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This study explores the photocatalytic performance of a hierarchical MgIn2S4/CeO2 S-scheme heterojunction, 
emphasizing its structural, morphological, and electronic features. The heterojunction was synthesized in situ by 
integrating a porous MgIn2S4 framework with CeO2 nanorods. Comprehensive characterization techniques such 
as XRD, XPS, FE-SEM, TEM, and BET confirm the heterojunction’s formation and reveal its enhanced surface 
area, hierarchical porosity, and interfacial electronic interactions. Furthermore, the optical and photo
electrochemical properties were investigated through UV-Vis DRS, photoluminescence spectroscopy, photocur
rent response, and EIS, thus demonstrating enhanced visible light absorption, reduced charge recombination, and 
efficient charge transfer. The photocatalytic tests show that MgIn2S4/CeO2 has a degradation efficiency of 86 % 
for the photooxidation of tetracycline and 96 % for the photoreduction of Cr(VI) after 120 min. The enhanced 
properties can be attributed to the S-scheme heterostructure, which facilitates better charge transfer and sepa
ration and preserves the high redox potential photogenerated carriers for photocatalytic reactions. The degra
dation products of tetracycline were confirmed using HPLC–MS analysis. This work provided a systematic 
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approach to designing advanced photocatalysts with promising applications in environmental remediation, and 
the findings contribute to the development of sustainable technologies for wastewater treatment.

1. Introduction

Water pollution, contaminating water bodies with harmful sub
stances, poses serious risks to human health and ecosystems. Polluted 
water leads to waterborne diseases, while toxic chemicals like phar
maceuticals and heavy metals can cause chronic illnesses and neuro
logical damage. Economically, water pollution reduces agricultural 
productivity and access to clean water and sanitation [1–3]. Examples of 
these pollutants include tetracycline (TC) and Chromium(VI). Tetracy
cline, a widely used antibiotic, is a significant water pollutant due to its 
persistence in aquatic environments and resistance to conventional 
water treatment processes. It enters water systems through pharma
ceutical manufacturing waste, agricultural runoff, and improper 
disposal of medications [4,5]. Tetracycline residues can disrupt aquatic 
ecosystems, harm beneficial microorganisms, and contribute to the 
development of antibiotic-resistant bacteria, posing risks to both envi
ronmental and human health [6,7]. On the other hand, Chromium(VI) is 
a toxic heavy metal commonly found in industrial waste from electro
plating, leather tanning, and stainless-steel production processes. It is 
highly soluble and mobile in water, making it a significant environ
mental pollutant [8]. Chromium(VI) poses serious health risks, 
including carcinogenicity, mutagenicity, and damage to the respiratory, 
digestive, and immune systems when ingested or inhaled. Its presence in 
water bodies can also harm aquatic ecosystems by disrupting biological 
processes [9,10]. Thus, the growing challenge of these pollutants in 
water systems highlights the pressing demand for advanced, efficient, 
and environmentally sustainable remediation strategies.

In recent years, photocatalysis has emerged as a promising green 
technology for water purification, leveraging semiconductor materials 
to harness light energy for the degradation of organic pollutants and the 
reduction of heavy metals [11–13]. Photocatalysis offers several ad
vantages over conventional water treatment technologies, making it an 
effective and sustainable option for removing pollutants [14,15]. Unlike 
adsorption or chemical treatments, photocatalysis completely degrades 
contaminants into harmless byproducts like water and carbon dioxide 
rather than transferring pollutants to another phase or generating sec
ondary waste [16]. The process operates under mild conditions, 
requiring only a light source and a photocatalyst, making it 
energy-efficient and cost-effective [17]. Additionally, it avoids harsh 
chemicals, making it environmentally friendly and suitable for decen
tralized water treatment applications.

Moreover, photocatalysis is a type of advanced oxidation process 
(AOP) that involves using photocatalysts and light energy [18]. When a 
photocatalyst is exposed to light with energy equal to or greater than the 
photocatalyst’s bandgap, electron-hole pairs are generated. The photo
excited electrons in the conduction band enable photoreduction, 
reducing pollutants such as Cr(VI) to the less toxic Cr(III). Concurrently, 
the holes in the valence band drive photooxidation, oxidizing water or 
other species to produce highly reactive oxygen species (ROS), such as 
hydroxyl radicals, which degrade organic pollutants [19]. This dual 
mechanism effectively transforms organic and inorganic contaminants 
into safer or less harmful substances, making photocatalysis a robust and 
sustainable AOP for water treatment. However, the challenges associ
ated with this process include the inability of some single photocatalysts 
to harness visible light energy, the rapid recombination of photoexcited 
charge carriers, and the failure to target various pollutants [20]. Some 
photocatalysts are effective for degrading organic pollutants but 
perform poorly in reducing heavy metals, and vice versa. These limita
tions can be addressed by employing strategies such as heterojunction 
formation.

Amongst several reported heterojunctions, developing the S-scheme 

heterojunction has emerged as a promising strategy to overcome the 
limitations of the single photocatalyst in water treatment [21]. An 
S-scheme, also known as the step-scheme heterojunction, is formed from 
an oxidation photocatalyst and a reduction photocatalyst with comple
mentary band energies aligned in a staggered structure to facilitate 
charge mobility and separation [22]. Unlike the traditional hetero
junctions, the S-scheme mechanism preserves the strong redox poten
tials of the individual semiconductor and allows the charge carriers with 
lower oxidation and reduction potential to recombine [23,24]. Various 
S-scheme heterojunction photocatalysts such as Ag2CO3/
Bi4O5I2/g-C3N4[25], BiOCl/CuBi2O4 [26], g-C3N4/TiO2 [27], 
WO3/CeO2 [28], FeOOH/MgIn2S4 [29], and so on have been reported 
for the photocatalytic degradation of pharmaceutical compounds in 
water. However, the photoreduction efficiency of these heterojunctions 
was not tested.

