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Journal Name
Enhanced Photocatalytic Degradation of Pollutants via
MoS2-Integrated DyCrO3 Nanostructures†

Md. Mahbubar Rahman, Md. Sobuj Hossain, Tasnim Jahan and M. A. Basith∗

Water contamination by persistent dyes and antibiotics is a major environmental concern. Here,
a DyCrO3/MoS2 S-scheme heterojunction photocatalyst was synthesized via a simple hydrothermal
method to enhance solar-light-driven degradation efficiency. Structural and electronic analyses (XRD,
FESEM, TEM, XPS, UV–Vis, PL, Mott–Schottky) confirm well-dispersed MoS2 nanosheets, oxygen
vacancies, improved visible-light absorption, and favorable band alignment. MoS2 incorporation
reduced the band gap from 2.14 to 1.72 eV and prevented DyCrO3 aggregation, yielding particles
of 28 ± 7 to 32 ± 12 nm. The optimized DyCrO3–MoS2 (85%:15%) composite (10 mg) degraded
84.95% of levofloxacin and 78.97% of methylene blue within 240 min, with apparent quantum yields
of 37.88% and 39.59%, respectively, and strong cycle stability. Active-species trapping identified
photogenerated holes as the dominant oxidants, supporting an S-scheme mechanism. These results
demonstrate that MoS2-engineered DyCrO3 nanostructures provide an efficient and durable platform
for solar-driven wastewater purification.
Keywords:Keywords: S-scheme Heterojunction, DyCrO3-MoS2 photocatalyst, Oxygen vacancy, Ap-
parent quantum yield.

1 Introduction
Rapid industrialization has exacerbated environmental pol-
lution, with chemical industries—including textiles, paper,
paint, and cosmetics—discharging substantial amounts of non-
biodegradable chemicals, antibiotics, and hazardous dyes into
aquatic systems1. Studies indicate that 30–90% of antibiotics en-
ter wastewater as parent compounds or metabolites2. Synthetic
dyes (e.g., methylene blue, rhodamine B), pharmaceutical antibi-
otics (e.g., levofloxacin, ciprofloxacin), and pesticides are now
prevalent in water bodies, posing severe ecological and health
risks3. In Bangladesh, levofloxacin concentrations have been re-
ported up to <LOD–710 ng/L4. The complex aromatic and het-
erocyclic structures of these contaminants make them resistant
to conventional treatments such as adsorption, reverse osmosis,
chlorination, chemical oxidation, coagulation, biological degra-
dation, and ozonolysis5–7, which may also generate secondary
pollutants. Microbial treatments are often ineffective against
bio-persistent compounds, underscoring the urgent need for ad-

∗ E-mail: mabasith@phy.buet.ac.bd
Nanotechnology Research Laboratory, Department of Physics, Bangladesh University
of Engineering and Technology, Dhaka-1000, Bangladesh.
The Supporting Information is available free of charge on the ... Publication website
at DOI: xxx.
Experimental method; UV absorption spectra of LFX and MB; Apparent quantum
yield (AQY) calculation; comparative photocatalytic performance of DyCrO3 with
other perovskite oxide; activation energy experiment; Rietveld Refinement XRD
patterns of DyCrO3 nanoparticle pre and post cycle photocatalysis. In this study,
DyCrO3/MoS2 S-scheme nanostructures were synthesized by integrating DyCrO3

nanoparticles (an n-type semiconductor) with MoS2 nanosheets (an n-type semi-
conductor)

vanced and efficient remediation strategies8.

Advanced oxidation processes (AOPs) have emerged as effec-
tive approaches for degrading persistent organic pollutants into
CO2, H2O, and biodegradable intermediates. Among various
AOPs, semiconductor-based photocatalysis has attracted consid-
erable attention due to its ability to directly harness solar energy
for the generation of highly reactive species, including superoxide
(·O−

2 ), hydroxyl radicals (·OH), and photogenerated holes9,10.
In particular, visible-light-responsive semiconductors with engi-
neered band structures and heterojunction interfaces are actively
pursued to enhance solar utilization, suppress charge-carrier re-
combination, and improve photocatalytic stability for the efficient
removal of dyes and emerging pharmaceutical contaminants9–12.
Since visible light accounts for 43% of solar radiation, compared
to 4% for UV light, visible-light-driven photocatalysts are par-
ticularly desirable13. While TiO2, ZnO, and Fe2O3 have been
extensively explored14–16, TiO2’s wide bandgap and rapid elec-
tron–hole recombination limit its visible-light efficiency17.

Rare-earth orthochromites, especially DyCrO3, have emerged
as promising visible-light-responsive photocatalysts18. DyCrO3

exhibits favorable charge carrier dynamics, nanoscale particle
size, tunable surface properties, oxygen vacancies, and a bandgap
of 2.72 eV, which collectively enhance adsorption, charge separa-
tion, and redox activity19–23. However, challenges such as par-
ticle agglomeration, limited surface area, and incomplete charge
separation restrict its photocatalytic potential24. In this study,
DyCrO3 nanoparticles were synthesized via a sol–gel method at
750 ◦C to investigate their photocatalytic performance.

Nanostructured transition-metal oxides (TMOs) and two-

Journal Name, [year], [vol.], 1–16 | 1

Page 1 of 17 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
2:

44
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5MA01025J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01025j


dimensional materials, particularly MoS2, have attracted atten-
tion for photocatalytic applications due to their high surface
area, layered structure, excellent electron mobility, and tun-
able electronic properties25–28. Integrating DyCrO3 with MoS2

nanosheets forms an S-scheme n–n heterojunction, generating
a built-in electric field that drives photogenerated electrons
and holes in opposite directions, suppressing recombination and
enhancing charge carrier lifetimes29–31. MoS2 also prevents
DyCrO3 aggregation, provides abundant catalytic sites, and im-
proves structural stability, while DyCrO3 mitigates MoS2 restack-
ing, facilitating light penetration and charge transport. This syn-
ergy enhances reactive oxygen species formation.

Despite extensive studies on rare-earth orthochromites and
two-dimensional sulfide photocatalysts, the integration of MoS2

with DyCrO3 for simultaneous dye and antibiotic degradation
under solar irradiation remains underexplored. Herein, we
construct a MoS2-integrated DyCrO3 S-scheme heterojunction
that enhances interfacial charge separation and reactive oxygen
species generation, leading to efficient visible-light-driven degra-
dation of both methylene blue and levofloxacin. This work eluci-
dates the structure–function correlation induced by MoS2 incor-
poration and highlights MoS2-engineered DyCrO3 as an effective
photocatalyst for solar wastewater remediation. DyCrO3–MoS2

nanocomposites with optimized MoS2 loadings (5–20 wt%) were
systematically developed, where both components function as n-
type semiconductors with well-matched band structures that fa-
cilitate directional charge migration18,32,33. The S-scheme archi-
tecture exploits the layered nature of MoS2 to increase accessible
active sites, inhibit particle aggregation, and enhance recyclabil-
ity. Detailed TRPL, PEC, XPS, Raman, and AQY analyses collec-
tively establish a comprehensive structure–property–performance
relationship, validating the DyCrO3–MoS2 composite as an effi-
cient and durable photocatalyst.

2 Materials preparation and experimental tech-
niques

2.1 Materials

The chemicals used in this study included dysprosium(III) ni-
trate pentahydrate (Dy(NO3)3·5H2O, 99.8%), chromium(III) ni-
trate nonahydrate (Cr(NO3)3·9H2O, 98.0%), citric acid (C6H8O7,
99.5%), ammonium hydroxide (NH4OH, 35.05 g/mol), molyb-
denum disulfide (MoS2, 99% metal basis), and ethylene gly-
col (CH2OHCH2OH, 99%). Additional reagents included
levofloxacin (LFX, 98%), methylene blue (MB, 98%), iso-
propanol (IPA, 60.1 g/mol), ethanol (CH3CH2OH), acrylamide
(CH2=CHCONH2, 99%), potassium dichromate (K2Cr2O7,
99.8%), disodium EDTA (99.8%), N-methyl-2-pyrrolidone (NMP,
C5H9NO, 99.8%), polyvinylidene fluoride (PVDF, [CH2CF2]n,
99.8%), and sodium sulfate (Na2SO4, 99%). All chemicals were
purchased from Sigma-Aldrich (Germany) and used without fur-
ther purification.

