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of EuCN S-scheme photocatalysts
via Centella asiatica extract for enhanced MB
photodegradation and H2O2 photoproduction: DFT
investigation and mechanistic insights
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Driven by the growing demand for sustainable solutions in environmental remediation and solar energy

conversion, a green synthetic strategy was employed to prepare europium oxide (Eu2O3) using Centella

asiatica extract, followed by integration with graphitic carbon nitride (CN) to fabricate EuCN composite

photocatalysts. Characterization techniques including FTIR, XRD, FE-SEM, EDX, UV-DRS, BET, TEM,

SAED, and XPS confirmed the structure and properties. Optical and electrochemical features were

further evaluated using PL, Mott–Schottky, I–t, and EIS analyses. The composition of the extract was

confirmed by HPLC. The as-prepared EuCN composites demonstrated remarkable photocatalytic

performance, achieving 93.82% degradation of methylene blue and 233.73 mM hydrogen peroxide

generation under visible light irradiation. The effects of key operational parameters, including catalyst

dosage, pH, and pollutant concentration, were examined to optimize the photocatalytic response.

Mechanistic analysis combined with density functional theory (DFT) calculations indicated that the

enhanced photocatalytic activity is governed by an S-scheme charge-transfer pathway, supported by

work function alignment and interfacial electronic structure regulation. The redox cycling between Eu3+

and Eu2+ associated with 4f orbital characteristics further contributes to charge separation and

preservation of strong redox potentials. These results demonstrate the potential of EuCN composites for

multifunctional applications in environmental purification and solar-to-chemical energy conversion.
Sustainability spotlight

This work presents a green and sustainable strategy for developing high-performance photocatalysts by integrating plant-mediated synthesis with advanced
semiconductor engineering. Europium oxide was synthesized using Centella asiatica leaf extract as a renewable bio-reducing agent and subsequently coupled
with graphitic carbon nitride to form EuCN composites. The approach avoids toxic reagents, valorizes local biomass resources, and aligns with circular economy
principles. The resulting photocatalyst demonstrates dual environmental functionality, achieving efficient visible-light-driven degradation of methylene blue
and photocatalytic generation of hydrogen peroxide, an environmentally benign oxidant. Mechanistic investigations supported by density functional theory
reveal that Eu3+/Eu2+ redox cycling enables an effective S-scheme charge-transfer pathway, enhancing charge separation while preserving strong redox poten-
tials. By combining low-impact synthesis, material durability, and multifunctional photocatalytic performance, this study contributes to sustainable solutions
for wastewater remediation and solar-to-chemical energy conversion.
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1. Introduction

The rapid pace of industrialization and urban expansion has led
to severe environmental pollution and an intensifying global
energy crisis.1 Among various pollutants, the contamination of
water by synthetic dyes represents a particularly critical issue.
Methylene blue (MB) is a widely used thiazine dye in the textile,
leather, paper, and medical industries and is a major concern
due to its high toxicity, chemical stability, non-biodegradability,
and potential carcinogenicity.2,3 Conventional wastewater
RSC Sustainability
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treatment methods, including adsorption, coagulation, and
biological degradation, oen exhibit limited effectiveness in
completely removing MB and are frequently associated with
high operational costs and the generation of secondary pollut-
ants.4 Photocatalysis has emerged as a promising green tech-
nology that leverages solar energy to produce reactive oxygen
species capable of breaking down persistent organic pollutants
like MB into harmless byproducts.4,5 This strategy not only
enhances degradation efficiency but also supports sustain-
ability objectives by coupling pollutant remediation with clean
energy generation processes, including the photoproduction of
hydrogen (H2), hydrogen peroxide (H2O2), ammonia (NH3),
etc.6,7 Among these products, H2O2 is regarded as an environ-
mentally benign oxidant widely applied in wastewater treat-
ment, disinfection, and as a promising energy carrier for
emerging fuel-cell technologies.8

Among photocatalytic materials, graphitic carbon nitride
(CN) has garnered considerable interest due to its suitable
bandgap, excellent thermal and chemical stability, and ease of
synthesis from nitrogen-rich precursors.9 However, its photo-
catalytic performance is limited by intrinsic drawbacks such as
fast recombination of charge carriers, low specic surface area,
and poor conductivity.10 To address these limitations, hetero-
junction engineering by coupling CN with complementary
semiconductors has emerged as a viable strategy.11 Recent
advances further highlight that rational interface design,
including S-scheme conguration, Schottky junction formation,
and interfacial chemical bonding, can establish internal electric
elds that facilitate directional electron transfer and suppress
charge recombination, thereby enhancing visible-light redox
performance.12,13 In parallel, interfacial electronic regulation
combined with photothermal synergy has been reported to
accelerate solar H2 evolution, where band structure modulation
and internal electric eld formation cooperate to enhance
carrier migration efficiency.14 In this context, recent develop-
ments in heterogeneous photocatalysis have increasingly
emphasized the integration of interfacial electronic regulation
with practical structural engineering to simultaneously advance
environmental remediation and green energy production. For
example, the construction of a self-oating S-scheme hetero-
junction anchored on conductive carbon ber substrates has
been demonstrated to enhance charge separation efficiency
while enabling convenient catalyst recovery and stable pollutant
degradation in complex aqueous systems.15 Furthermore, the
incorporation of interfacial electron donors within S-scheme
architectures has been reported to reinforce internal electric
eld formation and promote selective charge recombination,
thereby preserving strong redox potentials and signicantly
improving visible-light-driven hydrogen evolution perfor-
mance.16 These representative studies reect the current
research trend toward rational heterostructure design that
couples efficient charge dynamics with practical applicability.
Among the various modication strategies, the integration of
CN with metal oxides such as CuO, ZnO, SnO2, CeO2, and Eu2O3

represents one of the most effective approaches to enhance
interfacial charge separation, extend visible-light absorption,
and reinforce surface redox activity.17 Ho et al. reported the
RSC Sustainability
green synthesis of g-C3N4/CeO2 nanocomposites using Cleisto-
calyx operculatus leaf extract, achieving 95.70% methylene blue
degradation under simulated sunlight. The enhanced perfor-
mance was attributed to the narrowed band gap (2.49 eV), high
surface area, and improved charge separation resulting from
the synergistic interaction between g-C3N4 and CeO2.18 Chen
et al. constructed Dy2O3/g-C3N4 heterojunctions via a pore
impregnation method, demonstrating signicantly enhanced
photocatalytic hydrogen evolution activity. The optimized 3%
DyO/CN sample achieved a hydrogen evolution rate of 9.9 mmol
g−1 h−1, nearly three times higher than that of pristine g-C3N4.
The improved performance was attributed to efficient charge
separation at the heterointerface and the introduction of
nitrogen vacancies, which broadened light absorption and
facilitated carrier migration.19 Jing et al. enhanced the visible-
light photocatalytic hydrogen production of Dy2O3/g-C3N4 by
incorporating biomass-derived graphene-like carbon from
Enteromorpha prolifera. The introduction of graphene-like
carbon improved the surface area, facilitated electron trans-
port, and promoted charge separation within the hetero-
junction. The resulting ternary composite achieved a hydrogen
evolution rate up to 723.57 mmol g−1 h−1, which was more than
three times higher than that of pristine Dy2O3, demonstrating
the effectiveness of biomass-assisted interfacial engineering for
improving photocatalytic performance.20

Europium oxide (Eu2O3) is particularly attractive due to its
wide bandgap (Eg= 4.3 to 4.5 eV), which enables favorable band
alignment with CN. The 4f electronic conguration of Eu3+ ions
contributes to unique luminescent properties, including
photon upconversion that enhances visible light harvesting.21

These properties collectively enhance the photocatalytic activity
and stability of Eu2O3/CN heterostructures. Traditional
synthesis of metal oxides like Eu2O3 typically involves harsh
chemicals, high temperatures, and complex procedures,
thereby raising concerns about environmental safety and
process sustainability.22 In recent years, plant-mediated
synthesis has emerged as an eco-friendly alternative, utilizing
phytochemicals from natural extracts as reducing and stabi-
lizing agents under mild reaction conditions. This green
chemistry approach not only reduces toxic byproducts but also
aligns with the principles of the circular economy by utilizing
agricultural waste.23