In this work, we constructed an S-scheme heterojunction from the 
combination of magnesium Indium sulfide (MgIn2S4) and cerium oxide 
(CeO2) for the photooxidation of tetracycline and also for the photore
duction of Cr(VI). CeO2 is a widely studied photocatalyst due to its 
unique optical, surface, and electronic properties. It reversibly converts 
between two oxidation states, Ce+3 and Ce4+, enhancing its redox ac
tivity [30]. In addition, it is chemically stable and environmentally 
friendly [31]. Despite its photocatalytic activity, CeO2 has drawbacks 
such as the agglomeration of its nanoparticles, weak absorption of 
visible light, and fast recombination rate of photoexcited charge carriers 
[30,32,33]. On the other hand, MgIn2S4 is a chalcogenide semi
conductor with a layered structure and a narrow bandgap that can 
efficiently utilize visible light. It is stable, and its 2D morphology can 
facilitate charge carrier mobility [34,35]. Nevertheless, its band edge 
positions and band gap energy might limit its photooxidation efficiency 
in photocatalytic reactions and make it suffer from charge carrier 
recombination. Therefore, utilizing the unique properties of MgIn2S4 
and CeO2 is expected to enhance the electronic and photocatalytic 
properties for the photooxidation and photoreduction of organic com
pounds and heavy metals.

Thus, this study aims to explore and understand the strategy 
involved in constructing an S-scheme heterojunction that can efficiently 
oxidize and reduce pollutants. To our understanding, this is the first 
report to comprehensively construct, characterize, and apply MgIn2S4/ 
CeO2 S-scheme heterojunction. Hence, this study provides insights into 
the design of advanced photocatalysts for the dual-purpose treatment of 
organic pollutants and heavy metals. The findings in this work 
contribute to the broader understanding of the dynamics of charge 
carriers in semiconductor heterojunction for photocatalysis.

2. Experimental section

2.1. Chemicals

Cerium nitrate hexahydrate (Ce(NO3)3⋅6 H2O), sodium hydroxide 
(NaOH), L-cysteine, magnesium nitrate hexahydrate (Mg(NO3)2⋅6 H2O), 
deionized water, indium chloride (InCl3), ethanol, potassium hex
acyanoferrate (II) (K4[Fe(CN)6]), polyvinylidene fluoride (PVDF), eth
ylenediaminetetraacetic acid disodium salt (Na2EDTA), silver nitrate 
(AgNO3), p-Benzoquinone (BQ), isopropanol (IPA), Tetracycline (TC), 
potassium chromate (K2Cr2O7), potassium hexacyanoferrate (III) (K3[Fe 
(CN)6]), and N-methyl-2-pyrrolidone (NMP) were used for this study 
and purchased from Sigma-Aldrich (South Africa)
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2.2. Photocatalysts synthesis

2.2.1. Synthesis of cerium oxide (CeO2) nanorods
Cerium oxide (CeO2) nanorods were synthesized using a simple hy

drothermal method [32]. In a typical synthesis, cerium nitrate hexahy
drate (Ce(NO3)3⋅6 H2O, 3.48 g) was gradually added to a stirred sodium 
hydroxide (NaOH, 9.8 g) solution at room temperature. The mixture was 
stirred for 30 minutes and subsequently transferred to a sealed auto
clave, where it was subjected to thermal treatment at 100 ◦C for 
24 hours. After cooling to room temperature, the resulting product was 
recovered by filtration, thoroughly washed with deionized water and 
absolute ethanol, and dried at 80 ◦C overnight; a yellow powder of CeO2 
was obtained.

2.2.2. Synthesis of MgIn2S4
Mg(NO)2 ⋅6 H2O (0.2 mmol), 0.4 mmol of InCl3, and 0.9 mmol of L- 

cysteine were weighed and added to a beaker. The resulting solution was 
continuously stirred for 1 hr, and then the mixture was transferred to a 
Teflon-lined autoclave and heated in a furnace at 180◦C for 24 hr. The 
precipitate formed was collected by centrifugation and washed thrice 
with deionized water and ethanol. The precipitate was dried for 8 hr at 
70◦C to obtain a pure MgIn2S4.

2.2.3. Synthesis of MgIn2S4/CeO2
The synthesized CeO2 (1 mmol) was dispersed in 60 mL of deionized 

water through ultrasonication for 15 minutes, followed by the synthesis 
of MgIn2S4, as reported in Section 2.2.2. Briefly, to the dispersed solution 
CeO2, 0.2 mmol of Mg(NO3)2⋅6 H2O, 0.4 mmol of InCl3, and 0.9 mmol of 
L-cysteine were added, followed by continuous stirring for 1 hour. The 
resulting mixture was transferred to a Teflon-lined autoclave and heated 
in a furnace at 180◦C for 24 hours. The product formed was collected by 
centrifugation, washed three times each with deionized water and 
ethanol, and dried overnight in an oven at 70◦C.

