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Facile two-step synthesis of yttrium-doped g-CzN,4
for enhanced photocatalytic degradation of
methylene blue with self-cleaning properties
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In this study, porous graphitic carbon nitride (g-CsN,) with different yttrium (Y) doping ratios are synthesized
using a facile two-step pyrolysis method, yielding Y/g-CsN4-1, Y/g-C3Ny4-2, Y/g-C3N4-3, and Y/g-C3Ny4-4.
These synthesized materials are used for the photocatalytic degradation of methylene blue (MB). Among the
synthesized combinations, Y/g-CzN4-3 showed the highest photocatalytic activity (99%) under visible light.
It exhibited pseudo-first-order kinetic behavior (k = 0.0439 min™%, R? = 0.999, t;,» = 15.78 min) for MB
degradation, outperforming the other materials. In tap water, Y/g-CsN4-3 achieved a 90% degradation
efficiency for the target dye. The total organic carbon (TOC) removal reached 87%, further reinforcing its
effectiveness. Electrochemical impedance spectroscopy (EIS) was performed, where a smaller semicircle
for Y/g-CsN4-3 indicated lower charge transfer resistance and improved carrier mobility. To identify

reactive species, a radical scavenger experiment was performed, revealing holes (h*) as the primary
Received 18th June 2025 ti . hile "OH e d ‘0.~ plaved . le in MB d dati Th timized
Accepted 28th October 2025 reactive species, while , e, an >~ played a minor role in egradation. The optimize
photocatalyst was coated on the fabric surface using the drop-casting method to evaluate its self-

DOI-10.1039/d5na006009 cleaning properties. This work highlights the promising potential of rare earth metal doping as a versatile
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1 Introduction

Rapid industrial growth has directly contributed to water
pollution,’ a major global concern that has been a pressing
issue for the past decade.>* Many types of water contaminants,
including drugs, dyes, pesticides, and oils, are directly di-
scharged into water streams. Organic dyes are widely used in
cosmetics, textiles, food processing, plastics, and paper
manufacturing.*® Nearly 15% of global dye production is lost
during the dyeing process and released into water reservoirs.®’
These dyes, as persistent organic pollutants, pose a significant
threat to water quality.*® Methylene blue (MB) is one of the
widely used dyes in the textile industry, as well as in biological
and chemical fields, which significantly contributes to envi-
ronmental pollution.'** MB disrupts aquatic ecosystems by
reducing oxygen levels, accumulating in organisms, and
hindering photosynthesis. In humans, it causes neurotoxicity,
allergies, methemoglobinemia, and digestive issues."”” There-
fore, it is necessary to remove it using suitable methods.
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strategy for synthesizing high-performance g-CsN4-based photocatalysts.

Numerous techniques have been employed for MB removal,
including ozonation, adsorption, chlorination, coagulation,
membrane filtration, biological treatment, electrochemical
processes, and advanced oxidation processes (AOPs).”*** Pho-
tocatalysis as an AOP which can effectively degrade MB, offering
a fast, efficient, cost-effective, and eco-friendly solution.”
Conventionally, semiconductor materials are used as photo-
catalysts, which generate electron-hole pairs (e /h*) when
irradiated with light. These e /h" produce reactive oxygen
species (ROS) after interaction with water molecules ("OH, O," ™,
and H,0,), which degrade MB into H,0 and CO,. Many semi-
conductors, including CdS, SnO,, TiO,, ZnO, CeO,, WOX, Fe, 03,
ZnS, g-C3N,4, GO, and MXene, have been tested as photocatalysts
for MB degradation.**'**?

Among them, g-C;N, is a promising photocatalyst due to its
facile preparation, thermal stability, tailorable microstructure,
good stability, and a suitable bandgap (~2.7-3.0 eV) for light
absorption.'>*® However, g-C;N, exhibits a high electron-hole
pair recombination rate, low electrical conductivity, a small
specific surface area, and a low quantum efficiency.>*** Previ-
ously, various strategies, including metal/non-metal doping,
heterojunction formation, and surface modification of g-C;N,,
have been employed to enhance its photocatalytic efficiency.
Metal doping, including noble metals (Ag, Pd, and Au) and
transition metals (Zr, Ti, V, Y, and Zn) effectively eliminates this
limitation.>***” Metal doping in g-C3;N, also produces metal-
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semiconductor heterojunctions (Schottky barrier or ohmic
contact), which further facilitate e /h" separation and enhance
photocatalytic performance. However, the doping of transition
metals is often hindered by instability and recombination,
while the high cost of noble metals impedes their practical
scalability.