2.2 Synthesis methods

2.2.1 Synthesis of DyCrO3 nanoparticles

DyCrO3 nanoparticles were prepared via a sol–gel method34,
following the procedure reported in our previous study18. A
schematic illustration of the synthesis route is provided in Fig.
S1† (Route 1) in the Electronic Supplementary Information
(ESI).†

2.2.2 Synthesis of MoS2 nanosheets

MoS2 nanosheets were synthesized using an ultrasonication tech-
nique,30as described in detail in the ESI.†

2.2.3 Synthesis of DyCrO3-MoS2 nanocomposites

DyCrO3–MoS2 nanocomposites were prepared via a facile hy-
drothermal method, as schematically illustrated in Fig. S1.† Com-
posites with varying MoS2 loadings (5, 10, 15, and 20 wt%)
were fabricated to optimize photocatalytic performance. For
the DyCrO3–MoS2 (95%:5%) sample, 198 mg of pre-synthesized
DyCrO3 nanoparticles (sol–gel method) and 22 mg of MoS2

nanosheets were dispersed in 50 mL of a 1:1 (v/v) mixture of
deionized water and ethanol. The suspension was magnetically
stirred for 3 h to ensure homogeneity, followed by hydrothermal
treatment in a Teflon-lined stainless-steel autoclave at 180 ◦C for
12 h. After naturally cooling to room temperature, the product
was collected by centrifugation, washed repeatedly with deion-
ized water and ethanol, and dried at 120 ◦C for 12 h. Nanocom-
posites with higher MoS2 contents (10, 15, and 20 wt%) were
synthesized using the same procedure by adjusting the MoS2

amount accordingly.

2.3 Characterization

The crystalline structure of the synthesized materials was ana-
lyzed using X-ray diffraction (XRD) on a Rigaku SmartLab diffrac-
tometer with Cu Kα radiation (λ = 1.5406 Å). The result-
ing diffraction patterns were refined via Rietveld analysis us-
ing the FullProf Suite to extract structural parameters. Sur-
face morphology and microstructural features were examined us-
ing field emission scanning electron microscopy (FESEM, Gem-
iniSEM 360, Zeiss, Germany) and transmission electron mi-
croscopy (TEM, Talos F200X, Thermo Fisher Scientific, USA). El-
emental composition was determined through energy-dispersive
X-ray (EDX) spectroscopy. Surface chemical states and bind-
ing energy profiles were probed using X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Scientific, USA). Optical prop-
erties were evaluated by UV–Vis absorption spectroscopy (UV-
2600, Shimadzu, Japan), while photoluminescence (PL) spec-
tra were recorded on an RF-6000 spectrofluorophotometer (Shi-
madzu, Japan). Mott–Schottky (MS) measurements were per-
formed at room temperature using a standard three-electrode
setup on an electrochemical workstation (Autolab PGSTAT302N,
Metrohm, Germany) to assess the semiconductor properties of
the DyCrO3–MoS2 (85%:15%) nanocomposite. The photocat-
alytic performance of the DyCrO3–MoS2 (85%:15%) nanocom-
posite was evaluated through the degradation of methylene blue
(MB) and levofloxacin (LFX) under simulated solar irradiation. A
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500 W Hg–Xe arc lamp, providing a power density of 100 mW
cm-2, was used as the solar simulator for these studies.

2.4 Electrochemical Characterization for Mott-Schottky
Analysis

A schematic representation of the electrode fabrication pro-
cess,35,36 and the electrochemical cell configuration employed for
the Mott–Schottky measurements is provided in Fig. S2,† with
further procedural details outlined in the ESI.†

2.5 Photocatalytic characterization

A detailed discussion of the photocatalytic characterization, ac-
companied by the relevant schematic illustration in Fig. S3,† is
presented in the article in the ESI.†

3 Results and discussion

3.1 Structural, morphological and chemical state analysis

Rietveld-refined XRD patterns of DyCrO3–MoS2 nanocomposites
with varying MoS2 loadings are shown in Fig. 1(a–d), con-
firming the coexistence of orthorhombic DyCrO3 (space group
Pnma)18,24,34 and hexagonal MoS2 (space group P63/mmc)29,30.
The Rietveld-refined XRD profile of pure MoS2 (Fig. S4,† ESI)
exhibits sharp diffraction peaks, with the (0 0 2) reflection at
14.436° showing the highest intensity. The orthorhombic DyCrO3

framework provides a stable backbone for uniform MoS2 disper-
sion, while the hexagonal MoS2 lattice facilitates ion intercala-
tion, enhancing both structural integrity and photocatalytic per-
formance.

Crystallite sizes of the DyCrO3–MoS2 composites with 5, 10,
15, and 20wt% MoS2 were calculated as 17.06, 19.28, 23.15,
and 21.23 nm, respectively, using the Scherrer equation24 (Ta-
ble S1,† ESI). These sizes are significantly smaller than that of
pure DyCrO3 nanoparticles (26 nm)18, indicating the formation
of nanoscale crystallites and suggesting that MoS2 incorporation
increases the surface area.

Notably, the DyCrO3–MoS2 (85%:15%) sample shows a shift in
the (0 0 2) peak near 2θ≈14◦, with an associated increase in in-
terlayer spacing (inset of Fig. 1(b)), implying modifications in the
MoS2 interplanar distance. This peak shift likely enhances pho-
tocatalytic performance by strengthening interfacial interactions
between DyCrO3 and MoS2, facilitating more efficient charge sep-
aration.

In contrast, a reduction in interlayer spacing at higher MoS2

loadings suggests possible MoS2 aggregation, which may hinder
photocatalytic efficiency by reducing available surface area. The
pronounced peak intensity at 2θ ≈ 14.19◦ further verifies the
successful formation of DyCrO3–MoS2 nanocomposites across all
compositions. Detailed structural parameters, including refined
lattice constants and goodness-of-fit χ2 values for both MoS2 and
DyCrO3–MoS2 systems, are presented in Table S1 in the ESI.†

FESEM images of DyCrO3–MoS2 nanocomposites with vary-
ing MoS2 concentrations (Fig. 2(a–d)) highlight distinct mor-
phological features. EDX spectra and particle size distributions
of DyCrO3–MoS2 nanocomposites with compositions (wt%) of
DyCrO3 and MoS2 are 95%:05%, 90%:10%, 85%:15%, and
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Fig. 1 Rietveld-refined XRD patterns of DyCrO3–MoS2 nanocompos-
ites with varying MoS2 content: (a) DyCrO3–MoS2 (95%:5%), (b)
DyCrO3–MoS2 (90%:10%), (c) DyCrO3–MoS2 (85%:15%), and (d)
DyCrO3–MoS2 (80%:20%). Diffraction peaks correspond to orthorhom-
bic DyCrO3 (Pnma) and hexagonal MoS2 (P63/mmc), confirming phase
coexistence. Inset in (b) shows a peak shift near 2θ≈14.19◦, indi-
cating changes in MoS2 interlayer spacing, most pronounced in (c).
DyCrO3–MoS2 (85%:15%) exhibits optimal crystallinity for photocat-
alytic applications.
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Fig. 2 Morphological characterization of DyCrO3–MoS2 nanocomposites. (a–d) FESEM images of DyCrO3–MoS2 (95%:5%), DyCrO3–MoS2
(90%:10%), DyCrO3–MoS2 (85%:15%), and DyCrO3–MoS2 (80%:20%) nanocomposites, showing sheet-like morphology and increased MoS2 promi-
nence with higher loading. (e–h) Corresponding elemental maps confirming uniform distribution of Dy, Cr, Mo, S, and O. (i) TEM image of
DyCrO3–MoS2 (85%:15%) composite reveals interlaced MoS2 sheets and DyCrO3 nanoparticles. (j) HRTEM shows lattice fringes indexed to DyCrO3
and MoS2. (k) SAED pattern confirms polycrystalline nature.