Centella asiatica (C. asiatica) is a medicinal plant native to
Vietnam and commonly consumed as a leafy vegetable, repre-
senting a valuable biomass source for green synthesis owing to
its abundance and high content of bioactive compounds.24

While its leaves are widely used in traditional medicine and
local cuisine, the remaining biomass is frequently discarded.
Notably, C. asiatica is rich in avonoids, polyphenols, and tri-
terpenoid compounds that exhibit strong reducing and metal-
chelating properties. Compared with other commonly used
plant extracts in phytosynthesis, C. asiatica contains a relatively
higher proportion of phenolic constituents and multifunctional
hydroxyl groups, which favor efficient metal ion coordination
and controlled nucleation during nanoparticle formation.25 In
addition, the presence of triterpenoids provides additional
surface-active functionalities that may contribute to particle
© 2026 The Author(s). Published by the Royal Society of Chemistry
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stabilization. Despite these promising chemical characteristics,
the potential of these bioactive molecules in the green synthesis
of nanomaterials remains largely underexplored.26 Harnessing
these natural reducers for the biosynthesis of Eu2O3 not only
contributes to sustainable biomass valorization but also intro-
duces functional groups that can enhance the electrochemical
and photocatalytic performance of the resulting composites.

In the present work, a bio-assisted strategy was employed to
synthesize europium oxide (Eu2O3) using C. asiatica leaf extract,
and the resulting material was combined with CN to construct
a Eu2O3/CN heterostructure (EuCN). The composites were
thoroughly characterized using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), eld-emission scanning electronmicroscopy
(FE-SEM), transmission electron microscopy (TEM), selected
area electron diffraction (SAED), Brunauer–Emmett–Teller
(BET) surface area analysis, ultraviolet-visible diffuse reec-
tance spectroscopy (UV-DRS), photoluminescence (PL) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS). The
components of the extract were identied using high-perfor-
mance liquid chromatography (HPLC). Electrochemical prop-
erties were assessed through Mott–Schottky analysis, transient
photocurrent response (I–t), and electrochemical impedance
spectroscopy (EIS). Photocatalytic performance was investigated
through MB degradation and H2O2 production. Furthermore,
radical scavenging experiments and density functional theory
(DFT) calculations were conducted to gain deeper insight into
the underlying photocatalytic mechanism.
2. Experimental
2.1. Materials and chemicals

Methylene blue (C16H18ClN3S, 99%), melamine (C3H6N6, 99%),
urea (CH4N2O, 99%), sulfuric acid (H2SO4, 98%), methanol
(CH3OH, 99.5%), ethylene glycol (C2H6O2, 99.9%), and potas-
sium hydroxide (KOH, 85%) were obtained from Xilong. Di-
sodium ethylenediaminetetraacetate dihydrate
(C10H14N2Na2O8$2H2O, 99%), p-benzoquinone (C6H4O2, 98%
(BQ)), potassium iodide (KI, 99.5%), mannitol (C6H14O6, 99%),
silver nitrate (AgNO3, 99%), and potassium hydrogen phthalate
(C8H5KO4, 99.5% (KHP)) were obtained from Merck. Euro-
pium(III) nitrate hexahydrate (Eu(NO3)3$6H2O, 99%) was
supplied by Shanghai Titan Scientic Co., Ltd, China. Ethanol
(C2H5OH, 99.5%) was brought from the CEMACO company,
Vietnam. Double distilled water (DW) was used throughout all
the experiments. C. asiatica was collected from Sa Dec Ward,
Dong Thap Province, Vietnam, as shown in Fig. S1.
2.2. Preparation of Centella asiatica extract

The extraction process of C. asiatica is illustrated in Fig. S2.
Initially, the plant material was thoroughly rinsed with clean
water to remove surface impurities, followed by two additional
washes with distilled water. The cleaned samples were then
completely dried in a drying cabinet to eliminate residual
moisture. Aer drying, the C. asiatica was ground into a ne
powder for storage and later use in the experiments. A
© 2026 The Author(s). Published by the Royal Society of Chemistry
measured 10 g portion of the powder was transferred into
a 250mL beaker, followed by the addition of 100mL of DW. The
mixture was heated at 50 °C for 1 h and subsequently subjected
to sonication for an additional 1 h. The resulting aqueous
extract was collected via vacuum ltration to remove solid
residues and then stored at 4 °C for subsequent experimental
procedures.

2.3. Synthesis of graphitic carbon nitride

Graphitic carbon nitride (CN) was synthesized via a simple
thermal polymerization method adapted from our previous
work.27 In a typical procedure (Fig. S3), melamine and urea were
mixed in a 1 : 1 weight ratio and thoroughly ground into
a homogeneous powder. The mixture was then transferred into
a covered crucible and subjected to thermal treatment at 550 °C
for 4 h in ambient air. Aer naturally cooling to room temper-
ature, the resulting yellow product was collected, repeatedly
washed with deionized water to remove residual impurities, and
subsequently dried at 50 °C.

2.4. Green synthesis of europium oxide

The synthesis of Eu2O3 is illustrated in Fig. S4. Briey, 500 mg of
Eu(NO3)3$6H2O was dissolved in 50 mL of distilled water, fol-
lowed by the addition of 100 mL of C. asiatica extract. The
resulting mixture was stirred at 80 °C for 1 h to ensure uniform
mixing. The suspension was transferred into a Teon-lined
stainless-steel autoclave and subjected to hydrothermal treat-
ment at 200 °C for 6 h. Aer cooling to room temperature, the
product was centrifuged, thoroughly washed with distilled
water to remove residual ions, and dried in an oven. Finally, the
obtained powder was calcined at 800 °C for 1 h to yield crys-
talline Eu2O3.

2.5. Synthesis of europium oxide-decorated on graphitic
carbon nitride composites

Europium oxide-decorated on graphitic carbon nitride (EuCN)
composites were synthesized via a simple sonication-assisted
method, as shown in Fig. S5. In a typical synthesis, 1 g of CN
was dispersed in 50 mL of distilled water and ultrasonicated for
1 h to achieve a uniform suspension. Subsequently, a pre-
determined amount of Eu2O3 was added, followed by an addi-
tional 1 h of sonication to ensure proper dispersion and
interaction between the components. The resulting mixture was
centrifuged, and the collected solid was dried at 60 °C. EuCN
composites were prepared with Eu2O3 loadings of 5, 10, and
15% by weight relative to CN, and were denoted as 5EuCN,
10EuCN, and 15EuCN, respectively.

2.6. Characterization of materials

The functional groups present in the synthesized materials were
identied using FTIR (Alpha-E, Bruker Optik GmbH, Ettlingen,
Germany). The crystalline phases were analyzed by XRD (D2
Phaser, Bruker, Germany) employing Cu Ka radiation (l =

0.1541 nm) over a 2q range of 5–80°. Surface morphology and
elemental composition were examined using FE-SEM (Hitachi
RSC Sustainability
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S4800, USA), EDX (Jeol-JMS 6490, Japan), TEM (JEM 2100, Jeol,
Japan), and SAED (JEM 2100, Jeol, Japan). The chemical states
and surface composition were further investigated by XPS
(Nexsa G2, USA). Optical absorption characteristics were inves-
tigated using UV-DRS (V-770, JASCO, Japan). Specic surface
area and pore size distribution were determined using BET
analysis (Nova e4000, Quantachrome, USA). Photocatalytic
performance was evaluated using UV-visible spectroscopy (UV-
vis, Thermo Scientic, Thermal 220). Photoluminescence (PL)
measurements were conducted using a spectrouorometer
(HORIBA Scientic, FluoroLog-5MAX) to investigate the
recombination dynamics of photogenerated charge carriers.
The composition of the extract was analyzed by HPLC (Shi-
madzu LC-40D XR Liquid Chromatography, Japan) and the
procedure for HPLC is described in Section S6.
2.7. Evaluation of photocatalytic performance

2.7.1. Photodegradation of methylene blue. The photo-
catalytic activity of the synthesized materials was systematically
assessed through the degradation of MB under irradiation from
a 50 W halogen lamp as a simulated sunlight source. In each
test, 30 mg of the photocatalyst was dispersed in an aqueousMB
solution with an initial concentration of 10 ppm. Prior to illu-
mination, the suspension was magnetically stirred in the dark
for 30 minutes to ensure adsorption–desorption equilibrium.
During irradiation, 3 mL samples were withdrawn at regular
intervals of 30 minutes, followed by immediate ltration to
eliminate any solid residues. The absorbance of MB at 664 nm
was monitored using a UV-vis spectrophotometer. The degra-
dation efficiency was calculated using eqn (1).