2.3. Characterization

2.3.1. Characterization and instruments used
X-ray diffraction (XRD) analysis was conducted on a D8 Advance 

diffractometer using Cu Kα radiation (λ = 154.18 pm) in Bragg–
Brentano mode. The morphology of the samples was examined through 
a field-emission scanning electron microscope (FE-SEM, JEOL JSM- 
7500F, Japan). Electronic absorption measurements were carried out 
with a Cary 60 UV–vis spectrophotometer (Agilent Technologies, 
Malaysia). X-ray photoelectron spectroscopy (XPS) data were collected 
using a Kratos Axis supra+ spectrometer equipped with monochromatic 
Al Kα radiation (hv = 1486.6 eV) and operating at 150 W. Electro
chemical impedance spectroscopy (EIS), Mott-Schottky, and photocur
rent response analyses were performed using an Autolab Potentiostat 
(PGSTAT204, Netherlands. The setup comprised a platinum wire as the 
counter electrode, an Ag/AgCl electrode (3.0 M KCl) as the reference 
electrode, and a working electrode prepared by coating a fluorine-doped 
tin oxide (FTO) substrate (1.5 cm × 1.5 cm) with 30 mg of the synthe
sized material. A binder mixture of 5 wt% PVDF and 100 μL NMP was 
used for the electrode preparation [36]. For EIS analysis, measurements 
were conducted in a solution containing 5 mM [Fe(CN)6]3/4 - dissolved 
in 0.1 M KCl at an applied potential of + 0.25 V without light, across a 
frequency range from 100 kHz to 0.1 Hz. Impedance data were analyzed 
using a Randle circuit model. Mott-Schottky measurements were carried 
out under dark conditions with the 5 mM [Fe(CN)6]3/4 - in 0.1 M KCl 
electrolyte solution. The photocurrent response measurements were 
conducted in 0.1 M Na₂SO4 applying a bias potential of 1.5 V with 
reference to the Ag/AgCl electrode. Brunauer–Emmett–Teller (BET) 
analysis was employed to determine the surface area, while the 
Barrett-Joyner-Halenda (BJH) model was utilized to calculate the 
porosity of the samples at liquid nitrogen temperature. Prior to analysis, 
the samples were degassed for 8 hours at 80◦C using an ASAP 2020 

instrument (Micromeritics Corporation, Version 4.00). The degradation 
pathway for photoelectrochemical (PEC) degradation was analyzed 
using ultra-performance liquid chromatography coupled with mass 
spectrometry (UPLC-MS) (WATERS, USA). Photoluminescence (PL) 
spectroscopy (F-186 2710, HITACHI, Japan) was employed to investi
gate the recombination rate of photogenerated charge carriers

2.4. Photocatalytic tests

A Xenon solar lamp (100 W) was utilized as the light source for 
investigating the photooxidation of tetracycline (TC) and the photore
duction of Cr (VI). The lamp was positioned at a distance of 10 cm from 
the solution’s surface. In the experiments, 50 mL of TC solution (10 mg/ 
L, pH 7) and 50 mL of Cr (VI) solution (10 mg/L, pH 5.8) were prepared. 
40 mg of the catalyst was dispersed in each pollutant solution and stirred 
under dark conditions for 20 minutes to allow adsorption-desorption 
equilibrium. Afterward, the lamp was switched on, and at regular in
tervals, 3 mL of the degraded sample was withdrawn from the solution, 
followed by centrifugation at 7000 rpm for 10 minutes to remove the 
catalyst effectively. The TC concentration was monitored using a spec
trophotometer, and the Cr(VI) concentration was quantified using the 
1,5-diphenylcarbazide (DPC) method, ensuring accurate analysis of its 
reduction.

The percentage extent of degradation was calculated using Eq. 1

%Degradation efficiency =

(

1 −
Ct

Co

)

∗ 100 (1) 

Where Ct = Concentration of TC or Cr(VI) in mg/L after degradation and 
Co = Initial concentration of TC or Cr(VI) in mg/L before degradation

2.5. The determination of reactive species

The primary reactive species involved in the degradation process 
were identified through free radical quenching experiments. Various 
scavengers’ concentrations were employed to trap specific reactive 
species: hydroxyl radicals were trapped using 0.2 mmol/L isopropanol 
(IPA), superoxide radicals were scavenged with 0.2 mmol/L p-benzo
quinone, photogenerated holes were captured using 0.2 mmol/L sodium 
ethylenediaminetetraacetate (Na2EDTA), and photogenerated electrons 
were trapped using 0.2 mmol/L silver nitrate (AgNO3).