Currently, doping with rare earth metals has received
considerable attention in photocatalysis due to their f-orbital
electronic properties. Yttrium (Y) is a particularly suitable
element for doping since it acts as an efficient electron mediator
for increased superoxide radical formation and charge separa-
tion. Its stable oxidation state (Y*>*) decreases photo-corrosion,
which results in the long-term utilization of the photocatalyst.
Furthermore, Y-doping alters the surface chemistry, intro-
ducing Lewis acid sites that enhance adsorption and provide
a basis for utilizing photon conversion to extend the visible light
absorption range. It also offers a versatile enhancement strategy
that addresses the key limitations of g-C;N, better than many
transition and noble metal doping.>**

Here, a highly efficient Y/g-C;N, photocatalyst is synthesized
by a two-step pyrolysis method for the visible-light-driven pho-
tocatalytic degradation of MB. This approach provides
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enhanced control over structural and surface properties,
leading to improved porosity, increased surface area, and
superior photocatalytic efficiency. Different combinations of
photocatalysts are prepared by using different doping ratios.
The degradation pathway of MB is elucidated based on the
intermediate products identified through LC-MS analysis. The
most effective catalyst is then coated onto fabric to evaluate its
photocatalytic self-cleaning performance.

2 Experimental

2.1. Synthesis method

For this study, analytical-grade urea and yttrium nitrate hexa-
hydrate were used without any purification. Pristine and Y-
doped g-C;N, materials were prepared using a two-step pyrol-
ysis method (Scheme 1). 10 g of urea was dissolved in 20 mL of
deionized water under magnetic stirring and then poured into
a Petri dish for 1 day for water evaporation. The material was
dried overnight in an oven at 80 °C. Finally, the dry powder was
collected in a crucible and heated at 390 °C for 2 h, resulting in
the formation of dark yellow precipitates, which were then
cooled to room temperature. The product was again calcined at
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Scheme 1 Two-step pyrolysis method for the preparation of pure and Y/g-C3zN4.
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550 °C for 2.5 h in a muffle furnace at a ramp rate of 15 °C min .
After calcination, a light yellowish material was obtained, which
was marked as g-C;N,. The same method was used to prepare Y/
2-C3N,. X amount of Y-precursor was dissolved in 20 mL of
deionized water. After a few minutes, 10 g urea was added, and
the same procedure was repeated as described above. According
to different mmol ratio-x (0.1, 0.25, 0.5, 1.0) of the Y-precursor,
a different combination of Y/g-C;N, was synthesized (Y/g-C3N,-
1, Y/g-C3N4-2, Y/g-C3N,-3, and Y/g-C3N,-4).

2.2. Characterization of photocatalyst

Functional groups and crystal structures of synthesized mate-
rials were analyzed by Fourier transform infrared spectroscopy
(FT-IR Thermo Scientific Nicolet) and X-ray diffraction (XRD D8
Advance X-ray Diffractometer). The surface area, pore volume,
pore size, and thermal stability of materials were examined
using Brunauer-Emmett-Teller (Nova 1000 Analyzer), ther-
mogravimetric (TGA-PerkinElmer), and differential scanning
calorimetry (DSC) analyses. The changes in optical properties
were confirmed by UV-visible spectroscopy (Thermo Fisher
Scientific, Evolution-201) and photoluminescence (PL) analysis.
The morphology, structural features, and chemical composition
of prepared materials were characterized using energy-
dispersive X-ray spectroscopy (EDX), atomic force microscopy
(AFM; Agilent 5500), and scanning electron microscopy (SEM;
Thermo Fisher Apreo 2C LoVac). The particle size and surface
charge of the photocatalysts were measured using a Malvern
Nano Zetasizer. Zeta potential was determined using a Zeta Dip
Cell under standard measurement conditions. For each
measurement, the photocatalytic material (1 mg) was diluted in
5 mL MilliQ water (resistivity 18.2 MQ cm), sonicated for 10
minutes, and then filtered with a 0.2 um filter.