Photodegradation effiencyð%Þ ¼ ðC0 � CtÞ
C0

� 100 (1)

where C0 and Ct (ppm) are the initial concentration and
concentration at time t of MB, respectively.

The effect of solution pH on the photodegradation of MB was
examined by adjusting the pH using 0.01 M KOH and H2SO4,
with precise measurements recorded via a Hanna HI98100 pH
meter. In parallel, the impact of varying catalyst dosages and
pollutant concentration on the photodegradation efficiency was
systematically investigated to determine the optimal loading
conditions. To elucidate the underlying degradation mecha-
nism, the involvement of key reactive species, including (h+),
electrons (e−), hydroxyl radicals (cOH), and superoxide radicals
(cO2

−), was analyzed using scavengers such as EDTA, AgNO3,
mannitol, and BQ, respectively. The reusability of the photo-
catalyst was assessed over successive photocatalytic cycles. Aer
each cycle, 50 mg of the used material was separated by
centrifugation, thoroughly washed with deionized water and
ethanol to remove any adsorbed species or residues, and
subsequently dried under ambient conditions prior to reuse in
the next run.

2.7.2. Photoproduction of hydrogen peroxide. The photo-
production of H2O2 was systematically evaluated by dispersing
10mg of the photocatalyst in 50mL of 10% (v/v) sacricial agent
solution. Before illumination, the suspension was magnetically
RSC Sustainability
stirred in the dark for 30 minutes to establish adsorption–
desorption equilibrium. Photoreactions were conducted under
a 50 W LED light source, and aliquots (1 mL) of the reaction
suspension were withdrawn at 30 min intervals. Each sample
was subsequently ltered to remove any residual solids and
mixed with 2 mL of an analytical reagent consisting of 0.4 M KI
and 0.1 M KHP in a 1 : 1 volume ratio. Aer 30 minutes of the
reaction under ambient conditions, the absorbance of the
resulting mixture was recorded at 350 nm using a UV-vis spec-
trophotometer to determine the concentration of H2O2. The
H2O2 concentration is determined using eqn (S1).

To optimize the photoproduction performance, the inu-
ence of various sacricial electron donors, including ethylene
glycol, ethanol, and methanol, was investigated. The reaction
mechanism was investigated using appropriate scavengers:
EDTA, AgNO3, mannitol, and BQ. The effect of pH on the pho-
tocatalytic efficiency was systematically studied by adjusting the
reaction medium with 0.01 M KOH or H2SO4, with the pH
monitored using a Hanna HI98100 pH meter. Furthermore, the
inuence of catalyst dosage was explored to determine the
optimal amount for efficient H2O2 production. Reusability
assessments were performed over multiple cycles, in which
50 mg of the catalyst was recovered by centrifugation, washed
thoroughly, and dried before reuse.

2.8. Evaluation of electrochemical properties

The electrochemical behavior of the synthesized materials was
evaluated using a CS310M electrochemical workstation in
a conventional three-electrode conguration. The system con-
sisted of a glassy carbon electrode (GCE) as the working elec-
trode, a platinum wire as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode. Phosphate-
buffered saline (PBS) solution served as the electrolyte
medium throughout the measurements. For electrode fabrica-
tion, 5 mg of the photocatalyst was dispersed in 1 mL of abso-
lute ethanol and sonicated for 30 minutes to ensure
homogeneous dispersion. About 5 mL of the resulting suspen-
sion was rst drop-cast onto the GCE surface and dried under
ambient conditions, then 5 mL of a Naon® solution was drop-
cast and allowed to dry under ambient conditions prior to use.
Electrochemical properties were investigated through a combi-
nation of techniques, including electrochemical impedance
spectroscopy (EIS), Mott–Schottky analysis, and photocurrent
response measurements, to assess charge transport character-
istics as well as interfacial charge separation efficiency.

2.9. Density functional theory calculations

Density functional theory calculations were conducted using
the SIESTA package. The valence electrons were represented
using a double-zeta basis set with polarization functions (DZP).
For Brillouin zone sampling, a Monkhorst–Pack k-point grid of
3 × 3 × 3 was employed. The real-space grid used for numerical
integration corresponded to a mesh cutoff energy of 200 Ry,
which was found to be sufficient to ensure total energy
convergence. Atomic structures were optimized by minimizing
the Hellmann–Feynman forces to below 0.04 eV Å−1, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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electronic convergence was achieved when the change in the
density matrix fell below 10−4 eV between SCF cycles. Periodic
boundary conditions were applied in all three spatial directions
for bulk calculations. For surface models, periodicity was
maintained in the x and y directions, while a vacuum layer of 40
Å was introduced along the z-axis to avoid articial interactions
between repeated slabs. In all cases, full structural relaxation
was performed. To gain deeper insight into the bonding char-
acteristics within the EuCN composite, the redistribution of
electronic charge was examined through charge density differ-
ence analysis with respect to isolated atoms. This calculation
was performed using the Denchar module integrated in the
SIESTA soware package. The charge density difference (Dr)
was computed using eqn (2).

Dr ¼ rEuCN �
X

i

risolated;i (2)

where rEuCN represents the total charge density of the
composite system, and risolated,i denotes the charge density of
each constituent atom (Eu, O, or N) in its non-interacting state,
calculated under identical computational conditions. To
enhance the clarity of the charge redistribution patterns, iso-
surface values of 0.020022 and 0.0090022 e Å−3 were applied for
the relaxed and xed CN congurations, respectively.

The work function was obtained as the difference between
the vacuum electrostatic potential and the Fermi energy. The
vacuum level was obtained by averaging the macroscopic Har-
tree potential in the at vacuum region, excluding boundary
artifacts near the cell edges.
3. Results and discussion
3.1. Characteristics of materials

HPLC results for the extract are shown in Fig. S6. In Fig. S6b,
two dominant peaks corresponding to quercetin and kaemp-
ferol are observed, indicating that the extract is rich in poly-
phenolic compounds. These avonoids contain multiple
phenolic –OH groups, which can coordinate with Eu3+ ions
through oxygen donor atoms. During synthesis, such coordi-
nation promotes the formation of a homogeneous Eu-organic
intermediate network, thereby regulating nucleation and sup-
pressing localized aggregation of Eu species. Upon subsequent
thermal treatment, this controlled nucleation pathway facili-
tates a more uniform dispersion of Eu2O3 particles within the
carbon matrix derived from the extract. In addition, the poly-
phenolic compounds can adsorb on the particle surface and act
as stabilizing agents, limiting particle growth and coalescence.
The chromatogram recorded at 245 nm (Fig. S6d) indicates the
presence of other minor constituents, whereas vitamin C is
absent or present at a negligible level under the present
analytical conditions. Therefore, the improved distribution of
Eu2O3 is primarily attributed to the polyphenol-rich fraction of
the green extract.