80%:20%, and along with the EDX profile and sheet thickness
of MoS2nanosheets, are illustrated in Fig. S5† in the ESI.†
The estimated MoS2 nanosheets thickness exhibits around 10.99
nm (Fig. S5(j),† in the ESI). Moreover, the particle size of
DyCrO3-MoS2 (95%:05%), DyCrO3-MoS2 (90%:10%), DyCrO3-
MoS2 (85%:15%), and DyCrO3-MoS2 (80%:20%) nanocompos-
ites were found to be in the range of 28 ± 7 to 32 ± 12 nm,
In comparison, DyCrO3 nanoparticles range from 28 to 45 nm in
size,18 both of which play critical roles in influencing the com-
posites’ functionality. Moreover, mass and atomic percentages
of elements in MoS2 nanosheets, and at varying MoS2 contents
in DyCrO3–MoS2 nanocomposites were determined by EDX and
theoretical analysis, which are presented in Table S2 in the ESI.†
In the DyCrO3–MoS2 (95%:05%) sample (Fig. 2(a)), prominent
thick sheet-like morphologies indicate strong interfacial interac-
tions between DyCrO3 and MoS2, resulting in a compact and
well-integrated structure. With an increased MoS2 content of
10% (Fig. 2(b)), more intricate sheet architectures emerge, char-
acterized by dispersed MoS2 clusters and reduced nanoparticle
agglomeration. These features are favorable for photocatalysis,
as they contribute to increased surface area, enhanced pollu-

tant adsorption, and more efficient generation of reactive species.
At the DyCrO3–MoS2 (85%:15%) composition (Fig. 2(c)), the
nanocomposite displays well-defined, larger MoS2 sheets inter-
laced with DyCrO3 nanoparticles, indicating strong heterointer-
facial contact. In the DyCrO3–MoS2 (80%:20%) sample (Fig.
2(d)), MoS2 sheets appear more extensively integrated within the
DyCrO3 matrix, accompanied by increased sheet thickness. This
may impede efficient charge transfer during photocatalytic reac-
tions. While enhanced interfacial interactions contribute to struc-
tural integrity, the higher MoS2 content also promotes phase sep-
aration, which can compromise compositional uniformity. These
observations highlight the importance of optimizing MoS2 load-
ing to achieve a balance between structural coherence and pho-
tocatalytic efficiency.

Energy-dispersive X-ray spectroscopy (EDS) mapping offers
further insight into the spatial distribution of elements within
the DyCrO3–MoS2 nanocomposites. In the DyCrO3–MoS2

(95%:05%) sample (Fig. 2(e)), a uniform distribution of dys-
prosium (Dy), chromium (Cr), and oxygen (O) confirms the in-
tegrity of the DyCrO3 matrix, while the homogeneous presence of
molybdenum (Mo), and sulfur (S) indicates successful MoS2 in-
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Fig. 3 XPS chemical state analysis of DyCrO3–MoS2 (85%:15%). (a) Dy 4d, (b) Dy 3d, (c) Cr 2p, (d) Mo 3d, (e) S 2p, (f) O 1s, confirming
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photocatalytic activity.

corporation. At 10% MoS2 loading (Fig. 2(f)), more pronounced
regions rich in Mo and S are evident, suggesting localized MoS2

clustering. The DyCrO3– MoS2 (85%:15%) sample (Fig. 2(g)) ex-
hibits well-defined Mo and S domains, consistent with the pres-
ence of larger MoS2 sheets seen in FESEM analysis. A further
increase to 20% MoS2 (Fig. 2(h)) results in intensified signals
from Mo and S, confirming a higher degree of MoS2 integra-
tion. Elemental mapping conducted for both MoS2 nanosheets
and DyCrO3–MoS2 composites (Fig. S(6–10),† in the ESI)† vali-
dates the compositional uniformity critical for photocatalytic ac-
tivity.

TEM analysis (Fig. 2(i, j)) further corroborates the morphol-
ogy of the DyCrO3–MoS2 (85%:15%) nanocomposite, confirming
the interconnected nanocrystalline structure observed in FESEM
images. While FESEM estimated particle sizes for 5, 10, 15, and
20wt% loading of MoS2 composites as 28.68 ± 7, 30.91 ± 12,
32.78 ± 13, and 32.40 ± 12 nm, respectively (Fig.S5 in the ESI.†)
TEM imaging (Fig. 2(i)) reveals more uniform, irregular spher-
ical particles averaging 18 ± 10 nm in size for DyCrO3–MoS2

(85%:15%) nanocomposite, as shown in Fig. S11.† The HRTEM
image (Fig. 2(j)) displays clear lattice fringes with d-spacing val-
ues of 0.347 nm for the (1 1 1) plane of orthorhombic DyCrO3

nanoparticles and 0.216 nm for the (0 0 4) plane of hexagonal
MoS2 nanosheets, consistent with XRD results. The SAED pattern
(Fig. 2(k)) exhibits prominent concentric rings, confirming the
polycrystalline nature of the DyCrO3–MoS2 (85%:15%) compos-
ite. Collectively, these morphological, elemental, and structural
characterizations highlight the DyCrO3–MoS2 (85%:15%) com-

position as the most structurally stable and catalytically favorable
configuration, owing to its high crystallinity, uniform distribution
of active sites, and enhanced interfacial integration.

X-ray photoelectron spectroscopy (XPS) analysis of the
DyCrO3–MoS2 (85%:15%) nanocomposite provides crucial in-
sights into its surface chemistry and electronic structure. The
full survey spectrum (Fig. S12(a) †) confirms the presence of
Dy, Cr, O, Mo, and S elements. The chemical state analysis of
DyCrO3–MoS2 (85%:15%) nanocomposite, as depicted in Fig. 3,
was carried out to determine its surface composition. The forma-
tion of oxygen vacancies,24 arising from missing oxygen atoms
in the lattice, is governed by the coexistence of mixed oxidation
states of transition metal ions (Cr2+/Cr3+) and rare-earth ions
(Dy3+/Dy4+). In Fig. 3(a,b), the high-resolution Dy 4d and Dy
3d spectra reveal peaks characteristic of Dy4+, and Dy3+, respec-
tively, while the Cr 2p region displays a mixture of Cr2+ and Cr3+

oxidation states (Fig. 3(c)). The Mo 3d spectrum (Fig. 3(d))
indicates the coexistence of Mo4+ and Mo6+ species, confirming
the formation of Mo–S bonds, which is further supported by the S
2p (Fig. 3(e)) spectrum indicating successful sulfur incorporation
from MoS2.29,30,37 Furthermore, the O 1s spectrum depicted in
Fig. 3(f) shows a dominant contribution from oxygen vacancies,
in addition to signals corresponding to metal–oxygen bonds and
hydroxyl groups.24,38–41

Notably, the oxygen vacancy concentration in the
DyCrO3–MoS2 (85%:15%) composite (66.06%) is substan-
tially higher than that in pristine DyCrO3 nanoparticles (40%),18

suggesting enhanced electron trapping, as depicted in Fig. 3(f).
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Fig. 4 Optical and electronic characterization of DyCrO3–MoS2 nanocomposites. (a–d) Tauc plots of DyCrO3–MoS2 (95%:5%), DyCrO3–MoS2
(90%:10%), DyCrO3–MoS2 (85%:15%), and DyCrO3–MoS2 (80%:20%) samples; insets show UV–Vis absorbance. Band gap narrows with increasing
MoS2. (e–h) PL spectra (λ ex=220 nm) confirm band gap reduction (2.14 → 1.69 eV). (i–k) Mott–Schottky plots indicate n-type behavior. (l) TRPL
decay of DyCrO3–MoS2 (85%:15%) showing an average lifetime of 3.05 ns, evidencing suppressed recombination. (m, n) show the electrochemical
impedance spectroscopy (EIS) results. (o) DyCrO3–MoS2 (85%:15%) nanocomposite. (p) Band alignment schematic illustrates favorable positions
for ROS generation.