2.3. Photocatalytic tests

Photocatalytic activities of pure and Y/g-C3;N, were tested under
a 400 W xenon lamp (visible range: 400 nm to 800 nm) for MB.
30 mg of the material was mixed with 50 mL of MB aqueous
solution (MB concentration: 10 mg L™ "). Before starting the
experiment, the mixed solution was stirred in the dark for 20
minutes until the photocatalyst and MB solution achieved the
adsorption/desorption equilibrium. After that, the solution was
placed under visible light, and a small amount (2 mL) of the dye
was taken out for UV analysis every 5 minutes. The same exper-
iment was also repeated without using the photocatalyst to check
the stability of MB under visible light. The photocatalytic degra-
dation efficiency was measured by using eqn (1):

Degradation (%) = (Cy — C)/Coy x 100% (1)

where C, is the original absorbance and C, absorbance after 5
minutes.

2.4. LC-MS analysis of MB degradation products

The mass-to-charge ratio (m/z) of MB-degraded products was
analyzed using a liquid chromatography-tandem mass spec-
trometer (LC-MS) equipped with an autosampler (Thermo Fisher

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Dionex UltiMate 3000 HPLC coupled with a Bruker Daltonics
MaXis II ESI-QTOF-MS instrument, Bremen). A reverse-phase
ELIPSE C-18 column (2.0 mm x 100 mm, 1.8 mm) with
a guard column (2.0 mm x 4 mm, 1.8 mm) was used for the
analysis. An LC-MS system equipped with an electrospray ioni-
zation (ESI) source was used to identify intermediates under the
following conditions: capillary voltage 4500 (V), end plate offset
500 V, nebulizer gas 2.8 bar, drying gas flow (N;) 6 L min ™",
temperature 200 °C, scan speed 5 Hz (MS) and 12 Hz (MS/MS),
mass range 50-400m/z. The mobile phase was composed of
a 40:60 ratio of ethanol and water, eluted under isocratic
conditions, and filtered through a 0.2 pm filter. The flow rate was
1.0 mL min ', and the injection volume was 2.0 pL.

2.4.1. Identification of reactive oxygen species (ROS). To
identify the ROS, such as ‘OH, h*, '0,, and "O,~, quenching
analysis was performed using different types of scavengers.
Isopropyl alcohol (IPA, 10 mM), benzoquinone (BQ, 0.5 pM),
ethylenediamine tetraacetic acid (EDTA, 0.20 mol L"), and
sodium azide (0.5 pM) were used as trapping agents.*>*

3 Results and discussion

3.1. Two-step pyrolysis synthesis mechanism

Pure and Y/g-C3N, is synthesized by a two-step pyrolysis
method, and the possible formation mechanism is given in
Scheme 1. Initially, two molecules of urea undergo thermal
condensation, resulting in the elimination of NH;.** At 240 °C,
urea is converted into melamine via a nucleophilic addition
condensation reaction.*® These intermediate products are
then converted to melam by the polymerization of melamine at
390 °C, accompanied by the elimination of NH;.***” Melem is
then cooled to room temperature to ensure thermal stability
and then calcined again at 550 °C, resulting in the formation of
Y/g-C3N,.273%8

3.2. Structural characterization

FTIR spectra of pure and yttrium-doped g-C;N, are shown in
Fig. 1(a and b). g-C3N, exhibits a sharp absorption peak at
810 cm ™', corresponding to the condensed aromatic CN (tri-s-
triazine units). A strong absorption peak at 1200-1700 cm ™' is
attributed to the stretching vibration of aromatic heterocyclic
ring units (hexazine structure, C-N, C=N).**** Broad peaks
between 3000 and 3400 cm ™' are assigned to N-H (-NH,, or =
NH) group stretching modes and surface hydroxyl groups
(OH).** Similarly, Y/g-C;N, shows a similar peak pattern with
slight shifts, which may be due to the effect of transition metal
doping within the g-C;N, network. However, yttrium doping
does not affect the basic chemical structure of g-C;N,, and the
tri-s-triazine peak position is slightly shifted.** No distinct
yttrium-related peaks are observed during doping due to the low
Y-content in these samples.