As shown in Fig. 1a, the FTIR spectra reveal the characteristic
vibrational features of CN, Eu2O3, and EuCN composites. The
broad absorption band observed in the region of 3000–
3500 cm−1 is attributed to the N–H stretching vibrations,
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicative of surface –NH or –NH2 groups.28 The absorption
features appearing between 1200 and 1750 cm−1 correspond to
characteristic stretching vibrations of s- and p-bonds associ-
ated with the C–N framework.28 Notably, the peak centered at
1643 cm−1 is assigned to the C]N stretching mode, whereas
the signals at 1235, 1321, and 1403 cm−1 can be ascribed to
various C–N single bond vibrations.28 Furthermore, the two
sharp bands located at 809 and 893 cm−1 are characteristic of
the out-of-plane bending vibrations of s-triazine rings, which
are typical structural motifs in carbon nitride networks.28 The
FTIR spectrum of Eu2O3 displays a characteristic peak at
632 cm−1, which can be ascribed to Eu–O stretching vibra-
tions.29 Additionally, a broad absorption band around
3430 cm−1 corresponds to surface-adsorbed or hydrated water
molecules.29 Notably, other regions of the FTIR spectrum of
Eu2O3 may vary depending on the nature of the solvent or
reducing agent used during synthesis, aligning well with
observations reported in our earlier studies. The FTIR spectra of
the EuCN composites clearly exhibit characteristic bands
attributable to both CN and Eu2O3, conrming the effective
integration of these components within the hybrid material.
Fig. 1b presents the XRD patterns of pristine CN, pure Eu2O3,
and EuCN composites with varying Eu2O3 contents. The CN
sample displays two characteristic diffraction peaks at 2q =

13.08 and 27.72°, corresponding to the (100) and (002) crystal
planes, respectively.30 These reections are typical of the in-
plane structural packing and interlayer stacking of CN, con-
rming its layered structure. In contrast, the XRD pattern of
Eu2O3 exhibits sharp and intense peaks at 28.81, 30.58, 47.72,
and 55.53° which are indexed to the (222), (400), (440), and (622)
planes of its cubic phase structure.29 As the Eu2O3 content
increases in the EuCN composites, the intensity and resolution
of Eu2O3 related peaks become more prominent, indicating
improved crystallinity and greater loading of Eu2O3 particles on
the CN matrix. Importantly, the characteristic peaks of CN
remain unaltered in position and intensity, suggesting that the
incorporation of Eu2O3 does not disrupt the intrinsic frame-
work of CN. These results collectively demonstrate that Eu2O3 is
well-dispersed within the composites while retaining its distinct
crystalline identity, pointing toward a physical interaction
between the two components rather than the formation of
a new compound phase.

Nitrogen adsorption–desorption isotherms and pore size
distribution curves of the samples are presented in Fig. 1c and
d, respectively. All samples exhibit type IV isotherms with
distinct H3-type hysteresis loops at high relative pressures,
which are characteristic of mesoporous materials with slit-like
pores formed by the aggregation of plate-like particles. The
corresponding BET data summarized in Table 1 show that
pristine CN possesses the highest specic surface area of 54.280
m2 g−1 and a relatively large pore volume of 0.125 cc g−1, along
with an average pore diameter of 37.909 Å. Upon decoration
with Eu2O3, all EuCN composites exhibit a gradual decrease in
the surface area and pore volume, suggesting that Eu2O3

particles partially occupy or block the pore channels of CN.
Among the composites, 5EuCN exhibits the largest average pore
diameter (281.124 Å), indicating the formation of wider
RSC Sustainability
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Fig. 1 (a) FTIR spectra, (b) XRD patterns, (c) N2 adsorption–desorption spectra, and (d) pore size distribution of CN, Eu2O3, 5EuCN, 10EuCN, and
15EuCN.

Table 1 BET surface area, pore diameter, and pore volume of CN,
Eu2O3, and EuCN composites

Materials
Surface area
(m2 g−1)

Pore size
(Å)

Pore volume
(cc g−1)

CN 54.280 0.125 37.909
Eu2O3 29.749 0.083 38.334
5EuCN 30.784 0.190 281.124
10EuCN 25.330 0.094 19.686
15EuCN 18.714 0.081 11.154
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mesopores or partial exfoliation of CN layers due to moderate
Eu2O3 incorporation. However, further increasing the Eu2O3

content leads to a sharp decline in both pore diameter and
surface area. In particular, 15EuCN shows the lowest values
(18.714 m2 g−1 and 11.154 Å) implying that excess Eu2O3 causes
signicant pore narrowing or structural compaction. Notably,
the 10EuCN sample exhibits a well-balanced porous structure,
with a moderate surface area (25.330 m2 g−1), pore volume
(0.094 cc g−1), and average pore size (19.686 Å). In addition, its
narrow pore size distribution (Fig. 1d) reects good structural
uniformity. These results indicate that a medium Eu2O3 content
is favorable for maintaining the mesoporous framework of CN
while preventing aggregation or excessive pore blockage.
RSC Sustainability
Fig. 2 provides insight into the morphology and surface
characteristics of Eu2O3, CN, and the 10EuCN composite. The
Eu2O3 sample consists of nanoparticles with sizes below
500 nm, which tend to aggregate, possibly due to incomplete
crystal growth or the high surface energy of individual particles.
In contrast, CN exhibits a layered morphology composed of thin
sheets that naturally stack and form dense agglomerates. In the
case of the 10EuCN composite, Eu2O3 particles are clearly
observed to be uniformly anchored on the surface of CN sheets,
indicating a successful combination of the two components and
suggesting good interfacial contact that may facilitate charge
separation and transfer. Elemental mapping and the corre-
sponding EDX spectra (Fig. 2e and h) reveal a uniform distri-
bution of C, N, Eu, and O across the material's surface, thus
conrming the successful incorporation of Eu2O3 on CN. The
TEM images (Fig. 2f and g) clearly demonstrate that Eu2O3

nanoparticles are uniformly distributed on the surface of CN,
exhibiting good dispersion and limited aggregation, with
particle sizes below 200 nm. This well-dispersed morphology
suggests that the adopted synthesis method effectively prevents
particle agglomeration. Furthermore, the SAED pattern in
Fig. 2i displays distinct diffraction rings, from which the lattice
spacing was calculated to be approximately 0.2917 nm. This
value is consistent with the (400) crystallographic plane of cubic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FE-SEM images of (a) and (b) Eu2O3, (c) CN, and (d) 10EuCN
composite; (e) elemental mapping, (f and g) TEM images, (h) EDX
spectra, and (i) SAED image of the 10EuCN composite.
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Eu2O3, and closely matches the interplanar distance of
0.2920 nm obtained by XRD.

Fig. 3 presents the XPS spectra of the EuCN composite. The
survey spectrum (Fig. 3a) exhibits only Eu, O, C, and N signals,
© 2026 The Author(s). Published by the Royal Society of Chemistry
conrming the absence of detectable impurities and the high
purity of the material. In the high-resolution C 1s spectrum
(Fig. 3b), deconvolution yields peaks at 284.63 eV (sp2 C]C),
288.01 eV (N–C]Nwithin the heterocycle), and 293.32 eV (p–p*
transitions of the aromatic CN framework).31 The N 1s spectrum
(Fig. 3c) features peaks at 398.54 eV (sp2 C–N]C), 400.46 eV
(tertiary N in the triazine ring), and 404.16 eV (–NH2 surface
groups).31 The dominant sp2 C–N]C peak conrms the conju-
gated CN framework, while the tertiary N signal veries the
integrity of the heptazine structure.32 In the O 1s region
(Fig. 3d), the bands at 531.27 and 532.62 eV are assigned to
adsorbed water and Eu–O bonds, respectively.33 The Eu 3d
spectrum (Fig. 3e) conrms the co-existence of Eu3+ and Eu2+

oxidation states. For the Eu 3d3/2 level, the peaks at 1165.98 eV
(Eu3+) and 1157.01 eV (satellite peak for Eu2+) are observed,
while the Eu 3d5/2 level displays peaks at 1136.75 eV (Eu3+) and
1127.18 eV (satellite for Eu2+).34 Furthermore, the deconvoluted
Eu 4d spectrum (Fig. 3f) exhibits two major peaks at 137.58 and
143.37 eV, which are attributed to the multiplet splitting of the
4d–4f6 congurations of Eu3+.34 These results demonstrate
successful incorporation of Eu2O3 into the CN matrix and the
coexistence of Eu2+/Eu3+ redox couples, a feature that may
enhance interfacial charge separation and promote photo-
catalytic performance.
3.2. Photocatalytic performance