This increase in oxygen vacancies is likely to suppress charge
carrier recombination, contributing to improved photocatalytic
efficiency. Additionally, the presence of mixed valence states of Cr
and Mo, combined with abundant oxygen vacancies, facilitates
effective charge separation and promotes the formation of
reactive oxygen species (ROS). These oxygen vacancies also
serve as active sites for pollutant adsorption and ROS generation,
further enhancing the overall photocatalytic performance of the
composite.

3.2 Optical characterization

UV-vis absorbance spectra and Tauc plots were used to estimate
the optical band gaps of the DyCrO3–MoS2 nanocomposites.42

According to the Tauc plots in Fig. 4(a–d), the optical band
gaps for DyCrO3–MoS2 (95%:05%), DyCrO3–MoS2 (90%:10%),
DyCrO3–MoS2 (85%:15%), and DyCrO3–MoS2 (80%:20%) are
2.14 eV, 2.07 eV, 1.91 eV, and 1.73 eV, respectively. With in-
creasing MoS2 incorporation, the band gap narrows, indicating
improved visible-light absorption. Moreover, by using the Tauc
model, 1.724 eV is estimated as the band gap of MoS2 (Fig.
S13).† Nanocomposites’ decreased band gap indicates that MoS2

insertion successfully alters the electrical band structure, promot-
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ing better charge separation and transfer.

Steady-state photoluminescence (PL) spectra of DyCrO3–MoS2

nanocomposites with varying MoS2 content are shown in Fig. 4,
providing insights into charge carrier dynamics and optical prop-
erties. Emission peaks corresponding to optical band gaps of 2.14
eV, 1.94 eV, 1.85 eV, and 1.69 eV are observed in the PL spec-
tra presented in Fig. 4(e–h), recorded at an excitation wave-
length of 220 nm for DyCrO3–MoS2 (95%:05%), DyCrO3–MoS2

(90%:10%), DyCrO3–MoS2 (85%:15%), and DyCrO3–MoS2

(80%:20%), respectively. The redshift in PL emission peaks and
the reduced band gap with increasing MoS2 content indicate en-
hanced solar light absorption. These results suggest that a 15wt%
MoS2 content is optimal for improving the photocatalytic activity
of DyCrO3–MoS2 nanocomposites.

The Mott–Schottky plots in Fig. 4(i–k) verify the n-type semi-
conducting behavior of DyCrO3–MoS2 nanocomposites,24,43,44

with flat band potentials (Vfb) of −0.49 V, −0.61 V, and
−0.53 V (vs. Ag/AgCl) for DyCrO3, MoS2, and DyCrO3–MoS2

(85%:15%), respectively. XPS analysis revealed that the valence
band of the 15wt% MoS2-loaded composite i.e., DyCrO3–MoS2

(85%:15%) is positioned at 1.54 V (Fig. 10(g)). Using the opti-
cal band gap values in combination with the Vfb measurements,
the calculated band edge positions as discussed in details in the
ESI,† were illustrated in Fig. 4(p), giving VBM/CBM values of
2.327 V/−0.393 V, 1.411 V/−0.313 V, and 1.477 V/−0.433 V
(vs. NHE) for DyCrO3, MoS2, and DyCrO3–MoS2 (85%:15%),
respectively.

To further verify the charge-carrier recombination dynamics,
time-resolved photoluminescence (TRPL) measurements were
performed for the DyCrO3–MoS2 (85%:15%) nanocomposite un-
der 375 nm pulsed excitation. The decay curve (Fig. 4(l)) was
fitted using a bi-exponential function, yielding an average life-
time of approximately 3.05 ns. The prolonged lifetime compared
to typical oxide-based photocatalysts indicates efficient separa-
tion and slower recombination of photogenerated charge carriers
across the DyCrO3/MoS2 interface24. This result aligns well with
the steady-state PL quenching and the reduced charge-transfer re-
sistance observed from EIS, confirming the superior photoinduced
charge-separation efficiency of the DyCrO3–MoS2.

The more negative CBM values enhance the thermodynamic
driving force for the reduction of oxygen to ·O−

2 , a key ROS
in organic pollutant degradation. Similarly, the positive VBM
values facilitate water oxidation to ·OH, another potent ROS,
thereby supporting efficient photocatalysis. In addition, the elec-
trochemical impedance spectroscopy (EIS) results, illustrated in
Fig. 4(m–o) for DyCrO3 nanoparticles, MoS2 nanosheets, and
DyCrO3–MoS2 (85%:15%) nanocomposite, reveal the absence of
arc radii in the insets of Fig. 4(m-o), indicating minimal charge
transfer resistance. This reflects efficient charge carrier separa-
tion and suppressed electron–hole recombination45,46 contribut-
ing to the improved photocatalytic performance.

3.3 Photoelectrochemical analysis

Photoelectrochemical (PEC) investigations were performed to
elucidate the interfacial charge-transfer behaviour of the

DyCrO3–MoS2 (85%:15%) nanocomposite under dark and illumi-
nated conditions (Fig. 5). The linear sweep voltammetry (LSV)
curves (Fig. 5a) reveal a pronounced enhancement in current
density upon illumination, increasing from 3.6 A g−1 in the dark
to 9.9 A g−1 at 2.8 V under simulated solar light. This more
than twofold increase in photocurrent directly confirms the effi-
cient generation and separation of photoinduced charge carriers
within the DyCrO3/MoS2 heterojunction. The superior photocur-
rent response under illumination originates from the S-scheme
charge-transfer pathway that drives spatially separated redox re-
actions across the interface. The cyclic voltammetry (CV) pro-
files (Fig. 5b) recorded at a scan rate of 100 mV s−1 further
substantiate this behaviour, displaying a substantially larger en-
closed area under light irradiation compared with the dark con-
dition. The enlarged CV loop implies higher capacitive response,
improved interfacial redox kinetics, and enhanced reversibility of
charge storage processes triggered by photoexcitation. Electro-
chemical impedance spectroscopy (EIS) measurements (Fig. 5c)
complement these findings. The Nyquist plots exhibit a markedly
smaller semicircle radius under illumination, indicating a lower
charge-transfer resistance (Rct) and faster interfacial electron mi-
gration. The inset highlights the high-frequency region, where
the slope increase signifies improved ionic/electronic conductivity
and reduced recombination probability. Collectively, the LSV, CV,
and EIS analyses confirm that DyCrO3–MoS2 (85%:15%) demon-
strates superior photoelectrochemical activity under visible-light
excitation due to efficient interfacial charge separation and ac-
celerated surface redox dynamics, thereby substantiating its out-
standing photocatalytic performance.

3.4 Evaluation of photocatalytic performance

The solar-driven photocatalytic performance of DyCrO3–MoS2

nanocomposites was evaluated using two representative water
pollutants: LFX, a colorless antibiotic, and MB, a colored dye.
While LFX exhibited substantial degradation under sunlight, MB
showed an even more pronounced response, highlighting the in-
fluence of pollutant optical properties on photocatalytic activity.
This comparative approach allowed for a comprehensive investi-
gation of photocatalytic behavior under different optical condi-
tions.

