core) were synthesized by following a hydro-
thermal method [41]. Briefly, a 1:1 molar ratio of Fe(NO3)s-
9H,0O and La(NO;);-6H,O were dissolved in ethanol-water
mixture (1:1) volume ratio, to which citric acid (5 mL) was
added slowly and stirred continuously for 30 min. An 80 mL
Teflon lined autoclave was filled with the resultant mixture
and kept at 180 °C for 24 h. Once the reaction was completed,
the autoclave was allowed to cool to room temperature. The
resulting solid product was then collected, washed twice with
absolute ethanol followed by distilled water and then, dried in
a vacuum oven at 60 °C for 12 h.

Synthesis of LaFeO;@ZnS and pristine ZnS nano-
particles: The ZnS shell nanostructure was synthesized follo-
wing co-precipitation technique [42]. A specified amount of
as-synthesized LaFeO; was sonicated in 100 mL of deionized
water for 1 h. Following this, 10 mL of one molar each Na,S
and Zn(NO;),-6H,O were introduced dropwise to the disper-
sion, sequentially, and the mixture was stirred for 3 h. The
resulting precipitate was washed several times with deion-ized
water followed by ethanol and dried at 120 °C. Pristine ZnS
was also synthesized following the same route without adding
LaFeO; powder.

Photocatalytic experiment: The photocatalyst nanocom-
posite (50 mg) were added to 100 mL of methylene blue (MB)
solution at a concentration of 3 ppm. A 300 W xenon arc lamp
was served as the light source. To establish the adsorption—
desorption equilibrium, the dye solution containing the photo-
catalyst was stirred in the dark for 30 min. Subsequently, the
sample was irradiated with UV-visible light from the Xe-Arc
lamp while being magnetically stirred. At the intervals of 15 min,
4 mL samples were collected, centrifuged and the supernatant
was analyzed. The change in MB concentration resulting from
the photocatalytic activity of the nanocomposite was assessed by
measuring the absorbance at 640 nm using a UV-Vis spectrometer.

Characterization: The structural and crystallographic
characterization of LaFeOs3, ZnS and LaFeO;@ZnS core-shell
samples were carried out with an X-ray diffractometer (Rigaku
600) using a CuKo: source (A = 1.542 A). The morphology of
LaFeO;@ZnS core-shell nanostructures were examined using
a scanning electron microscope (ZEISS GEMINI SEM 300)
operating at 20 kV. The microstructure of the core-shell samples
was analyzed employing transmission electron microscope
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(TEM) (JEOL Japan, JEM-2100 Plus) operating at 200 kV.
High-resolution transmission electron microscopy (HRTEM)
images and selected area electron diffraction (SAED) patterns
were also collected to investigate the d-spacing and crystallinity
of the sample. The optical absorption spectrum of the powder
samples was collected using an integrating-sphere equipped
Diffuse reflectance spectrophotometer (JASCO V-750 spectro-
meter) where BaSO, served as the reference material. To assess
the photocatalytic dye degradation, ultraviolet-visible (UV-
Vis) spectroscopy of the samples was also conducted with a
Jasco V-750 spectrometer. Photoluminescence (PL) analysis
was performed using Perkin-Elmer LS-55 spectroflourimeter.

RESULTS AND DISCUSSION

Structural studies: Fig. 1. displays the X-ray diffraction
(XRD) patterns for pristine LaFeOs and ZnS, along with the
LaFeO;@ZnS nanocomposite. The XRD patterns of the synth-
esized LaFeO;@ZnS core—shell nanoparticles exhibit two sets
of peaks, corresponding to LaFeO; core and ZnS shell. The
strong and well-defined diffraction peaks observed at 20 values
of 26.5° 30.7°, 43.9°, 52.0° 70.4° and 72.6° are associated
with the (101), (121), (220), (202), (230) and (141) planes of
LaFeO; core in the orthorhombic phase. The peaks at 20 values
of 28.9° 48.1° and 57.1° correspond to the (111), (220) and
(311) planes of ZnS in its cubic phase. These reflections align
with the standard powder diffraction patterns of LaFeO; and
ZnS, as indicated by the ICDD data (ICDD- 00-037-1493 for
LaFeO; and ICDD-00-005-0566 for ZnS). The prominent peaks
observed in the XRD pattern of LaFeO; @ZnS nanocomposite
correspond to those of both LaFeOs and ZnS, further confirming
the presence of both phases. The broadening of the diffraction
peaks in the XRD patterns suggests that the size of nanoparticles
are in the nanoscale range. The average crystalline sizes of
LaFeO; and ZnS nanoparticles were determined from Scherrer’s
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Fig. 1. XRD patterns of the LaFeO;@ZnS, ZnS and LaFeOs samples

formula and found to be 27.17 nm and 4.91 nm, respectively
[43]. However, due to the mixed phases of LaFeOs and ZnS, it
is not feasible to determine the average crystalline size of the
LaFeO;@ZnS core-shell nanoparticles.