3. Results and discussions

3.1. Structure, composition, and morphology studies

The X-ray diffraction (XRD) analysis was used to investigate the 
crystalline phases of the as-synthesized CeO2, MgIn2S4, and MgIn2S4/ 
CeO2 composite. As shown in Fig. 1a, the diffraction pattern of the 
pristine CeO2 exhibits the characteristic peaks at 2θ values of 28.3̊, 32.8̊, 
47.3̊, 56.2̊, 69.2̊, 76.5̊, 79.1̊, and 88.4̊, corresponding respectively to the 
(111), (200), (220), (311), (222), (400), (331), and (420) hkl crystal 
planes of the cubic CeO2 with the JCPDS no. 01–080–5549 [33]. Simi
larly, the diffraction pattern of MgIn2S4 shows distinct peaks at 23.4̊, 
27.5̊, 33.1̊, 43.5̊, and 47.7̊ that are well indexed to the (220), (311), 
(400), (333) and (440) planes respectively, of the cubic phase MgIn2S4 
with the JCPDS no. of 04–007–9835 [37]. In the diffraction pattern of 
the MgIn2S4/CeO2 composite, the significant characteristics peak of 
CeO2 and MgIn2S4 were observed at 23.2̊ 27.3̊, 28.1̊, 32.9̊, 43.5̊, 47.6̊, 
and 56.1̊, thus confirming the formation of the composite. The doublet 
peak observed can be due to the overlap of peaks at 27.5̊ (311) of 
MgIn2S4 and 28.3̊ (111) of CeO2, suggesting the interaction between 
CeO2 and MgIn2S4 at the interface. Otherwise, no significant shift was 
observed in the peaks of CeO2 and MgIn2S4 in the composite, suggesting 
insignificant distortion in their crystal lattice and successful synthesis of 
a heterostructure.
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The FESEM micrograph of CeO2 (Fig. 1b) reveals that CeO2 nano
particles possess relatively small smoothness. And uniformly distributed 
spherical particles in a cluster-like arrangement. This morphology sup
ports efficient light absorption and charge mobility for effective pho
tocatalytic activity [38]. In Fig. 1c, the FESEM micrograph of MgIn2S4 
displays a network-like structure characterized by an interconnected 
framework of nanoflower. Also, it shows a porous and hierarchical 
structure with empty spaces between the individual particles. Moreover, 
high porosity enhances surface area and increases active sites for pho
tocatalytic reactions [39]. The FESEM micrograph of MgIn2S4/CeO2 
composite (Fig. 1d) also reveals a well-integrated structure of CeO2 and 
MgIn2S4. The heterojunction formation is evident from the close inter
action of the two phases where the interconnected nanoflower-like 
structure of MgIn2S4 acts as a matrix, with CeO2 stacked nano
particles embedded within the porous framework. Overall, the interac
tion promotes efficient charge mobility and separation. The TEM 
analysis of the MgIn2S4/CeO2 heterojunction further confirms its unique 
structural attributes. The MgIn₂S₄ component is observed as fine nano
sheets forming nanoflower-like morphologies, consistent with its high 
surface area and porous nature. On the other hand, CeO2 appears as 
non-distinct, irregular nanorods, contributing to its characteristic 
structural properties. In the composite, the TEM micrographs distinctly 
reveal the integration of these two phases. The MgIn2S4 nanoflowers 
serve as a scaffold, providing a hierarchical and porous framework, 
while the CeO2 nanorods are well-dispersed and embedded within the 

matrix. Combining these morphologies results in a synergistic effect, 
where the intimate contact and distribution of CeO2 within the MgIn2S4 
framework facilitate efficient interfacial interactions.

These structural characteristics confirm the successful synthesis of 
the heterojunction and highlight the composite morphology’s role in 
enhancing charge separation and mobility. The hierarchical arrange
ment allows for better light absorption and greater exposure to active 
sites, further supporting its superior photocatalytic performance. In 
addition, the surface area and porosity of the materials were investi
gated through nitrogen adsorption-desorption measurements. As dis
played in Fig. 1e, the pristine photocatalyst and composite exhibited the 
characteristics of a type IV isotherm, indicating mesoporous structures 
characterized by large pore volumes and high surface areas. Amongst 
the materials, the MgIn2S4/CeO2 heterojunction demonstrated superior 
structural properties in terms of surface area compared to CeO2 and 
MgIn2S4, as summarized in Table 1. Notably, the MgIn2S4/CeO2 heter
ojunction exhibited the highest specific surface area of 73.23 m2/g. 

Fig. 1. (a) XRD spectra of CeO2, MgIn2S4, & MgIn2S4/CeO2. FESEM micrograph of (b) CeO2, (c) MgIn2S4, (d) MgIn2S4/CeO2. TEM micrograph of (e) CeO2, (f) 
MgIn2S4, (g) MgIn2S4/CeO2. (h) N2 adsorption-desorption spectra of CeO2, MgIn2S4, & MgIn2S4/CeO2.

Table 1 
BET surface area and pore volume of the photocatalysts.

Photocatalysts BET Surface area(m2/g) Pore volume (cm3/g)

CeO2 45.28 0.292
MgIn2S4 56.76 0.226
MgIn2S4/CeO2 73.23 0.330
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Interestingly, CeO2 has the highest pore volume but the lowest surface 
area, which could correspond to its porosity being dominated by larger 
mesopores. On the other hand, MgIn2S4 has a denser layered structure, 
which reduces its pore volume.

Furthermore, X-ray photoelectron spectroscopy (XPS)was employed 
to investigate the elemental composition of the materials. The XPS 
spectra provide an understanding of the bonding environment and 
electronic interaction between CeO2 and MgIn2S4. The high-resolution 
XPS spectra of each element present in the photocatalyst were 
analyzed. Fig. 2a shows the Ce 3d spectra of both the pristine CeO2 and 
MgIn2S4/CeO2; the spectra are characterized by two sets of spin-orbit 
doublets, which correspond to 3d5/2 and 3d3/2 that further split into 
satellite peaks, due to the presence of different oxidation states of cerium 
(Ce3+ and Ce4+) [40]. For the pristine CeO2, the peaks at position 
883.3 eV and 899.1 eV represent the Ce 3d5/2 and Ce 3d3/2 orbitals, 
respectively, hence confirming the predominance of the Ce4+ state in 
CeO2. The minor peaks at 889 eV and 907.7 eV indicate the coexistence 
of Ce3+ states, which contribute to the redox capacity of CeO2. In the 
MgIn2S4/CeO2 composite, a decrease in the binding energy of the peaks 
associated with the Ce4+ state (882.4 eV and 898.4 eV) was observed. 
Moreover, a noticeable change in the intensity of the peaks related to 
Ce3+ at 889 eV and 907.7 eV was observed, suggesting an increase in the 
proportion of Ce3+ species, which can be attributed to the interfacial 
charge transfer between CeO2 and MgIn2S4. For the O 1 s spectra 
(Fig. 2b), two peaks attributed to lattice oxygen and surface adsorbed 
oxygen were observed at 529.9 eV and 532.0 eV for CeO2, and 529.5 eV 
and 531.3 eV for MgIn2S4/CeO2 composite, respectively. Again, a shift 
to a lower binding energy observed suggests a strong interaction be
tween CeO2 and MgIn2S4 in the composite. Furthermore, the Mg 1 s peak 
of MgIn2S4 (Fig. 2c) is observed at a binding energy of 1304.5 eV, while 
the peak of MgIn2S4/CeO2 (Fig. 2d) was observed to shift to a lower 
binding energy of 1304.2 eV [29,37]. This slight reduction can be 
attributed to a change in the electronic environment of Mg2+ due to 
heterojunction formation. In addition, the In 3d spectra of MgIn2S4 and 