Fig. 6(a) presents the photocatalytic degradation efficiency of
LFX as a function of DyCrO3–MoS2 (80%:20%) nanocomposite
dosage under solar irradiation. The corresponding absorbance
spectra for various dosages (5, 10, 20, and 40 mg) are shown
in Fig. S14,† in the ESI. Initially, increasing the catalyst dosage
enhanced the degradation rate due to the greater availability of
active sites, which improved light absorption and facilitated the
generation of reactive oxygen species (ROS), including OH• and
·O−

2 . The degradation efficiency peaked at 10 mg, while further
increases in dosage led to a plateau at 20 mg and a notable de-
cline at 40 mg. This decrease is attributed to excessive parti-
cle loading, causing agglomeration and reduced light penetra-
tion, thereby lowering photocatalytic activity. Consequently, 10
mg was identified as the optimal dosage, balancing active surface
area with effective light utilization.
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Fig. 5 Photoelectrochemical (PEC) characteristics of DyCrO3–MoS2 (85%:15%) nanocomposite under dark and illuminated conditions in 1 M Na2SO4
electrolyte using a two-electrode configuration. (a) Linear sweep voltammetry (LSV) curves exhibiting a pronounced enhancement in photocurrent
density under illumination, confirming efficient photo-induced charge separation. (b) Cyclic-voltammetry (CV) profiles recorded at a scan rate of
100 mV s−1 showing an enlarged enclosed area under light exposure, indicative of improved interfacial redox kinetics and electrochemical reversibility.
(c) Nyquist plots from electrochemical impedance spectroscopy (EIS) revealing a smaller semicircle radius under illumination, signifying reduced
charge-transfer resistance and accelerated carrier transport.
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Fig. 6 Photocatalytic performance of DyCrO3–MoS2 nanocomposites. (a) Effect of DyCrO3–MoS2 (80%:20%) catalyst dosage (5, 10, 20, 40 mg) on
LFX degradation. (b, c) Degradation efficiencies of LFX and MB after 90 min under 500 W Hg–Xe lamp for 5–20% MoS2, showing enhanced activity.
(d–f) Pseudo-first-order kinetics, confirming increased reaction rates with higher MoS2 loading.

Similar trends were observed for both LFX (Fig. 6(b)) and MB
(Fig. 6(c)) across different MoS2 loadings. Lower MoS2 con-
tents (5, and 10 wt%) resulted in reduced degradation efficiency,
likely due to insufficient active sites and less effective ROS gen-
eration. Conversely, excessive MoS2 incorporation (20 wt%) neg-
atively impacted activity, presumably due to increased nanosheet
thickness and agglomeration, which limited light penetration and
decreased accessible surface area, hindering ROS formation. The
degradation efficiency of LFX and MB under solar irradiation
at the optimized 10 mg dosage for different MoS2 loadings is
shown in Figs. S15 and S16,† respectively. Pseudo-first-order

kinetic analysis for LFX degradation with varying DyCrO3–MoS2

(80%:20%) dosages (Fig. 6(d)) revealed the highest rate con-
stant of 0.01154 min-1 at 10 mg.

Using this optimized 10 mg dosage, DyCrO3–MoS2 nanocom-
posites with varying MoS2 concentrations were tested for LFX
and MB degradation. Both pollutants exhibited increased re-
action rate constants with higher MoS2 content. Notably, the
DyCrO3–MoS2 (85%:15%) composition demonstrated the high-
est pseudo-first-order rate constants: 0.01416 min-1 for LFX (Fig.
6(e)) and 0.00829 min-1 for MB (Fig. 6(f)), reflecting the opti-
mal balance of active surface area and light absorption. Based on
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Fig. 7 Photocatalytic degradation of LFX and MB using DyCrO3–MoS2 (85%:15%). (a, b) UV–Vis spectra showing time-dependent degradation of
LFX and MB. (c) Degradation efficiencies for 240 min: 84.95% (LFX), 79.87% (MB). (d) Pseudo-first-order kinetics indicate enhanced reaction rates
compared to controls.

these results, the 10 mg dosage of the DyCrO3–MoS2 (85%:15%)
nanocomposite was selected for all subsequent photocatalytic
studies to ensure consistent and efficient performance.

The corresponding UV–Vis absorption spectra (Figs. 7(a, b))
show a progressive decline in peak intensity accompanied by
a hypochromic shift over time, confirming the effective pho-
tocatalytic degradation of LFX and MB by the DyCrO3–MoS2

(85%:15%) nanocomposite.43,47 These results underscore the
photocatalytic competence of the nanocomposite under simulated
solar irradiation. The degradation efficiency was quantitatively

determined using the following expression.18,24

Photocatalytic degradation(%) =

(
C0 −C

C0

)
×100

where C0 and C represent the initial and time-dependent con-
centrations of the pollutants, respectively. Among the studied
samples, the DyCrO3–MoS2 (85%:15%) nanocomposite exhib-
ited superior photocatalytic activity. After 240 minutes of irradi-
ation with a 500 W Hg–Xe lamp, the DyCrO3–MoS2 (85%:15%)
nanocomposite exhibited degradation efficiencies of 84.95% for
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LFX and 79.87% for MB, highlighting its superior photocatalytic
performance (Fig. 7(c)). Pseudo-first-order kinetic analyses for
LFX (0.00794 min-1) and MB (0.00606 min-1) degradation re-
vealed markedly higher reaction rates with the DyCrO3–MoS2

(85%:15%) nanocomposite than the control samples, confirming
its efficacy for removing pharmaceutical and dye pollutants from
wastewater (Fig. 7(d)). These results highlight the synergistic
enhancement in photocatalytic performance attributed to the in-
corporation of MoS2.

Notably, the DyCrO3–MoS2 (85%:15%) nanocomposites
demonstrated significantly higher photocatalytic activity than
pristine DyCrO3 nanoparticles, which achieved only 70% MB
degradation under identical conditions.18 This enhancement em-
phasizes the critical role of MoS2 in promoting charge separation
and extending light absorption, thereby improving overall photo-
catalytic performance. Interestingly, during the first 120 minutes,
LFX degradation ( 70%) was approximately 25% higher than that
of MB ( 45%), highlighting the influence of pollutant optical prop-
erties and reaction kinetics. These results collectively underscore
the DyCrO3–MoS2 (85%:15%) nanocomposite as the most struc-
turally and catalytically favorable composition for solar-driven
pollutant degradation.

To further elucidate the degradation mechanism, kinetic stud-
ies were performed using a pseudo-first-order model. The ex-
perimental data were fitted according to the following expres-
sion:18,24,48

ln
(

C0

C

)
= kt

where, k is the reaction rate constant and t is the irradiation time,
enabling a quantitative comparison of degradation kinetics. The
corresponding kinetic plots are presented in Figs. 6(d–f). For LFX
degradation using 10 mg of DyCrO3–MoS2 (80%:20%), the high-
est rate constant of 0.01154 min-1 was obtained (Fig. 6(d)). No-
tably, the same optimized dosage of DyCrO3–MoS2 (85%:15%)
exhibited even higher rate constants of 0.01416 min-1 for LFX
(Fig. 6(e)) and 0.00829 min-1 for MB (Fig. 6(f)). In contrast,
pristine DyCrO3 nanoparticles showed a significantly lower rate
constant of 0.00472 min-1 for MB degradation,18 indicating that
MoS2 incorporation more than doubled the photocatalytic effi-
ciency.