Morphological studies: Fig. 2 presents the images of the
LaFeOs nanoparticles and LaFeO;@ZnS photocatalyst, reve-
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aling the surface morphology through scanning electron micro-
scopy. In Fig. 2a, pristine LaFeOs nanoparticles display irreg-
ular structures with particle sizes in the range of a few hundred
nanometers. In contrast in Fig. 2b, the nanocomposite shows
slightly larger particles and a rough surface texture. The incre-
ased roughness of the nanocomposite is likely attributable to
the encapsulation of ZnS nanoparticles onto the LaFeOs surface.

Microstructural studies: The microstructural analysis of
the as-prepared samples were performed by TEM and HRTEM
techniques. The TEM and HRTEM images of LaFeO;@ZnS
nanoparticles are shown in Fig. 3. The interface between LaFeOs
core and ZnS shell is well distinguishable. The TEM images of
LaFeO;@ZnS nanoparticles (Fig. 3a-b) exhibit irregular shaped
particles in which LaFeOs; particles with sizes in the range of
a 100 nm are surrounded by ZnS nanoparticles with particles
size less than 10 nm, suggesting the formation of LaFeO; @ZnS

core-shell nanoparticles. Fig. 3¢ shows the HRTEM image of
LaFeO;@ZnS core-shell nanoparticles, which displays the
lattice fringes of both LaFeOs and ZnS nanoparticles, with d-
spacings of 0.258 nm and 0.311 nm, corresponding to the (121)
and (111) lattice planes, respectively. The SAED spectra as
shown in Fig. 3d, exhibits random spots which clearly reveals
the polycrystalline nature of the particles. From the SAED
pattern of LaFeO; @ZnS core-shell NPs, the presence of (101),
(121), (220), (202) and (240) planes of LaFeO; and (111) and
(220) planes of ZnS are confirmed [44]. This indicates that the
LaFeO; nanoparticles are closely interconnected with the ZnS
nanoparticles. This intimate contact due to the establishment
of a heterojunction, presumably, facilitate the transfer of photo-
generated electrons and holes between LaFeOs and ZnS. As a
result of this interaction, recombination is reduced, thereby
improving the photocatalytic activity [45,46].

5 T

Fig. 3. TEM images of (a) and (b) LaFeO;@ZnS core—shell nanoparticles revealing the encapsulation of the ZnS nanoparticles around the
LaFeO; core (c) HRTEM image showing the d-spacings in the LaFeO;@ZnS core-shell nanocomposite (d) SAED pattern of the

LaFeO;@ZnS core-shell nanocomposite



Vol. 37, No. 1 (2025)

Synthesis and Characterization of LaFeO;@ZnS Core-Shell Nanocomposites 65

Elemental composition studies: The EDX analysis of
synthesized LaFeO;@ZnS nanocomposite revealed that all
the elements, La, Fe and O belonging to the LaFeOs core and
Zn and S present in the ZnS shell exist in LaFeO3;@ZnS nano-
particles (Fig. 4).
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Fig. 4. TEM-EDX image of LaFeO;@ZnS core—shell nanoparticles

Optical studies: The UV-visible absorption spectrum of
the synthesized samples is presented in Fig. 5. Bare ZnS nano-
particles demonstrate absorption mainly in the UV spectrum
with a threshold near 350 nm. In contrast, LaFeOs; nanoparticles
display a broader absorption range, extending into both the
UV and visible regions. The encapsulation of LaFeOs; nano-
particles by ZnS nanoparticles significantly enhances the absor-
ption across the UV and visible spectrum, as evidenced by the
UV-visible absorption data. Furthermore, FESEM analysis
revealed a marked increase in surface roughness in the core-
shell nanoparticles, which also likely contributed to the modified
light absorption properties observed in the nanocomposite [47].

LaFeO,

LaFeO;@ZnO

ZnO

Absorbance

v T T v T
300 400 500 600

Wavelength (nm)

Fig. 5. UV-visible absorption spectrum of LaFeOs, ZnS and LaFeO;@ZnS
core-shell nanocomposite

The band gap energy of the as-synthesized photocatalysts
was determined using the Kubelka-Munk equation:

(F(R)hv)" = k(hv — E,)

where F(R) represents the Kubelka-Munk function as an
approximation of the absorption coefficient and this is obtained
from diffuse reflectance data, hv is the photon energy, E, is
the band gap energy of the sample and k is a proportionality
constant [48]. In this equation, n is a constant that depends on
the type of electronic transition thus for this study, n = 2 is
adopted, indicating direct transitions. The band gap energy of
the synthesized nanocomposite was estimated by extrapolating
the linear portion of the [F(R)hv]* versus hv graph plot (Fig.
6). The estimated band gaps of ZnS and LaFeO; were 3.37 eV
and 2.08 eV, respectively, with ZnS absorbing UV light and
LaFeOj; absorbing visible light, as observed in the UV-visible
absorption spectrum. Thus, the optical band gap of LaFeO; @
7ZnS core-shell nanostructure was found to be 2.25 eV, indica-
ting successful formation of the core-shell structure, which
effectively modifies the electronic structure and alters the optical
properties of the material.
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. 6. The plot of (F(R)hv)* versus hv of LaFeO;@ZnS core-shell
nanostructure, LaFeO; and ZnS nanoparticles