3.2.1. Photodegradation efficiency of MB. Fig. 4a compares
the visible-light-driven degradation of MB over pristine CN,
Eu2O3, and EuCN composites. Aer 90 minutes of illumination,
CN and Eu2O3 achieve only 24.57 and 28.77% MB removal,
respectively, reecting rapid recombination of photogenerated
charge carriers and limited charge transport. Incorporation of
Eu2O3 into CNmarkedly enhances performance, and the 5EuCN
and 10EuCN samples reach 81.78 and 93.82% degradation,
respectively. This improvement arises from synergistic interac-
tions between CN and Eu2O3, which broaden light absorption,
promote charge separation, and accelerate the formation of
reactive oxygen species. When the Eu2O3 content is increased
further to produce 15EuCN, the degradation efficiency falls to
67.36%. This can be explained by the fact that the excessive
Eu2O3 loading blocks active sites on CN, diminishes light
penetration, and hinders access of reactants to catalytic centers.

The photocatalytic degradation kinetics of MB over the
prepared samples were evaluated using a pseudo-rst-order
kinetic model, as illustrated in Fig. 4b. Pristine CN and Eu2O3

exhibited relatively low rate constants of 0.00265 and
0.00257 min−1, respectively, which can be attributed to ineffi-
cient charge carrier separation and limited generation of reac-
tive species. Upon coupling Eu2O3 with CN, a substantial
enhancement in the reaction kinetics was observed. Speci-
cally, the k values increased to 0.01521 and 0.02188 min−1 for
the 5EuCN and 10EuCN composites, respectively, indicating
a signicant improvement in photocatalytic activity due to the
synergistic effects between CN and Eu2O3. However, further
increasing the Eu2O3 content to 15 wt% led to a decline in the
rate constant to 0.00915 min−1. This reduction is likely
RSC Sustainability
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Fig. 3 (a) Full XPS survey spectrum; high-resolution spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) Eu 3d, and (f) Eu 4d of the 10EuCN composite.
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associated with excessive Eu2O3 coverage, which may hinder
light absorption and obstruct active sites on the CN surface.35

In addition, the effects of operational parameters such as
catalyst dosage, pollutant concentration, and solution pH were
investigated. As shown in Fig. 4c, increasing the catalyst dosage
led to a gradual enhancement in MB photodegradation effi-
ciency.36 This improvement can be attributed to the increased
availability of the active surface area and adsorption sites,
which facilitate greater interaction between the photocatalyst
RSC Sustainability
and the target pollutant.36 The increase in adsorption capacity is
particularly evident under dark conditions, where higher cata-
lyst amounts show stronger adsorption of MB. However, the
optimal catalyst dosage was determined to be 30 mg. Although
higher dosages of 40 and 50 mg achieved slightly higher
degradation efficiencies (94.72 and 93.45%, respectively)
compared to 30 mg (93.82%), the marginal gain in performance
does not justify the additional material cost, making 30 mg the
most efficient and economical choice for photocatalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Photodegradation efficiency and (b) pseudo-first-order kinetic plots for the degradation of methylene blue over Eu2O3, CN, and EuCN
composites under visible light irradiation; effect of (c) different masses of the photocatalyst, (d) different concentrations of MB, and (e) different
pH on the photodegradation efficiency of MB of the material.
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application. Fig. 4d illustrates the effect of initial pollutant
concentration on the photocatalytic degradation efficiency of
MB. A clear decline in degradation performance is observed as
the concentration increases.37 Specically, the efficiency drops
from 93.82% at 10 ppm to 41.88, 39.75, and 31.25% corre-
sponding to the concentrations of 20, 30, and 40 ppm, respec-
tively. This trend can be explained by the fact that, at higher dye
concentrations, the solution becomes more intensely colored,
which reduces light penetration and limits the activation of the
photocatalyst.38 Furthermore, the excessive number of dye
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecules may saturate or block the active sites on the catalyst
surface, thereby hindering the generation and interaction of
reactive species necessary for efficient photodegradation.39

Despite the reduction in efficiency, it is noteworthy that even at
concentrations three to four times higher than the lowest tested
level, the decrease in performance is only two- to threefold. This
indicates that the EuCN composites retain considerable pho-
tocatalytic activity across a broad concentration range. Such
stability under high pollutant loads demonstrates the material's
potential applicability in real wastewater treatment systems,
RSC Sustainability
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where contaminant concentrations are oen variable and
signicantly higher than those under laboratory conditions.

The inuence of solution pH on the photocatalytic perfor-
mance of the EuCN composites was also investigated. As
depicted in Fig. 4e, the photocatalytic efficiency generally
increases with rising pH, reaching a maximum at pH 8 but
subsequently declines at pH 9. This behavior can be attributed
to the surface charge dynamics of the CN-based photocatalyst.
Under acidic conditions, the –NH2 and nitrogen-containing
groups on the CN framework tend to become protonated,
leading to a positively charged surface.40 This weakens the
electrostatic interaction with the cationic MB dye, thereby
reducing its adsorption and, consequently, the overall photo-
catalytic activity. Conversely, in strongly alkaline environments
(pH 9), although the catalyst surface becomes negatively
charged, which theoretically favors the adsorption of cationic
dyes like MB, an excessive amount of OH− in solution competes
with MB for adsorption sites.41 This electrostatic competition
reduces the effective interaction between MB and the photo-
catalyst surface, resulting in lower degradation efficiency. The
recyclability and structural stability of the EuCN composites
were evaluated to assess their practical applicability in photo-
catalytic processes. As shown in Fig. 5a, the material retained
a photodegradation efficiency of 67.34% aer six consecutive
cycles, demonstrating good stability and reusability under
repeated visible-light irradiation. Furthermore, the XRD
Fig. 5 (a) Recyclability of the EuCN composites for the photodegradation
FTIR spectra of the material before and after the recycling process.

RSC Sustainability
patterns before and aer the recycling tests (Fig. 5b) exhibit
negligible changes, with no signicant shi or disappearance of
characteristic diffraction peaks. The FTIR spectra (Fig. 5c)
further conrm the structural stability of the material. Notably,
an increase in the broad absorption band in the region of 3000
to 3500 cm−1 is observed aer cycling, which may be attributed
to the accumulation of intermediate species or surface hydroxyl
groups. This indicates that the crystalline structure of the EuCN
composites remains largely intact aer photocatalytic
operation.

3.2.2. Evaluation of H2O2. The photocatalytic performance
of CN, Eu2O3, and EuCN composites for H2O2 generation under
UV irradiation is presented in Fig. 6a. Pristine CN and Eu2O3

exhibited limited photocatalytic activity, producing relatively
low H2O2 concentrations of 91.13 and 100.96 mM, respectively.
This modest performance is likely due to poor light utilization
and rapid recombination of photogenerated electron–hole
pairs, which restrict the formation of reactive oxygen species. In
contrast, the incorporation of Eu2O3 into the CN matrix led to
a remarkable improvement in H2O2 production. The EuCN
composites with increasing Eu2O3 loading (5, 10, and 15%)
achieved H2O2 concentrations of 115.47, 233.73, and 121.71 mM,
respectively. Among the tested samples, the 10EuCN composite
exhibited the highest H2O2 yield, indicating an optimal balance
between charge carrier separation and the availability of active
sites. The improved performance is attributed to the synergistic
ofmethylene blue using 50mg of the catalyst, (b) XRD patterns, and (c)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Photocatalytic production and (b) photocatalytic generation rate of H2O2 by CN, Eu2O3, and EuCN composites.
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interaction between Eu2O3 and CN, which enhances charge
migration, suppresses recombination, and promotes the two-
electron oxygen reduction pathway necessary for H2O2 forma-
tion. However, a further increase in Eu2O3 content to 15%
resulted in a notable decrease in H2O2 generation. This decline
can be explained by the excessive coverage of the CN surface
with Eu2O3 nanoparticles, which may block light absorption
sites and passivate surface defects that are critical for photo-
catalytic activity.42 Additionally, the excess Eu2O3 may introduce
recombination centers or limit the mobility of photogenerated
carriers, thereby reducing overall photocatalytic efficiency.