Our composite shows an apparent rate constant of
0.00606 min−1 for methylene blue (MB, 12 mg L−1) and
0.00794 min−1 for levofloxacin (LFX, 10 mg L−1) using only
10 mg catalyst (0.1 g L−1) under a 500 W Hg–Xe lamp
for 240 min, achieving ∼80–85% degradation efficiency. In
comparison, bulk MoS2 (20 mg, sunlight, 240 min) shows
63% degradation with k = 3.5 × 10−3 min−1 49, layered MoS2

nanosheets (20 mg, 150 W visible lamp, 120 min) exhibit
k = 7.7 × 10−3 min−1 (oxidative) and 81.7 × 10−3 min−1 (re-
ductive)50, while a ZnS:CdS mixture (50 mg, 500 W halogen
lamp, 360 min) records k = 3.61 × 10−3 min−1 51. Despite
employing 2–5 times less catalyst, the DyCrO3–MoS2 composite
demonstrates comparable or better kinetics and significantly
broader pollutant applicability. Importantly, most MoS2- and
ZnS-based systems focus solely on dye degradation, whereas our
study extends to LFX, a non-chromophoric antibiotic resistant

to photosensitized oxidation. Achieving high degradation of
both dye and antibiotic pollutants under identical visible-light
conditions highlights the robustness and universality of the
DyCrO3–MoS2 photocatalyst.

The superior performance of the DyCrO3–MoS2 (85%:15%)
nanocomposite can be attributed to a synergistic combination
of factors. The 15wt% MoS2 loading provides an optimal bal-
ance between active catalytic sites and effective light penetra-
tion, while simultaneously enhancing charge carrier separation
through efficient electron transfer pathways. This minimizes
electron–hole recombination, promoting the generation of reac-
tive oxygen species (ROS) that drive pollutant degradation. Al-
though the DyCrO3–MoS2 (80%:20%) sample exhibits a slightly
narrower band gap, this advantage is offset by reduced light
accessibility and potential recombination effects, making the
DyCrO3–MoS2 (85%:15%) composition the most efficient over-
all.

3.4.1 Activation energy calculation

To assess the efficiency and practical potential of photocatalysts in
wastewater treatment, it is essential to determine the activation
energy (Ea) associated with the degradation of target pollutants.
Activation energy represents the minimum energy required for a
chemical reaction to occur,52,53 and a lower (Ea) indicates that
the photocatalytic process can proceed more readily under the
given conditions, reflecting greater energy efficiency. Evaluating
(Ea) provides critical insight into the intrinsic properties of the
photocatalyst, particularly its ability to harness solar energy and
generate reactive species responsible for pollutant breakdown.
Furthermore, comparing activation energies obtained in the pres-
ence and absence of the photocatalyst allows a quantitative as-
sessment of its influence on reaction kinetics, highlighting its role
in lowering the energy barrier and enhancing overall degradation
rates.

To further evaluate the catalytic potential, the activation en-
ergy (Ea) for LFX degradation was determined using the Arrhe-
nius equation:24,54

ln(k) = ln(A)− Ea

RT

where R is the universal gas constant (J mol-1.K-1), T is the ab-
solute temperature (K), and A is the pre-exponential factor. The
activation energy was calculated from the slope of the ln k vs.
1/T curve. Fig. 8 illustrates the temperature-dependent degrada-
tion of LFX. In the absence of a photocatalyst (Fig. 8(a)), the rate
constants at 10, 30, and 50 ◦C are 0.0022, 0.00622, and 0.01188
min-1, respectively, reflecting a thermally activated process. With
the DyCrO3–MoS2 (85%:15%) nanocomposite (Fig. 8(b)), the
corresponding rate constants increase to 0.0039, 0.0076, and
0.0123 min-1, indicating a substantial acceleration of the degra-
dation process.

The Arrhenius plots (Fig. 8(c)) reveal that Ea decreases from
30.03 ± 3.87 kJ mol-1 (without photocatalyst) to 21.49 ± 1.05
kJ mol-1 in the presence of DyCrO3–MoS2 (85%:15%), confirm-
ing the enhanced photocatalytic performance of the nanocompos-
ite. For comparison, pristine DyCrO3 exhibits an Ea of 20.85 kJ
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Fig. 8 Temperature-dependent degradation kinetics and activation energy analysis for LFX. (a) Kinetic plots without photocatalyst at 10, 30, 50 ◦C.
(b) Corresponding plots with DyCrO3–MoS2 (85%:15%), showing substantially increased rates. (c) Arrhenius plots indicate a marked reduction in
activation energy with the nanocomposite, confirming improved thermal kinetics and catalytic efficiency.

mol-1.18 The slightly higher activation energy for the composite
is still indicative of efficient catalysis and arises from the synergis-
tic interplay between DyCrO3 and MoS2. This synergy improves
solar light absorption, promotes charge separation, and enhances
ROS generation, collectively contributing to superior photocat-
alytic degradation.

Overall, the DyCrO3–MoS2 (85%:15%) nanocomposite demon-
strates strong potential as a highly efficient, solar-driven photo-
catalyst, suitable for sustainable wastewater treatment and envi-
ronmental remediation.

3.4.2 Apparent Quantum Yield (AQY)

The apparent quantum yield (AQY) is a key metric for evaluating
photocatalytic efficiency, as it quantitatively measures the fraction
of incident photons that are successfully converted into chemical
transformations, such as the degradation of pollutants. A higher
AQY indicates more effective utilization of solar energy, under-
scoring the photocatalyst’s potential for sustainable wastewater
treatment. The AQY values for the nanocomposites, provided in
detail in the ESI†, were calculated using the following expres-
sion:18,55,56

AQY (%) =
Number of degraded molecules

Number of incident photons
×100

Fig. 9(a) illustrates that the DyCrO3–MoS2 (85%:15%)
nanocomposite exhibited the highest apparent quantum yield
(AQY) values after the first photocatalytic cycle, achieving
37.88% for LFX, 39.59% for MB, and 36.21% for CIP. In con-
trast, after seven consecutive degradation cycles, the AQY values
slightly decreased to 35.37%, 36.68%, and 34.76% for LFX, MB,
and CIP, respectively, indicating excellent photocatalytic stabil-
ity and reusability. The minor decline in AQY may be attributed
to partial catalyst surface fouling or slight loss during recovery,
rather than structural degradation. These results suggest that
this composition offers an optimal synergy between charge sepa-
ration efficiency, visible-light absorption, and active surface reac-
tivity. Furthermore, this composition demonstrated inferior AQY
performance, underscoring the pivotal role of MoS2 content in
enhancing photon-to-chemical energy conversion. Overall, these

findings confirm that the DyCrO3-MoS2 (85%:15%) nanocompos-
ite functions as a highly efficient, durable, and recyclable solar-
driven photocatalyst, particularly effective for the degradation of
organic pollutants such as MB, LFX, and CIP, making it a promis-
ing candidate for sustainable wastewater purification.

3.4.3 Active species trapping experiments

Active species trapping experiments were conducted to identify
the reactive species involved in LFX degradation (Fig. 9(b)).
In the absence of scavengers, the highest degradation efficiency
was observed. The addition of acrylamide (·O−

2 scavenger), sil-
ver nitrate (electron scavenger), EDTA-2Na (hole scavenger), and
isopropanol (OH• scavenger) led to noticeable decreases in effi-
ciency, confirming the involvement of these species. The most sig-
nificant reduction occurred with EDTA-2Na, indicating that pho-
togenerated holes (h+) are the dominant reactive species. These
results suggest that the DyCrO3–MoS2 (85%:15%) nanocompos-
ite possesses favorable band edge positions that promote efficient
charge separation and facilitate the formation of OH• and ·O−

2
radicals, thereby enhancing overall photocatalytic performance.