Fig. 1(c and d) demonstrates the XRD patterns of g-C;N, and
Y/g-C3N,. Two peaks at 27.50° and 13.26° correspond to the tri-s-
triazine units of g-C;N,, commonly indexed as the (002) and
(100) planes of g-C3N,, respectively (JCPDS no. 87-1526).*> XRD
results of Y/g-C3N, showed no significant changes. However, as
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Fig. 1 FTIR (a and b) and XRD (c and d) spectra of pristine and Y/g-C3Na.

the doping amount increases, the peak width and intensity
decrease, and a slight shift in the peak position occurs. This
indicates that the crystal growth of g-C;N, is hindered by
doping.** This XRD pattern suggests that Y-doping does not
affect the basic structure of g-C;N,.

Fig. 2(a) displays the N, adsorption-desorption isotherms of
2-C3N, and Y/g-C3N,-3, which reveal type-IV isotherms with Hj-
type hysteresis loops characteristic of mesoporous materials.
Notably, Y/g-C;N,-3 exhibited a significantly higher nitrogen
uptake compared to g-C;Ny, reflecting a substantial increase in
specific surface area and pore volume. This is because yttrium
metal doping disrupts the orderly growth of g-C;N,, resulting in
reduced crystallinity and increased structural disorder,
producing a loosely packed porous structure with improved
surface exposure. The increased surface area suggests the
formation of more active sites on Y/g-C3N,-3, which enhances
photocatalytic efficiency by improving the adsorption, desorp-
tion, and diffusion of reactant molecules.*** Fig. 2(b) shows the
pore size distribution curves of g-C3N, and Y/g-C3N,-3, con-
firming the mesoporous nature of both materials, with pore

568 | Nanoscale Adv, 2026, 8, 565-579

diameters distributed below 20 nm. Y/g-C3;N,-3 shows a slightly
broader pore size distribution and wider mesoporous structure
compared to g-C;N,, which can enhance the diffusion of reac-
tants and be beneficial for catalysis applications. Table S1
provides a detailed description of the textural properties of g-
C;3N, and Y/g-C3N,-3.

TGA and DSC results of synthesized materials are shown in
Fig. 3(a—c). g-C3N, is thermally stable below 500 °C, presenting
only small changes due to its heterocyclic ring-conjugated
system. These heterocyclic rings are connected through C-N
bonds, forming a layered structure similar to that of graphite
with strong van der Waals forces between layers. With
increasing temperature, g-C;N, exhibits higher weight loss due
to the weakening intermolecular forces. At 615.83 °C, g-C3N,
shows more than 50% weight loss; at 685.71 °C, the weight loss
reaches 96-99% (nearly complete decomposition), and below
750 °C, it is completely decomposed. TGA graph of Y/g-C3;N,
materials is shown in Fig. 3(b and c). By increasing the amount
of Y-doping, the thermal stability also improved. DSC analysis is
also performed to examine the heat flow into or out of g-C3N,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Y/g-C3N,, as shown in Fig. 3(a—c). In pristine g-C3Ny,
a gradual heat absorption is observed at lower temperatures,
reflecting its internal thermal stability (Fig. 3(a)). At elevated
temperatures, a strong exothermic peak appears, corresponding
to the complete decomposition of the material. In contrast, Y/g-
C;N, materials display multiple transitions across different
temperature ranges as shown in Fig. 3(b and c). These obser-
vations suggest that the Y/g-C;N, materials exhibit enhanced
thermal stability compared to pristine g-C3Nj,.