MgIn2S4/CeO2 (Fig. 2e) show two well-defined peaks of In 3d5/2 and In 
3d3/2 states located at 444.5 eV & 451.97 eV and 444.6 eV & 452.1 eV, 
respectively [29,41]. These peaks confirm the presence of In3+ in the 
indium lattice. Lastly, the S 2p spectra (Fig. 2f) show two peaks at 
161.0 eV & 164.0 eV for MgIn2S4 and 161.3 eV & 164.0 eV, which 
correspond to S 2p3/2 and S 2p1/2 states, respectively. This confirms the 
presence of S2- in the sulfide lattice. These shifts to higher binding en
ergies in the composite can be attributed to a decrease in electron 
density around indium and sulfur caused by electron transfer from 
MgIn2S4 to CeO2. These results suggest an interfacial interaction be
tween CeO2 and MgIn2S4, which are essential in forming an S-scheme 
heterojunction for enhanced photogenerated charge carrier transfer and 
separation required for boosting the photocatalytic efficiency of the 
MgIn2S4/CeO2 photocatalyst.

3.2. Optical studies

The light absorption properties of CeO2, MgIn2S4, and MgIn2S4/CeO2 
were analyzed using the UV-Vis DRS spectra (Fig. 3a). The pristine CeO2 
possesses a strong absorption edge at approximately 519 nm, while 
MgIn2S4 displays absorption that extends into the visible light region, 
with an absorption edge around 641 nm. For the MgIn2S4/CeO2 com
posite, the absorption spectra show a redshift when compared to CeO2, 
with an absorption edge of 620 nm, corresponding to a heterojunction 
formation. Using the UV-Vis DRS data, the band gaps were estimated 
using Tauc plots; the band gap energies of 1.84 eV and 2.37 eV were 
observed for MgIn2S4 and CeO2 (Fig. 3b), respectively. Therefore, the 
absorption range of MgIn2S4/CeO2 confirms its ability to harvest light in 
the visible region.

Photoluminescence (PL) spectroscopy was used to examine the 
charge recombination behavior of the photocatalysts. As shown in 
Fig. 3c, CeO2 has a higher intensity emission peak at around 466 nm, 
indicating a high recombination rate of photoexcited charge carriers. 
However, the PL spectrum of MgIn2S4 was not detected, which is likely 

Fig. 2. High-resolution XPS spectra of (a) Ce 3d of CeO2 and MgIn2S4/CeO2, (b) O 1 s of CeO2 and MgIn2S4/CeO2, (c) Mg 1 s of MgIn2S4, (d) Mg 1 s of MgIn2S4/CeO2, 
(e) In 3d of MgIn2S4 and MgIn2S4/CeO2, (f) S 2p of MgIn2S4 and MgIn2S4/CeO2.
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due to its low radiative recombination activity. On the other hand, the 
PL spectrum of the MgIn2S4/CeO2 composite shows a noticeable 
reduction in the peak intensity, which indicates the suppressed recom
bination rate of photoexcited electron-hole pairs. Therefore, incorpo
rating MgIn2S4 into CeO2 enhances the overall charge dynamics, and 
more photogenerated electrons and holes will be allowed to participate 
in the reduction and oxidation reactions during photocatalysis.

3.2.1. Calculation of conduction and valence bands
Using Eqs. 2 and 3, the valence (VB) and conduction band (CB) en

ergies of the photocatalyst were calculated. 

Ec = X- Eo – 0.5Eg                                                                          (2)

Ec = Ev - Eg                                                                                   (3)

Ec is the conduction band, Eo is free electrons energy on the hydrogen 
scale (equals to 4.5 eV), Eg is band gap, X is the Mulliken scale of elec
tronegativity (Geometric mean of absolute electronegativity of indi
vidual element), and Ev is the valence band.

The Mulliken electronegativity scale was calculated as 4.75 for 
MgIn2S4 and 5.53 for CeO2. Hence, as illustrated in Fig. 3d, the calcu
lated Ec and Ev of CeO2 are − 0.15 eV and 2.22 eV, while for MgIn2S4 are 
− 0.67 eV and 1.17 eV, respectively. It is evident that the Ec and Ev edges 
of MgIn2S4 and CeO2 are relatively far apart. This band alignment drives 
efficient charge separation, which helps to retain the high reducing 

ability of electrons in MgIn2S4 and the high oxidizing ability of holes in 
CeO2.