In addition, the effect of sacricial agents on H2O2 genera-
tion was investigated (Fig. 6b). Among the tested electron
donors, ethylene glycol exhibited the highest H2O2 production
(233.73 mM), followed by ethanol (147.36 mM) and methanol
(115.91 mM). The superior performance of ethylene glycol is
likely due to its strong electron-donating ability and efficient
interaction with the photocatalyst. The observed trend in H2O2

generation efficiency can be correlated with the structural and
electronic properties of the sacricial agents, which inuence
their ability to donate electrons and suppress charge recombi-
nation during the photocatalytic process.43

The inuence of catalyst dosage on the efficiency of H2O2

generation was also systematically investigated, as illustrated in
Fig. 7a. As the amount of the EuCN catalyst increased from 5mg
to 10 mg, the H2O2 yield initially improved, reaching
a maximum of 233.73 mM at 10 mg, followed by a gradual
decline to 228.96, 216.05, and 142.57 mM corresponding to
catalyst dosages of 20, 30, and 40mg, respectively. This decrease
at higher dosages can be attributed to the light-scattering effect
and increased turbidity in the suspension, which reduces light
penetration and subsequently limits the activation of the pho-
tocatalyst.44 Interestingly, a deviation from this declining trend
was observed at 50 mg, where the H2O2 generation unexpectedly
rose to 299.39 mM. This anomalous enhancement may be
attributed to improved catalyst dispersion and a more favorable
spatial arrangement of the photocatalyst particles.45 At this
higher loading, the catalyst may form a more loosely packed
layer with increased surface exposure, allowing better light
© 2026 The Author(s). Published by the Royal Society of Chemistry
absorption and facilitating the diffusion of O2 molecules into
the active reaction sites.46 Additionally, the denser presence of
active species might contribute to partial suppression of H2O2

decomposition by stabilizing the product through mild
adsorption, thereby improving its accumulation over time.

The inuence of solution pH on the photocatalytic produc-
tion of H2O2 was further examined, as shown in Fig. 7b. In
contrast to the trend observed in MB photodegradation, lower
pH values were found to enhance H2O2 generation, with the
highest yield recorded at pH 4. This improvement under mildly
acidic conditions can be attributed to the increased concen-
tration of H+ ions, which facilitate effective charge separation by
suppressing electron–hole recombination.47 As a result, more
photogenerated electrons are available to participate in the
reduction of molecular oxygen, promoting the formation of
H2O2. However, a further decrease in pH to 3 led to a noticeable
decline in H2O2 production. This reduction may be due to the
excessive presence of protons, which competitively consume
electrons during oxygen reduction reactions. Such interference
reduces the likelihood of cO2

− formation making H2O2 gener-
ation lower.48

The reusability and structural stability of the EuCN
composites for photoproduction of H2O2 were also evaluated
over six consecutive cycles, as presented in Fig. 7c. The results
demonstrate that the EuCN photocatalyst retains considerable
photocatalytic activity, achieving an H2O2 yield of 205.91 mM
aer the sixth cycle. This level of retention reects strong
catalytic durability, comparable to its performance in methy-
lene blue degradation and highlights the material's robustness
under repeated operational conditions. The minimal loss in
efficiency suggests that the active sites remain accessible and
the interfacial charge transfer properties are largely preserved
throughout the reuse cycles. Moreover, the XRD patterns and
FTIR spectra recorded before and aer the recyclability test
(Fig. 7d and e) exhibit no signicant changes in the peak posi-
tion or intensity, conrming the structural integrity of the EuCN
composite. The absence of new crystalline phases or peak
broadening indicates that the photocatalyst resists photo-
corrosion and does not undergo phase transformation during
RSC Sustainability
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Fig. 7 Effects of (a) catalyst dosage and (b) pH on H2O2 photoproduction; (c) recyclability of EuCN composites over six cycles using 50mg of the
catalyst, (d) XRD patterns, and (e) FTIR spectra before and after recycling.
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repeated UV irradiation and exposure to reactive species.
Additionally, EuCN demonstrates a competitive performance in
photocatalysis compared to related materials, as shown in
Table 2.

3.3. DFT results and the photocatalyst mechanism

The photoelectrochemical and optical properties of CN, Eu2O3,
and EuCN composites were further examined to elucidate the
role of Eu2O3 incorporation in enhancing photocatalytic
performance, as shown in Fig. 8. The Nyquist plots (Fig. 8b)
indicate that 10EuCN exhibits a larger arc radius than pristine
RSC Sustainability
CN, suggesting an increased interfacial charge-transfer resis-
tance. However, this increase does not necessarily imply inferior
performance. In S-scheme heterojunction systems, the forma-
tion of an internal electric eld and interfacial band bending
can regulate carrier migration behavior, in which selective
recombination and directional charge transfer are essential for
preserving strong redox capability.53 The incorporation of Eu3+

introduces localized 4f electronic states into the CN matrix,
which can act as efficient electron trapping centers.54 These
sites can capture photogenerated electrons, delaying their
recombination with holes and thereby prolonging carrier
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance comparison with other photocatalysts for H2O2 photoproduction

No Materials Applications Efficiency Ref.

1 Ti3C2/porous g-C3N4 H2O2 photoproduction 131.71 mmol g−1 h−1 49
2 g-C3N4/PDI H2O2 photoproduction 21.08 mmol g−1 h−1 50
3 Sm-Fe doped LaNiO3/g-C3N4 MB photodegradation 0.0175 min−1 51
4 CeO2-C-g-C3N4 MB photodegradation 0.01936 min−1 52
5 EuCN composite H2O2 photoproduction 11686.5 mM g−1 h−1 This work

MB photodegradation 0.02188 min−1

Fig. 8 (a) Transient photocurrent responses, (b) EIS spectra, (c) Bode magnitude plots, and (d) Bode phase plots of CN, Eu2O3, and EuCN
composites; (e) PL intensity and (f) CIE plot of CN and the 10EuCN composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability
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Table 3 Rs, Rct, CPE-T, and CPE-P values of materials from EIS fitting

Samples Rs (U cm2) Rct (U cm2) CPE-T (F g−1) CPE-P (F g−1)

CN 56.84 4162.2 1.35 × 10−4 7.66 × 10−1

Eu2O3 63.13 6746.6 9.99 × 10−5 6.9 × 10−1

5EuCN 56.91 5462.7 1.15 × 10−4 8.03 × 10−1

10EuCN 84.29 9527 6.12 × 10−5 7.29 × 10−1

15EuCN 57.07 6359.9 1.11 × 10−4 7.97 × 10−1
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lifetimes.55 This mechanism is corroborated by the transient
photocurrent response in Fig. 8a, where 10EuCN demonstrates
a more stable and sustained photocurrent under repeated light
on–off cycles, despite its slightly lower initial intensity
compared to CN. The more stable photocurrent indicates
effective suppression of rapid recombination and prolonged
participation of electrons in surface redox reactions.