3.3. Optical properties of materials

Optical property results of g-C3N, and Y/g-C3;N, are presented in
Fig. 4(a and b). Fig. 4(a) shows a noticeable red shift and
enhanced absorption in Y/g-C3N, in the visible region
compared to g-C3N,. This red shift becomes more prominent as
the concentration of Y-dopant increases. This enhancement is
attributed to the incorporation of Y** ions, which facilitates the
d-d transition between Y*" and the conduction band of g-C;N,.
This interaction leads to improved visible light absorption,
making Y/g-C;N4,-3 a suitable material for photocatalysis.
Fig. 4(b) shows the transmittance results of synthesized mate-
rials. Y/g-C3N,-3 exhibits the lowest transmittance in the visible
region compared to g-C;N,, further supporting the UV-visible
results. The band gap of these materials is also calculated and
results are shown in Fig. S1. g-C;N, has a band gap of 2.803 eV,
which agrees well with previous literature.***® The band gap of
Y/g-C3N,-3 decreased to 2.639 eV due to yttrium doping, which
enhances low-energy photon utilization through improved
interaction with the g-C3N, structure. This interaction causes
a negative correction to the conduction band energy and
a positive correction to the valence band energy. The narrowing
of the bandgap is advantageous for solar light absorption.****

PL results reflect the transition and recombination of
photoinduced charge carriers (Fig. 4(c) and (d)). The PL curve
exhibits broad luminescence peaks between 400 and 500 nm at
an excitation wavelength of 390 nm. The PL peak intensity of Y/
2-C;3N, is dramatically reduced compared to that of g-C;N, due
to the Y-N bond, which serves as a trap site for photogenerated
electrons, effectively hindering the recombination of photog-
enerated charge carriers. Y/g-C3N4,-3 has the lowest peak
intensity among all yttrium-doped materials, indicating
a slower recombination rate of photo-excited electron-hole (e™/
h") pairs.*>* The suppression effect on photogenerated carriers
is lower in Y/g-C3N,-1 and Y/g-C3N,;-2 due to lower Y-content
and the small number of Y-N trapping sites. Similarly, the
higher amount of Y functions as a recombination center,
promoting the recombination of e /h* pairs.” The CIE (1976)
chromaticity coordinates of pure and Y/g-C3N,-3, calculated
using CIE software, are presented in Fig. 4(e). All coordinates
fall within the near white light region.

3.4. Morphology and chemical composition study

The topological analysis of g-C3N, and Y/g-C;N, is carried out
using AFM (Fig. S2(a-e)). g-C3N, shows larger bulk layers,
whereas the Y/g-C;N, materials exhibited noticeable changes in
surface topology. In Y/g-C3N,-3, the increased roughness
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compared to other doped materials enhances the specific
surface area, improving photocatalytic degradation.*

SEM images of g-C3N, and Y/g-C;N, are shown in Fig. 5(a-j).
Pristine g-C;N, has a sheet-like (nano-layered) structure. The
main reasons reported behind the sheet-like structure of g-C3N,
is the use of the precursor urea, which provides a lamellar
structure due to the release of NH; and CO, gases (Fig. 5(a and
b)). After doping, the Y-metal alters the physical structure of g-
C;3N, by softening and loosening the nanolayer packing, con-
firming the Y doping as shown in Fig. 5(c—j). EDX analysis with
elemental mapping is also performed to determine the
elemental composition. The EDX analysis and elemental
mapping of g-C;N, and Y/g-C;N,-3 are presented in Fig. S3 and
S4 and Table S2. It is evident that Y-metal is absent in pristine g-
C;3N,, while the doped materials contain Y-metal, indicating
a successful doping.