Fi

=
]

Photoluminescence (PL) studies: To examine the migra-
tion of photogenerated electron-hole pairs between the two semi-
conductors, the photoluminescence (PL) spectra of bare ZnS,
LaFeO; and LaFeO;@ZnS using a 200 nm excitation wave-
length at room temperature was analyzed (Fig. 7). The PL
emission in ZnS nanomaterials originates from intrinsic defects
such as sulfur vacancies, zinc vacancies and interstitials. The
characteristic broadband emission between 410-470 nm (blue
emission) is linked to the surface states of zinc sulfide, while
electron transfer involving sulfur vacancies contributes to green
emissions in the 500-550 nm range [49]. LaFeO; exhibits PL
emission bands across the visible, with peaks at 412, 459, 488
and 529 nm, corresponding to transitions between defect states
like oxygen vacancies and Fe** ions, as well as between the
conduction and valence bands [39,50]. Remarkably, the PL
intensity of LaFeO;@ZnS core-shell nanostructure is signifi-
cantly lower than that of both the LaFeO; core and ZnS shell
materials. This reduced intensity is primarily due to suppressed
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Fig. 7. PL spectra of synthesized LaFeOs, ZnS and LaFeO;@ZnS samples

recombination processes, as the core-shell heterojunction
facilitates the lengthening of the lifetimes of photogenerated
electron-hole pairs between LaFeO; and ZnS, enhancing their
availability for photocatalytic activity [51]. Consequently,
under visible light irradiation, the retention of photogenerated
electron-hole pairs in LaFeO; @ZnS nanoparticles is improved,
leading to greater availability for photocatalytic degradation.
This lower PL intensity explains the superior photocatalytic
performance of the LaFeO;@ZnS core-shell nanomaterial
compared to other nanomaterials.

Photocatalytic activity: The photocatalytic performance
of the synthesized nanostructures was evaluated by degrading
methylene blue (MB) dye under UV-visible light irradiation.
In this study, the simulated sunlight from a 300W Xe-Arc lamp
was used and the initial concentration of MB dye was 3 ppm.
The photocatalytic experiments were conducted at the natural
pH of MB dye solution, under ambient temperature and pressure
conditions. The degradation of MB solution was monitored
using its UV-visible absorption spectrum. The UV-visible spectra
of MB solution was obtained at different time intervals during
the photocatalytic degradation process (Fig. 8).
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Fig. 8. UV-visible spectrum of MB dye during photocatalytic degradation
in the presence of LaFeO;@ZnS, LaFeO; and ZnS nanoparticles
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Fig. 9. The time dependent photocatalytic degradation of MB in presence
of LaFeOs, ZnS and LaFeO;@ZnS photocatalysts

To understand the photocatalytic processes, the kinetic
catalytic degradation of MB solution was analyzed using the
Langmuir-Hinshelwood model [52,53], which is represented
as follows:

_dC _ kKC
it 1+KC, )
where k and K are the constants of reaction rate (mg L™ min™)
and adsorption equilibrium (L mg™), respectively. In highly
diluted solution of dye, the term ‘KC,” becomes less than 1,

KCy << 1 = 1 + KCj = 1. Then, eqn. 2 can be rewritten as
follows:

dC

dC
E = kﬂppC

Considering k,,, = kK as the apparent rate constant of the
reaction, the above equation representing the pseudo-first order
reaction kinetics as C, = Coe™ ' [54]. Thus, the apparent rate
constant of the reaction k,,, can be obtained by estimating the
slope of linear fit of In(Cy/C,) versus time (t) (Fig. 10). The half-
life of the photocatalytic reaction can be calculated using the
equation Ty, =1In 2/k, where k is the reaction rate constant [55].
The estimated values of the rate constant and the corresponding
half-life for the photocatalytic reactions are presented in Table-1.
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Fig. 10. The linear fit of the pseudo-first-order kinetic reaction. All the
photocatalytic reactions show a good fit to this model

TABLE-1
THE RATE CONSTANT AND HALF-LIFE
VALUES OF THE PHOTOCATALYTIC REACTIONS

Rate constant Half-life of the
Photocatalyst (x 10 min™") reaction (x 10° min)
ZnS 1.71+0.18 0.40 £0.10
LaFeO, 0.21 +£0.01 3.30 £0.04
LaFeO,@ZnS 3.39+0.27 0.20 +£0.07

LaFeOj; and ZnS nanoparticles, LaFeOs;@ZnS nanocomposite
as photocatalyst displayed enhanced photodegradation of
methylene blue (MB), achieving 100% removal of 3 ppm MB
after 60 min of photoreaction. Factors contributing to this
improved photocatalytic performance include surface hetero-
geneity, a broad absorption range extending into the visible
and UV regions and the formation of an internal electric field
which promotes the electron-hole separation. Moreover, the
non-toxic and abundantly available nature of the LaFeOj; core
and ZnS shell materials suggests potential for the scalability
of this photocatalyst for water remediation.
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