3.4.4 Reusability and Post-cycle characterizations

Reusability studies are essential for evaluating the long-term sta-
bility and practical applicability of photocatalysts. An efficient
photocatalyst should maintain high degradation efficiency over
multiple cycles, thereby reducing operational costs and minimiz-
ing environmental impact. Fig. 9(c) illustrates the degradation
efficiencies of LFX and MB before and after seven consecutive
photocatalytic cycles using DyCrO3–MoS2 nanocomposites with
varying MoS2 content. To emphasize the tested compositions,
the DyCrO3–MoS2 (85%:15%) nanocomposite demonstrated ex-
cellent reusability, retaining approximately 79.27% and 72.79%
of its initial degradation efficiency for both LFX and MB after
seven cycles, respectively. This minimal reduction in activity high-
lights the catalyst’s robust structural and chemical stability under
repeated solar irradiation, confirming its durability and reinforc-
ing its potential for real-world wastewater treatment applications.
The negligible decline in activity emphasizes the resilience of the
photocatalyst, making it a strong candidate for scalable and sus-
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Fig. 9 Photocatalytic efficiency and mechanistic insights. (a) AQY of DyCrO3–MoS2 (85%:15%) nanocomposite: 37.88% (LFX), 39.59% (MB),
and CIP (36.21%), indicating superior efficiency before seven cycles of pollutants degradation. (b) Reactive species trapping for LFX identifies
photogenerated holes as dominant species, with ·O−

2 , electrons, and OH• also contributing. (c) Reusability tests over seven cycles show minimal
efficiency loss for both LFX and MB.

tainable environmental remediation strategies.
To further elucidate the structural integrity and durability of

the nanocomposite, post-cycle characterization was conducted.
Rietveld refinement of XRD patterns for the DyCrO3–MoS2

(85%:15%) nanocomposite before and after seven photocatalytic
cycles is shown in Figs. 10(a, b). The crystal structure remains
largely unaltered, with crystallite sizes of 22.88 nm before cycling
and 21.98 nm after seven cycles (ESI Table S1†). Preservation of
crystallinity is crucial for maintaining steady photocatalytic per-
formance, as structural changes could disrupt active sites and hin-
der intercomponent interactions.

FESEM images (Figs. 10(c, d)) further confirm the morpholog-
ical stability of the nanocomposite. The MoS2 nanosheets retain
their sheet-like morphology, while DyCrO3 nanoparticles exhibit
only minor agglomeration and a slight increase in sheet thickness
after four cycles. This morphological preservation ensures that
active sites remain accessible, sustaining high photocatalytic ac-
tivity over repeated use.

Surface chemical states were evaluated using XPS. Survey spec-
tra (Fig. S12(a)) confirm the presence of Dy, Cr, Mo, S, and
O before and after seven cycles, demonstrating no elemental
loss. Dy 4d and Dy 3d spectra (Figs. S12(b,c)) display unchanged
binding energies and peak symmetry, verifying the stability of
Dy3+ and Dy–O coordination. The O 1s spectra (Figs. 10(e,f))
show nearly identical lattice-oxygen, oxygen-vacancy, and hy-
droxyl components, with the vacancy fraction decreasing only
slightly from 69.06% to 66.36%, indicating preservation of defect
sites essential for charge separation and ROS generation. In the
Cr 2p region (Fig. S12(d)), Cr3+ and minor Cr2+ species remain
present, with a small increase in Cr2+ after cycling, suggesting
mild surface reduction that may support interfacial charge com-
pensation. The Mo 3d spectrum (Fig. S12(e) and (f)) shows sig-
nificant evolution in the Mo 3d and S 2p regions. The Mo 3d spec-
trum (Fig. S12(e)) of the fresh catalyst exhibits a well-defined
Mo 3d doublet associated with Mo6+ (Mo 3d5/2 at 235.75 eV)
and Mo4+ (232.44 and 229.13 eV) contributions. However, af-
ter seven photocatalytic cycles, the characteristic Mo 3d doublet
almost completely disappears, and the region collapses. This

pronounced loss of the doublet may be attributed to the ex-
tensive Mo6+ → Mo4+ reduction and the generation of defect-
associated Mo–S active sites through redox-driven surface recon-
struction57. A comparable transformation is observed in the
S 2p spectrum (Fig. S12(f)), where the well-resolved S2− dou-
blet present in the pristine sample is significantly suppressed af-
ter cycling; notably, the S 2p1/2 peak effectively disappears, and
the remaining S 2p signal broadens with an enhanced S–O con-
tribution. This behaviour signifies the formation of sulfur va-
cancies and mild surface oxidation during sustained photocatal-
ysis, while the persistence of the S 2p3/2 component confirms
that the MoS2 lattice framework remains largely intact. Such
defect generation is widely recognized to facilitate interfacial
charge transport and contributes to the excellent catalytic dura-
bility of the composite. Electronic and vibrational stability were
further examined using VB-XPS and Raman spectroscopy. The
VB-XPS spectra (Fig. 10(g)) show an unchanged valence-band
maximum at ∼1.54 eV after seven cycles, confirming preserva-
tion of electronic structure and band alignment. Raman spec-
tra (Fig. 10(h)) maintain all characteristic DyCrO3 modes (Dy–O
bending, Cr–O stretching, octahedral vibrations58,59) and MoS2

bands (E1
2g at ∼383 cm−1, A1g at ∼408 cm−1 60,61) with negli-

gible intensity variation, indicating no structural degradation or
phase change. FTIR spectra (Fig. 10(i)) show minimal differences
before and after photocatalysis, with characteristic S–S stretch-
ing at 959 cm−1,62 Mo–S vibrations near 600 cm−1,63,64 Cr–O
stretching at 524 cm−1, and Dy3+-related phonon modes near
445 cm−1 18 preserved. The peak at ∼571.83 cm−1 remains con-
sistent with MoS2 signatures.65

Collectively, the XRD, FESEM, XPS, VB-XPS, Raman, and FTIR
results confirm that DyCrO3–MoS2 (85%:15%) maintains its crys-
tal structure, morphology, surface chemistry, electronic configura-
tion, and vibrational framework during repeated cycling, demon-
strating outstanding durability and suitability for long-term pho-
tocatalytic applications.

12 | 1–16Journal Name, [year], [vol.],

Page 12 of 17Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
2:

44
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5MA01025J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01025j


� � 0 5 1 0 1 5 2 0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0

5 3 5 5 3 4 5 3 3 5 3 2 5 3 1 5 3 0 5 2 9 5 2 8 5 2 7

D y C r O 3 :  M o S 2  ( 8 5 % :  1 5 % )
Int

en
sit

y (
a.u

.)

A n g l e ,  2 �  ( d e g r e e )

(0 
0 2

)

( a )  B e f o r e  4  c y c l e s  o f  p h o t o c a t a l y s i s

(1 
1 0

)
(1 

1 1
)

(1 
00

)
(1 

1 2
)

(2 
1 1

)
(1 

03
)

(0 
2 2

)
(2 

2 0
)

(1 
0 5

)
(1 

3 1
)

(2 
0 4

)
(0 

0 8
)

(1 
3 3

)
(2 

2 4
)

(1 
1 0

)

( c )

( d )
1 0       2 0       3 0        4 0       5 0       6 0       7 0        8 0  

F E S E M  i m a g e  a f t e r  4  c y c l e s  o f  d e g r a d a t i o n1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0

Int
en

sit
y (

a.u
.)

A n g l e ,  2 �  ( d e g r e e )

 Y o b s
 Y c a l
 Y o b s - Y c a l
 D y C r O 3
 M o S 2

( b )  A f t e r  4  c y c l e s  o f  p h o t o c a t a l y s i s
D y C r O 3 :  M o S 2  ( 8 5 % :  1 5 % )

1 0 0 0 9 0 0 8 0 0 7 0 0 6 0 0 5 0 0 4 0 0
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

Tra
ns

mi
tta

nc
e (

a.u
.)