3.3. Photoelectrochemical properties

The Nyquist plot from the electrochemical impedance spectroscopy 
was used to determine the photocatalysts’ charge transfer resistance 
(Rct). The Rct values obtained from the semi-circles for CeO2, MgIn2S4, 
and MgIn2S4/CeO2 (Fig. 4a) were found to be approximately 357 Ω, 220 
Ω, and 82 Ω, respectively. The MgIn2S4/CeO2 composite shows a 
significantly reduced Rct value, suggesting an enhanced charge transfer 
efficiency at the heterojunction interface.

The photocurrent measurements under light illumination further 
validate the superior photocatalytic properties of the MgIn2S4/CeO2 
composite. As observed (Fig. 4b), MgIn2S4/CeO2 possesses the highest 
photocurrent density of 0.084 mA/cm2, which is 1.47 times greater than 
that of MgIn2S4 (0.057 mA/cm2) and 2.27 times greater than that of 
CeO2 (0.037 mA/cm2). This further buttresses the suppression of the 
recombination rate of photogenerated electrons and holes.

The flat band potential (Efb) of CeO2 and MgIn2S4 was determined 
using the Mott-Schottky analysis. Moreover, the positive slopes of the 
plots of CeO2 (Fig. 4c) and MgIn2S4 (Fig. 4d) confirm that the photo
catalysts are n-type semiconductors. The Efb (vs. Ag/AgCl) of CeO2 and 
MgIn2S4 were found to be − 0.37 V and – 0.93 V, respectively. The 
photocatalyst’s conduction band (Ec) can also be deduced from the Efb. 

Fig. 3. (a) UV-Vis DRS spectra of CeO2, MgIn2S4 and MgIn2S4/CeO2 (b) Tauc plot of CeO2 and MgIn2S4 (c) Photoluminescence spectra of CeO2 and MgIn2S4/ CeO2 
(d) Band alignment of CeO2 and MgIn2S4.
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The Efb (vs. NHE) of CeO2 and MgIn2S4 is calculated to be – 0.17 eV and - 
0.73 eV for CeO2 and MgIn2S4, respectively, by using Eq. 4

ENHE = EAg/AgCl + 0.194                                                                 (4)

For an n-type semiconductor, Ec is said to be more negative than Efb, 
with values 0.1–0.2 eV. Therefore, Ef further confirms the calculated Ec 
of − 0.15 eV and − 0.67 eV for CeO2 and MgIn2S4, respectively.

3.4. Photocatalytic activities

3.4.1. Photooxidation of tetracycline
The photocatalytic efficiency of CeO2, MgIn2S4, and MgIn2S4/CeO2 

were investigated under visible light using tetracycline (TC). As illus
trated in Fig. 5a, prior to light irradiation, when 10 mg/L of TC was 
subjected to photooxidation, no noticeable change in the concentration 
was observed for CeO2 and MgIn2S4. However, about a 14 % reduction 
in TC concentration was observed when the MgIn2S4/CeO2 composite 
was used. This could be attributed to the increase in surface area, 
leading to more active sites in the MgIn2S4/CeO2 composite from the 
electronic interaction of the pristine photocatalysts. Furthermore, upon 
light irradiation, 40 %, 52 %, and 86 % degradation efficiency were 
calculated for CeO2, MgIn2S4, and MgIn2S4/CeO2 after 120 min. Pristine 
CeO2 and MgIn2S4 exhibited lower degradation efficiency due to fast 
rate charge carrier recombination, while MgIn2S4/CeO2 demonstrated 
enhanced photocatalytic degradation due to improved charge separa
tion properties and utilization of the visible light spectrum. The data 
were analyzed using the pseudo-first-order kinetics, as expressed by Eq. 
5. The kinetic plot (Fig. 5b) revealed that the MgIn2S4/CeO2 composite 
exhibited the highest k value (0.0270 min-1), indicating faster 

degradation rates compared to pristine CeO2 (0.0083 min− 1) and 
MgIn2S4 (0.0073 min− 1). 

lnCt/Co = − kt (5) 

Ct and Co are tetracycline’s final and initial concentrations, and t is the 
time.

Also, the influence of the pH of the solution on the degradation of TC 
was investigated at pH 3, 5.2, 7, and 10 (Fig. 2c), and the degradation 
efficiencies were calculated to be 51 %, 79 %, 86 %, and 36 %, respec
tively. At near-neutral and neutral pH (5.2 & 7), MgIn2S4/CeO2 
exhibited better degradation efficiency. In comparison, the degradation 
efficiency was lower in acidic conditions, likely due to the protonation of 
tetracycline, thus reducing its interaction with the photocatalyst surface 
[42]. Similarly, the degradation efficiency was the lowest at alkaline 
conditions, and this can be due to the formation of hydroxyl complexes 
with TC that may hinder the interaction with the photocatalyst [43]. 
Thus, pH 7 was used as the optimal pH for the degradation of TC. Hence, 
the results suggest that MgIn2S4/CeO2 performs better under a 
near-neutral environment, making it suitable for practical applicability 
in water treatment.