The electrochemical parameters extracted from EIS tting
(Table 3) further support this conclusion. The solution resis-
tance (Rs) of 10EuCN slightly increases from 56.84 to 84.29 U

cm2 due to interfacial changes introduced by Eu2O3 deposition.
More signicantly, the polarization resistance (Rct) increases
markedly from 4162.2 to 9527 U cm2, indicating a greater
charge storage capability and stronger interfacial polarization
effect. While a higher Rct oen implies slower interfacial charge
transfer, in this case it reects enhanced charge accumulation
due to trapping. This interpretation is supported by the lower
constant phase element time constant (CPE-T), which drops
from 1.35 × 10−4 F g−1 (CN) to 6.12 × 10−5 F g−1 (10EuCN). A
lower CPE-T indicates reduced capacitive behavior, possibly
resulting from localized electron trapping and restricted ion
mobility. Meanwhile, the CPE-P values remain in the range of
0.73–0.81, suggesting that all samples exhibit stable, though
non-ideal, capacitive behavior.

Based on the Nyquist and transient photocurrent results, the
Bode magnitude and phase plots in Fig. 8c and d conrm the
advantages of Eu2O3 decoration on CN. As shown in Fig. 8c, at
0.1 Hz pristine CN exhibits a jZj of 3.82 × 103 U cm2, whereas
10EuCN reaches 8.31 × 103 U cm2, which reects greatly
enhanced interfacial capacitance due to Eu3+ related 4f trap
levels capturing photogenerated electrons and delaying
recombination. The 5EuCN, 15EuCN, and Eu2O3 samples show
more modest increases of 27.6 to 46.4%, indicating that 10 wt%
is the optimal loading for trap-mediated charge storage. In the
phase plot (Fig. 8f), CN reaches its minimum phase of−56.1° at
10.81 Hz (s = 14.7 ms), while 10EuCN shis to −57.9° at
21.83 Hz (s = 7.3 ms). This twofold reduction in carrier lifetime
shows that once Eu2O3 trap sites are lled, the electrons are
released into the external circuit more rapidly. Combining the
high low-frequency impedance in Fig. 8c with the accelerated
charge-transfer kinetics in Figure 8d, 10EuCN achieves both
prolonged carrier separation and swi electron delivery, which
together underpin its superior photocatalytic performance.
Further evidence supporting the benecial role of Eu3+ can be
seen in the PL spectra (Fig. 8e). The 10EuCN sample shows
a slight enhancement in the PL intensity compared to CN,
which is attributed to radiative transitions originating from Eu-
RSC Sustainability
related emission centers rather than increased recombination.
The partially allowed 4f–4f transitions of Eu3+, inuenced by
symmetry breaking and ligand-eld effects in the CN frame-
work, contribute to this luminescence.56 The chromaticity
coordinates shown in the CIE 1976 diagram (Fig. 8f) also shi
slightly upon Eu incorporation, indicating modied optical
emission behavior. These changes suggest that Eu3+ not only
alters the electronic structure but also broadens the light-
harvesting capability of the composite.57 The combined effects
of improved charge carrier dynamics and enhanced optical
utilization collectively account for the superior photocatalytic
performance observed in the 10EuCN material.58,59

Fig. 9a and b illustrates the inuence of different reactive
species on the photocatalytic efficiency of EuCN, as investigated
by employing specic scavengers. Both the degradation effi-
ciency of methylene blue (Fig. 9a) and the H2O2 production rate
(Fig. 9b) were signicantly affected by the presence of selective
scavengers, indicating the involvement of multiple reactive
species in the photocatalytic process. In the MB degradation
study (Fig. 9a), the removal efficiency under normal conditions
(no scavenger) reached 93.91%. Upon the addition of BQ, the
efficiency dropped to 63.31%, conrming that cO2

− plays
a major role in MB degradation. A more pronounced suppres-
sion was observed with AgNO3, an e− scavenger, which reduced
the degradation efficiency to 52.85%. This suggests that
photogenerated electrons are critical for initiating the reduction
pathways leading to the formation of reactive oxygen species. In
contrast, the addition of EDTA had only a slight impact with
a degradation efficiency of 90.97%, indicating that holes
contribute marginally to this system. The mannitol scavenger
also caused a moderate reduction in efficiency to 75.06%,
implying a secondary role of cOH in the degradation
mechanism.

Fig. 9b further supports these ndings by tracking H2O2

generation in the presence of different scavengers. The highest
H2O2 concentration was observed with EDTA, suggesting that
the scavenging of holes favors electron accumulation and
promotes the two-electron reduction of O2 to H2O2. In contrast,
AgNO3 signicantly inhibited H2O2 formation, reaffirming the
essential role of electrons in the reduction process. Remarkably,
the presence of BQ almost completely suppressed H2O2 gener-
ation, underscoring the pivotal role of cO2

− as an intermediate
in the H2O2 production pathway. The inuence of mannitol was
moderate, further conrming that cOH radicals are not the
dominant species in this system. Collectively, these results
demonstrate that the photocatalytic mechanism of EuCN is
primarily governed by cO2

− and electrons, with cOH and h+

playing secondary or minimal roles.
The band gap energy for each sample was determined using

the Tauc plot formula, as illustrated in Fig. 9d. The calculation
of the band gap energy was based on eqn (3).

ahv ¼ A
�
hv� Eg

�n
2 (3)

where a, h, v, A, Eg, and n are the absorption coefficient, Planck
constant, light frequency, a constant, bandgap, and an
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Investigation of radical scavenging effects on (a) photodegradation of methylene blue and (b) photoproduction of hydrogen peroxide of
the 10EuCN composite; (c) UV-DRS spectra, (d) bandgap values, and (c–f) Mott–Schottky curves of the materials.
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exponent that depends on the nature of the electronic transi-
tion, respectively.

As illustrated in Fig. 9c and d, the optical band gap energies
of CN, Eu2O3, and EuCN composites were estimated using Tauc
plots. The band gap values of CN, Eu2O3, 5EuCN, 10EuCN, and
15EuCN were determined to be 2.85, 4.25, 2.83, 2.82, and
2.84 eV, respectively. Notably, the incorporation of Eu2O3 into
the CN matrix led to a narrowing of the band gap, with 10EuCN
exhibiting the lowest value (2.82 eV). This band gap reduction is
attributed to the electronic interaction between Eu2O3 and CN,
which introduces localized energy states and facilitates the
© 2026 The Author(s). Published by the Royal Society of Chemistry
formation of mid-gap levels. The resulting band structure
modication enhances visible light absorption and promotes
charge separation, both of which contribute to the improved
photocatalytic performance of the EuCN composites. As shown
in Fig. 9e and f, the Mott–Schottky curves of CN and Eu2O3 show
that they are n-type semiconductors. Pristine CN exhibits E =

−1.15 V whereas Eu2O3 shows a less negative value at −0.91 V,
indicating an upward shi in the conduction band edge upon
the addition of Eu2O3. The EuCN composites display interme-
diate E values that depend on the amount of Eu2O3 (Fig. S8a–
c), with 10EuCN showing a well-matched band alignment
RSC Sustainability
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Table 4 Summary calculation of band gap energy, EVB, and ECB of
Eu2O3 and CN

Materials ECB (eV) EVB (eV) Eg (eV)

Eu2O3 −0.77 3.48 4.25
CN −1.01 1.84 2.85
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between CN and Eu2O3. This variation in at band potential
reects changes in the surface electronic structure and the
extent of band bending, which provides further support for the
formation of a heterojunction at the interface between CN and
Eu2O3. The resulting heterojunction favors directional charge
separation and reduces the rate of charge carrier recombina-
tion. These consistent observations across the EuCN series
conrm that Eu2O3 not only introduces new electronic states as
evidenced by PL and EIS results but also inuences the overall
band structure of CN through interfacial electronic interaction.
From the UV-DRS and Mott–Schottky results, the band posi-
tions of Eu2O3 and CN were calculated as shown in Table 4.