W a v e n u m b e r  ( c m - 1 )

  B e f o r e  4  c y c l e s  o f  p h o t o c a t a l y s i s
  A f t e r  4  c y c l e s  o f  p h o t o c a t a l y s i s

D y C r O 3 :  M o S 2  ( 8 5 % : 1 5 % )

95
9

( e )

F E S E M  i m a g e  b e f o r e  d e g r a d a t i o n

S - S

92
0

85
0

79
0

60
0

M o - S

52
4

C r - O

57
2

44
5

D y 3 +

( i )

5 3 5 5 3 4 5 3 3 5 3 2 5 3 1 5 3 0 5 2 9 5 2 8 5 2 7

Int
en

sit
y (

a.u
.)

B i n d i n g  E n e r g y  ( e V )

O x y g e n  v a c a n c y  
( 6 6 . 0 6 % )

M e t a l  o x i d e  
( 3 0 . 9 6 % )

O H  g r o u p  
( 2 . 9 7 % )

B e f o r e  7  c y c l e s

Int
en

sit
y (

a.u
.)

B i n d i n g  e n e r g y  ( e V )

  B e f o r e  7  c y c l e s  o f  d e g r a d a t i o n
  A f t e r  7  c y c l e s  o f  d e g r a d a t i o n

i

E V B =  1 . 5 4  e V

( g )

�
�
�

�
�

�
�
��

�



�
	


�
��

	�
�
�


	
�




No
ral

ize
d I

nte
ns

ity
 (a

. u
.)

R a m a n  S h i f t  ( c m - 1 )

 D y C r O 3 - M o S 2  ( 8 5 % : 1 5 % )
 D y C r O 3 - M o S 2  ( 8 5 % : 1 5 % )  

         ( A f t e r  7  c y c l e s  )

E 2
G1  (in

 pl
an

e M
o-S

 vi
bra

tio
n)

A 1
G 

(ou
t o

f p
lan

e M
o-S

 vi
bra

tio
n)

2 L
A(

M)
 (2

nd
 or

de
 M

oS
2 v

ibr
ati

on
)

O 
va

ca
nc

y

Dy
-O

Cr
-O

�
�

�
�

��
�
�

6  
tilt

 vi
bra

tio
n

Cr
O 6

  ti
lt b

en
din

g

( h )

Int
en

sit
y (

a.u
.)

B i n d i n g  E n e r g y  ( e V )

O x y g e n  v a c a n c y  
      ( 6 6 . 3 6 % )

M e t a l  o x i d e  
( 3 0 . 0 8 % )

O H  g r o u p  
( 3 . 5 6 % )

( f )

A f t e r  7  c y c l e s

Fig. 10 Post-photocatalytic stability of DyCrO3–MoS2 (85:15). (a,b) XRD patterns before and after seven cycles showing preserved crystal structure.
(c,d) FESEM images indicating retained nanosheet morphology. (e,f) O 1s XPS spectra confirming nearly unchanged oxygen-vacancy and metal–oxide
components. (g) VB-XPS showing an unchanged valence-band maximum after seven cycles. (h) Raman spectra with all DyCrO3 and MoS2 modes
maintained. (i) FTIR spectra before and after cycling showing minimal variation. These results confirm excellent structural, chemical, and electronic
stability during repeated photocatalysis.

3.4.5 Photocatalysis mechanism

The enhanced photocatalytic activity of the DyCrO3–MoS2

(85%:15%) nanocomposite is attributed to an S-scheme hetero-
junction mechanism under visible-light irradiation (Figs. 11, 12).
Both DyCrO3 and MoS2 are n-type semiconductors, with the con-
duction band (CB) of DyCrO3 (-0.393V, Fig. 4(p)) more nega-
tive than that of MoS2 (-0.313V, Fig. 4(p)), as determined via
Tauc plots (Fig. 8(b) of our previous report18, S13 † ) and
Mott–Schottky analyses (Figs. 4(i, j)). When the two semicon-
ductors form a heterojunction, electrons transfer from DyCrO3

(reduction photocatalyst, RP) to MoS2 (oxidation photocatalyst,
OP), creating an internal electric field directed from DyCrO3 to
MoS2 (Fig. 11(c)).

This interfacial electric field, together with Fermi-level align-
ment and Coulombic interactions (Figs. 11(a, b)), induces

band bending and selective recombination of low-energy carriers.
Specifically, CB electrons of MoS2 recombine with VB holes of
DyCrO3 at the interface (Fig. 11(c)), while high-energy electrons
in DyCrO3 CB and holes in MoS2 VB are preserved. It should
be noted that charge separation in the DyCrO3–MoS2 S-scheme
heterojunction is governed by interfacial band bending and the
built-in electric field rather than direct long-range valence-band-
to-valence-band hole transfer. These charge carriers drive the
generation of reactive oxygen species (ROS), such as ·O−

2 and
OH•, responsible for the photocatalytic degradation of LFX and
MB (Figs. 7, 11).

In addition to heterojunction formation, oxygen vacancies in
DyCrO3 (Fig. 11) play a critical role in enhancing photocatalytic
performance. These vacancies act as electron-capturing centers,
improving charge separation and facilitating ROS generation.
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Fig. 11 Charge-transfer mechanism in the S-scheme heterojunction. (a–c) Schematic illustrating staggered band alignment: (a) before contact, (b)
after interfacial contact, (c) photoinduced charge-carrier migration under illumination.
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Adsorbed oxygen reacts with electrons at these vacancies to
form ·O2

− radicals, while holes oxidize water or hydroxyl ions
to produce OH• radicals. MoS2 nanosheets contribute further
by providing abundant active sites for pollutant adsorption
and promoting interfacial electron transfer, which suppresses
electron–hole recombination. The photocatalytic degradation
process can be summarized as:

DyCrO3/MoS2 +hν → e−CB, DyCrO3
+h+

VB, DyCrO3

e−CB, DyCrO3
+O2 →·O2

−

·O2
−+2HO2→ e−CB, DyCrO3

+2OH•+2OH-

h+ + pollutants → byproducts

OH• + pollutants → byproducts

Consequently, the combined effects of oxygen vacancies in
DyCrO3 and the structural and electronic features of MoS2 re-
sult in efficient charge separation, enhanced ROS generation, and
improved adsorption, collectively driving the high photocatalytic
activity of the nanocomposite. The S-scheme architecture, op-
timized DyCrO3- MoS2 (85%:15%), and 10 mg dosage ensure
maximal light absorption, interfacial charge transfer, and active-
site availability, making the DyCrO3–MoS2 nanocomposite highly
effective for solar-driven environmental remediation (Figs. 10,
11). Overall, the integration of MoS2 with DyCrO3 offers sev-
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eral advantages for visible-light photocatalysis. The formation
of an S-scheme heterojunction significantly enhances charge sep-
aration and suppresses electron–hole recombination, leading to
higher degradation efficiency compared to pristine DyCrO3. The
optimized DyCrO3–MoS2 (85%:15%) nanocomposite also bene-
fits from improved surface activity and stability. However, the
photocatalytic performance depends on the MoS2 loading ratio,
as excessive MoS2 may induce light-shielding effects, highlighting
the importance of compositional optimization.

4 Conclusions
A DyCrO3/MoS2 S-scheme heterojunction photocatalyst was syn-
thesized via a simple hydrothermal approach and thoroughly
characterized. The S-scheme interface established a strong in-
ternal electric field that enhanced charge separation and reac-
tive oxygen species generation. The optimized DyCrO3–MoS2

(85%:15%) nanocomposite achieved 84.95% degradation of lev-
ofloxacin and 78.97% degradation of methylene blue within 240
min under visible light. TRPL, PEC, band-edge analysis, and
radical-trapping experiments confirmed efficient carrier utiliza-
tion and improved light harvesting, resulting in superior kinetics
and quantum yield. Post-cycling XPS and Raman analyses ver-
ified excellent structural stability and reusability. Overall, the
DyCrO3–MoS2 heterostructure demonstrates strong potential as
a durable and efficient solar-driven photocatalyst for wastewa-
ter purification. Future work may expand its applicability to a
broader range of emerging pollutants.
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