Moreover, the effect of the catalyst dosage on TC degradation was 
also investigated at mass dosages of 10, 20, 30, 40, and 50 mg (Fig. 2d), 
and the degradation efficiency was calculated to be 44 %, 63 %, 84 %, 
86 %, and 86 %, respectively. At low dosages of 10 mg and 30 mg, the 
degradation efficiency was observed to be relatively low, which can be 
due to insufficient availability of active sites. A 2 % increase in degra
dation efficiency was observed when the catalyst dosage was increased 
to 40 mg, and afterward, no change was observed at a higher dosage of 
50 mg; this could be due to excess catalyst loading that can lead to light 

Fig. 4. (a) EIS Nyquist plot, (b) Transient photocurrent response of CeO2, MgIn2S4, and MgIn2S4/CeO2. Mott Schottky plot of (c) CeO2, (d) MgIn2S4.
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scattering. As a result, 40 mg was used as the optimal catalyst dosage.
Furthermore, the total organic carbon (TOC) measurements were 

conducted to assess the mineralization efficiency of MgIn2S4/CeO2. The 
plot in Figure S1 shows a significant reduction after 120 min with a TOC 
efficiency of 48 %, indicating that the MgIn2S4/CeO2 heterojunction 
degrades TC and effectively mineralizes it into intermediates and 
smaller molecules.

The long-term stability of the photocatalyst was determined by 
evaluating its reusability. Successive photocatalytic reactions were 
conducted for five cycles under the same reaction conditions (Figure S2). 
The degradation efficiency of TC was observed to decrease slightly after 
the 4th cycle treatment from 86 % to 84 %. This minor reduction sug
gests good stability of MgIn2S4/CeO2. Notably, the photoactivity of 
MgIn2S4/CeO2 compared favourably with numerous CeO2-based heter
ojunction photocatalysts (Table 2).

3.4.2. Photoreduction of Cr(VI)
In addition to the photooxidation reaction, the photoreduction of Cr 

(VI) experiment was conducted to evaluate the performance of MgIn2S4/ 
CeO2 composite under visible light irradiation. Similarly, as illustrated 
in Fig. 6a, negligible changes in the Cr(VI) concentration were observed 
for MgIn2S4 and CeO2 when left in the dark before light irradiation. In 
contrast, minimal Cr(VI) absorption, yielding about 21 % degradation 
efficiency, was observed for MgIn2S4/CeO2 before light irradiation. 
Aside from that, the degradation efficiency of MgIn2S4, CeO2, and 
MgIn2S4/CeO2 in the photoreduction of Cr(VI) is 70 %, 28 %, and 96 %, 
respectively, and the absence of light irradiation has no notable change 
in the concentration. Subsequently, the data obtained were fitted to the 
pseudo-first order model in Eq. 5. The reaction rate constant (k) for 
MgIn2S4/CeO2 composite was calculated as 0.0391 min− 1

, which is 2.3 
and 8.6 times greater than the k values obtained for MgIn2S4 
(0.0167 min− 1 and CeO2 (0.0045 min− 1), respectively (Fig. 6b).

Therefore, MgIn2S4/CeO2 is as efficient for photooxidation and 
photoreduction, owing to the S-scheme heterojunction where the pho
togenerated hole and electron with the highest oxidation and reduction 
potential are preserved to remove pollutants in water.

Fig. 5. (a)Effect of photocatalyst, (b) Kinetic studies, (c) Effect of pH, (d) Effect of catalyst dosage, in the photooxidation of tetracycline.

Table 2 
Comparison CeO2-based photocatalysts.

Photocatalysts Light Source Catalyst Dosage CIP parameters Degradation rate Rate constant Ref

CeO2/ZnO 200 W Hg-Xe lamp 50 mg 100 mL, 15 mg/L 85 % 0.0130 min− 1 [44]
Bi2WO6/CeO2 300 W xenon lamp 20 mg 50 mL, 30 mg/L 86.6 % 0.0246 min− 1 [45]
CeO2-Ag/AgBr 300 W, Xe lamp 50 mg 50 mL, 10 mg/L 93.05 % 0.02011 min− 1 [46]
CeO2/CdS/RGO 800 W, Xe 20 mg 40 mL, 40 mg/L 90 % 0.015 min− 1 [47]
Cd0.5Zn0.5S/CeO2 100 W, Xe 30 mg/L 50 mL, 5 mg/L 86 % 0.0454 min− 1 [13]
MgIn2S4/CeO2 100 W, Xe 40 mg/L 50 mL, 5 mg/L 86 % 0.0454 min− 1 ​

D.C. Akintayo et al.                                                                                                                                                                                                                            Colloids and Surfaces A: Physicochemical and Engineering Aspects 721 (2025) 137215 

8 



3.4.3. Radical testing
The radical testing experiment was conducted to identify the reactive 

species responsible for the oxidation and reduction reactions of tetra
cycline and Cr(VI), respectively. For the photooxidation reaction of 
tetracycline over MgIn2S4/CeO2 photocatalyst, the scavenger studies 
(Fig. 6c) reveal that upon the addition of Na-EDTA (h+ scavenger) and 
benzoquinone (O2•

_ scavenger), the degradation efficiency reduced 
from 86 % to 55 % and 38 %, respectively. And when isopropanol (•OH 
scavenger) was added to the TC solution, the degradation efficiency was 
reduced to 16 %. These indicate that hydroxyl radical is the major 
species responsible for the degradation of tetracycline, with secondary 
contributions from the photogenerated holes and superoxide anion 
radicals. Conversely, for the photoreduction of Cr(VI) over MgIn2S4/ 
CeO2 photocatalyst, the radical testing experiment (Fig. 6d) shows that 
upon the addition of isopropanol (•OH scavenger), benzoquinone (O2•

_ 

scavenger), and Na-EDTA (h+ scavenger), the degradation efficiency 
reduced from 96 % to 94 %, 75 %, and 86 %, respectively, showing their 
minor contributions in the photoreduction reaction. As expected, when 
AgNO3 (e-scavenger) was added, the degradation efficiency decreased 
from 96 % to 11 %, indicating that photogenerated electrons play an 
essential role in the reduction of Cr(VI).