The interfacial electronic structure and orbital interaction of
the materials calculated using DFT are presented in Fig. S9. The
CN monolayer was modeled by cleaving a single layer from its
bulk structure, adopting the tri-s-triazine topology as the most
stable conguration among carbon nitride polymorphs. The
optimized monolayer structure (Fig. S9a) consists of 14 atoms (6
C and 8 N), arranged periodically in the x and y directions, with
a vacuum spacing of 30 Å along the z-axis to avoid articial
interlayer interactions. Upon full relaxation using a 30 × 30 ×

30 Monkhorst–Pack k-point mesh and a mesh cutoff of 200 Ry,
the lattice constants of CN were calculated to be a= 7.117 Å, b=
7.042 Å, c = 6.040 Å, with interaxial angles a = 90.0001°, b =

89.9981°, and g = 120.8056°. The C–N bond lengths range from
1.23 to 1.326 Å, consistent with sp2-hybridized bonding in the
conjugated framework. The Eu2O3 nanocluster was constructed
by extracting two europium and three oxygen atoms from the
cubic Eu2O3 bulk phase (materials project ID: mp-1182469), and
positioned atop a (2 × 2) CN supercell with an interfacial
distance of 4 Å. Structural optimization was carried out using
a DZP basis set, a 3 × 3 × 1 k-point grid, and a mesh cutoff of
300 Ry. As shown in Fig. S9b and c, the resulting heterostructure
exhibits localized structural distortion near the EuCN interface.
In particular, the previously planar CNmonolayer is visibly bent
upward in the vicinity of the Eu and O atoms, indicating strong
interfacial interaction. This distortion is consistent with the
observed Eu–N and Eu–O bond lengths of 2.116–2.345 and 2.5
Å, respectively, and suggests that physical adsorption alone
cannot account for the bonding, but rather partial orbital
overlap and charge redistribution are responsible for the
perturbation. Total DOS (density of states) analysis further
reveals the electronic consequences of this structural coupling,
as shown in Fig. S9d. Upon Eu2O3 loading, the band structure is
notably modied, the bandgap becomes a pseudogap of
0.621 eV and Eu-derived 4f states dominate the region near the
Fermi level. The distortion-induced orbital interaction likely
contributes to the introduction of mid-gap states, effectively
narrowing the bandgap and altering the carrier dynamics.
RSC Sustainability
To examine the charge redistribution in the EuCN system,
charge density difference calculations were carried out for two
congurations: one with full relaxation of both CN (Fig. 10a)
and one in which the CN layer was xed while Eu2O3 was
allowed to relax (Fig. 10b). In these maps, the yellow regions
indicate where electrons accumulate, and the cyan regions show
where electrons are depleted. In both cases, electrons are clearly
transferred from Eu2O3 to CN. Electron depletion appears
around Eu and O atoms, while electron accumulation is mostly
seen near the C atoms in CN. The charge transfer tends to occur
more strongly between the O atoms in Eu2O3 and the C atoms in
CN rather than with N atoms. This suggests that the interaction
at the interface is not purely physical but involves orbital over-
lap, especially between O 2p and C 2p orbitals. In the relaxed
structure (Fig. 10a), the distortion at the interface further
emphasizes this behavior. Although the xed-CN structure
(Fig. 10b) limits the degree of deformation, the same electron
transfer trend is observed, which means that the direction of
charge migration is not an artifact of geometry, but intrinsic to
the system. Partial density of states (PDOS) shown in Fig. 10c
supports this observation. The Fermi level is dominated by Eu
4f states, and these appear in the middle of the bandgap of CN.
As a result, the bandgap becomes narrower and forms
a pseudogap around 0.621 eV. The presence of mid-gap states
related to Eu conrms that Eu not only perturbs the electronic
structure of CN but also introduces localized levels that may act
as temporary electron traps.

In addition, the work function analysis provides quantitative
evidence for the intrinsic electronic interaction at the Eu2O3–CN
interface. As shown in Fig. 10d, pristine CN exhibits a work
function of 4.29 eV, whereas the EuCN composite displays
a signicantly reduced value of 2.60 eV (Fig. 10e). The marked
decrease in work function aer Eu2O3 decoration indicates
spontaneous electron transfer from Eu2O3 to CN during inter-
facial contact, which is fully consistent with the charge density
difference results (Fig. 10a and b). This electron redistribution
leads to the formation of an interfacial dipole and modies the
electrostatic potential prole across the junction. The down-
ward shi of the vacuum level in EuCN relative to pristine CN
reects a realignment of surface potential caused by charge
accumulation on the CN side. Such a change conrms strong
electronic coupling between the two components and suggests
the establishment of a built-in internal electric eld at the
heterointerface. The signicant work function reduction,
therefore, not only demonstrates effective interfacial charge
transfer but also provides solid theoretical support for the
electronic structure reconstruction observed in the PDOS
results, including the Fermi level shi and bandgap narrowing
induced by Eu 4f states.

Based on the experimental results and analysis, the
proposed photocatalytic mechanism for the EuCN composites
is illustrated in Fig. 10f, which aligns with a S-scheme hetero-
junction conguration.49,50 When Eu2O3 and CN are brought
into contact, the difference in their work functions drives
interfacial electron redistribution until the Fermi levels reach
equilibrium. This charge migration induces band bending at
the interface and establishes a built-in internal electric eld
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Charge density maps of EuCN composites with (a) non-fixed and (b) fixed CN configuration; (c) PDOS for the constrained CN
configuration in the EuCN composites; work function of (d) CN and (e) EuCN composite; and (f) possible photocatalytic mechanism of EuCN
composites.
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directed from the lower work function component to the higher
work function component. The formation of this internal elec-
tric eld is a key prerequisite for the S-scheme charge-transfer
pathway. Under visible-light irradiation, both CN and Eu2O3

absorb photons, promoting the excitation of e− from the
valence band to the conduction band, thus generating e−–h+

pairs in both semiconductors. Driven by the band bending and
internal electric eld at the heterojunction interface, the
photogenerated electrons in the conduction band of Eu2O3

preferentially recombine with the holes in the valence band of
CN. This selective recombination pathway preserves the elec-
trons in the conduction band of CN and the holes in the valence
band of Eu2O3, both of which exhibit strong reduction and
oxidation potentials, respectively. The electrons accumulated in
the conduction band of CN possess sufficient reduction
potential for O2 activation, while the holes retained in the
valence band of Eu2O3 exhibit strong oxidation capability
toward organic pollutants. Moreover, the Eu3+/Eu2+ redox
couple further enhances charge separation and interfacial redox
cycling. The 4f electronic conguration of europium provides
localized energy states that function as transient electron traps.
Electrons photogenerated in CN can be temporarily captured by
Eu3+ and reduced to Eu2+, followed by electron transfer to di-
ssolved oxygen to generate cO2

− and create H2O2. Meanwhile,
the holes in Eu2O3 oxidize surface hydroxyl groups or water
molecules to produce cOH radicals, contributing to the degra-
dation of methylene blue into CO2 and H2O as well as sacricial
oxidation to provide more H+ for H2O2 photoproduction.

4. Conclusions

In this work, the EuCN composite photocatalysts were
successfully synthesized through a green and sustainable
method, utilizing Centella asiatica leaf extract as a bio-reducing
agent for the formation of europium oxide (Eu2O3), which was
subsequently combined with graphitic carbon nitride (CN). The
resulting composites exhibited remarkable photocatalytic
performance, achieving 93.82% degradation of methylene blue
under halogen lamp illumination and generating 233.73 mM of
hydrogen peroxide under UV-LED irradiation. Detailed struc-
tural, morphological, and electronic characterization results
conrmed the formation of a well-dened heterojunction
between Eu2O3 and CN. Optical and photoelectrochemical
characterization results, supported by radical-scavenging
experiments as well as density functional theory calculations
revealed that the enhanced photocatalytic performance arises
from a S-scheme charge-transfer pathway that facilitates effi-
cient charge separation while preserving robust redox poten-
tials. Importantly, the EuCN composites demonstrated reliable
performance over repeated cycles and strong operational
durability. Coupled with a low-cost, environmentally friendly
synthesis route and dual photocatalytic functions, these attri-
butes underscore the material's practical applicability for real-
world wastewater treatment and solar-driven oxidant genera-
tion. These ndings highlight the novelty of this study in inte-
grating green synthesis, structural engineering, and functional
stability toward sustainable photocatalysis.
RSC Sustainability
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