3.4.4. Degradation product and pathway
Typically, the degradation of tetracycline proceeds through oxida

tion, hydrolysis, and photolytic reactions influenced by the reactive 
oxygen species. The UPLC-MS spectra (Figure S3) were used to predict 
the intermediates and products of the degradation of tetracycline using 
MgIn2S4/CeO2 heterojunction. The detection of an ion at approximately 
m/z 445 reveals tetracycline. The initial step involves the reduction of 

the carbonyl group of the amide to form a hydroxyl group (formamide), 
which renders the compound m/z 446 unstable, and further breakdown 
to the compound m/z 427 due to loss of a water molecule. Further 
oxidation process involving the D-ring led to a deamination process 
where the dimethylamine and amine groups were removed, and the 
hydroxyl group was replaced by a methyl group (m/z 290). Further
more, the cleavage of the C-ring led to the formation of the compound 
m/z 144, and the opening of the ring gave rise to the by-product, the 
alkanol group (m/z 103). The toxicity of the byproduct in comparison to 
tetracycline was investigated using obtained is less toxic when toxicity 
estimation software tool (T.E.S.T), and the LC50 value for tetracycline is 
0.25 mg/L while for the proposed byproduct is 65.75 mg/L, and based 
on the toxicity rule for fathead minnow, LC50 values between 0 and 1 is 
considered very toxic while 10–500 mg/L can be considered harmful. 
Thus, a decrease in toxicity of tetracycline was observed upon photo
oxidation using MgIn2S4/CeO2 heterojunction (Scheme 1).

4. Mechanism of heterojunction formation and photocatalytic 
reaction

Based on the results and observations, particularly from band en
ergies calculations and Mott Schottky analysis, the most appropriate 
type of band alignment observed from the combination of CeO2 and 
MgIn2S4 is the type II heterojunction, where the CB of one photocatalyst 
is more negative than the CB of the other and the respective CB is less 
positive that the VB of the other, thus forming a staggered structure. 
Conversely, the results from the radical testing experiment oppose the 
charge transfer dynamics associated with the type II heterojunction 
because the oxidation potential of the photogenerated hole in the VB is 

Fig. 6. (a)Effect of photocatalyst, (b) Kinetic studies in the photoreduction of Cr(VI). Radical testing experiment of MgIn2S4/CeO2 in (c) the photooxidation of 
tetracycline, (d) the photoreduction of Cr(VI).
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insufficient to oxidize water to generate hydroxyl radicals for the 
photooxidation process. (•OH/H2O = +2.26 V), although the photo
generated electron can directly reduce Cr (VI). And, in relation to the 
XPS spectra, the proposed type of heterojunction formed from the 
combination of CeO2 and MgIn2S4 is the S-scheme heterojunction where 
the electrons in the CB of MgIn2S4 and the holes in the VB of CeO2 with 
the highest potentials were used for the photooxidation and photore
duction reactions. Typically, as illustrated in Scheme 2, when CeO2 and 
MgIn2S4 combine, in order for a Fermi level equilibrium to be reached, 
electrons in the CB of MgIn2S4 (electron-rich) will migrate to the CB of 
CeO2 (electron-deficient). This charge transfer will increase electron 
density around CeO2 and create an internal electric field in the direction 
from MgIn2S4 to CeO2. Then, upon light irradiation, the electron density 
around CeO2 will cause a downward bending in the CB and an upward 
banding in the CB of c. As a result, the photogenerated electrons of CeO2 
will recombine with the photogenerated hole of MgIn2S4, thus creating 
an efficient charge separation that allows for the preservation of the 
photogenerated hole of CeO2 and photogenerated electrons of MgIn2S4 
for oxidation and reduction purposes, respectively. Unlike the type II 

heterojunction, the S- scheme eliminates weak redox charge carriers.
In summary, the proposed photocatalytic pathway is illustrated in 

Eqs. 6–11

MgIn2S4 + hv→ MgIn2S4 (e-
CB + h+

VB)                                              (6)

CeO2 + hv→ CeO2 (e-
CB + h+

VB)                                                       (7)

e-
CB (CeO2) + h+

VB (MgIn2S4) → Recombination                                (8)

h+
VB (CeO2) + H2O → •OH + H+ (9)

e-
CB (MgIn2S4) + O2 → O2•

-                                                          (10)

h+
VB (CeO2)/ •OH/ O2•

- + TC → smaller molecules → → CO2 + H2O(11)

e-
CB (MgIn2S4) + Cr(VI) →Cr                                                          (III)

5. Conclusion

The study successfully demonstrates the synthesis and character
ization of MgIn2S4/CeO2 of heterojunction with significantly enhanced 
photocatalytic activity under visible light irradiation. Central to this 
enhancement is forming the S-scheme heterojunction, which optimizes 
electron-hole pair dynamics by facilitating charge recombination of low- 
energy carriers while preserving the photogenerated carriers with the 
highest redox potentials. This unique electronic configuration ensures 
efficient charge separation and promotes superior oxidation and 
reduction processes, the key to the degradation of tetracycline and the 
reduction of Cr(VI). The hierarchical porous structure of MgIn2S4, 
combined with the uniformly distributed CeO2 nanoparticles, further 
enhances light absorption and provides abundant active sites for pho
tocatalytic reactions. These synergistic structural and electronic features 
emphasize the potential of MgIn2S4/CeO2 as a versatile and efficient 
photocatalyst for environmental applications, particularly in waste
water treatment.
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