3.5. Charge separation efficiency

Dynamic light scattering (DLS) is utilized to measure the charge
on photocatalyst materials, as shown in Fig. S5(a-d). Fig. S5(a)
shows a negative charge potential for g-C;N,, while Y/g-C3N,
materials contained positive charge. The negative charge
potential on g-C3N, (—18.4 mV) is consistent with previous
literature.>* > After doping with Y, the doped materials attained
a positive charge on their surface—the net zeta potential on Y/g-
C3N,.-1 (13 mV), Y/g-C;N42 (17.2 mV), Y/g-C;N,-3 (13.9 mV),
and Y/g-C3N,-4 (9.94 mV). This type of behavior has been
previously reported, in which g-C3;N, acquires a positive surface
charge after metal doping.”” Similarly, in Fig. S5(b) and (c), the
phase plots (phase = frequency x time) show the difference in
phase between the measured beat frequency and a reference
frequency as a function of time. The reference frequency is set at
320 Hz. The observed frequency shifts are as follows: g-C;N, at
300 Hz, Y/g-C;N,-1 at 323 Hz, Y/g-C3N,-2 at 338 Hz, Y/g-C3N,-3
at 334 Hz, and Y/g-C;N,-4 at 328 Hz. In terms of phase response,
g-C3N, exhibited mobility in the negative phase, while all Y/g-
C3N, samples showed mobility in the positive phase. Fig. S5(d)
shows the Zeta potential current versus voltage (for the applied
voltage and the current detected in the cell) for the materials. Y-
doped photocatalyst exhibited a more pronounced response in
applied voltage and current detection compared to the pristine
material (likely due to the more electropositive nature of the
yttrium metal). These results indicate a clear change in charge
separation within g-C;N,, which is further enhanced after Y-
metal doping, thereby improving its properties.

Additionally, the Zeta size of materials is also measured
(Fig. S6). The particle size of g-C;N, is significantly affected by
aggregation after surface modification with Y. Zeta size results
suggest that g-C;N,; has a smaller size which increases with
increasing doping amounts. The increase in size is attributed to
the Y doping, which involves coordination with water molecules
around the Y-metal, increasing the hydrodynamic diameter.
Fig. S7 shows the correlation of g-C;N, and Y/g-C3N, materials
to evaluate the particle sedimentation with time. All materials
sediment over time, and this process affects the size and density
of the photocatalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.6. Photocatalytic activity of the prepared catalysts

3.6.1. Methylene blue stability. Before starting the degra-
dation experiment, a blank test is conducted to verify the direct

© 2026 The Author(s). Published by the Royal Society of Chemistry

photolysis of MB under visible light irradiation. Fig. S8(a and b)
shows the UV-visible and Zeta potential (—9.16 mV) results of
MB after 2 h and 4 h of irradiation without using a catalyst. After
exposure to light, there is no change in the UV-visible and zeta

Nanoscale Adv., 2026, 8, 565-579 | 571


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00600g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 October 2025. Downloaded on 1/23/2026 2:54:39 PM.

(cc)

Nanoscale Advances

View Article Online

Paper

Fig. 5 SEM images of g-C3N4 (a and b), Y/g-C3N4-1 (c and d), Y/g-C3N4-2 (e and f), Y/g-C3N4-3 (g and h), and Y/g-C3Ny4-4 (i and j).

potential results, indicating stability of MB. The Zeta potential
values of g-C3Ny, Y/g-C3N,4-1, Y/g-C3N,-2, Y/g-C3N,-3, Y/g-C3N 44,
and MB are —18.4 mV, 13 mV, 17.2 mV, 13.9 mV, 9.94 mV, and
—9.16 mV, respectively (Fig. S9). These results show that the
surface charge of Y/g-C;N, materials is more positive than that
of pure g-C3N. This finding indicates that Y/g-C3N, has a supe-
rior surface adsorptive ability for MB dyes compared to g-C;N,.

3.6.2. Photocatalytic activity. Photodegradation efficiency
of g-C3N,, Y/g-C3N,-1, Y/g-C3N4-2, Y/g-C5N,-3, and Y/g-C3N -4 is
evaluated using standard MB dye (Aax = 664 nm) under visible
light irradiation. All these materials successfully degraded MB,
while Y/g-C3N,;-3 showed the highest degradation efficiency.
The photocatalytic activity of g-C;N is the lowest due to the fast

572 | Nanoscale Adv, 2026, 8, 565-579

recombination of e /h" pairs. The experimental calculation
results (C/Cy, Langmuir-Hinshelwood model, tap water experi-
ments, and TOC), as shown in Fig. 6(a-d).*>***° Fig. 6(a) illus-
trates the photocatalytic efficiency (C/C,) of MB for g-C;N, and
Y/g-C3N,. Under light irradiation (40 minutes), all samples
exhibited time-dependent enhancement in degradation
performance. Pristine g-C;N, removed only 68% of MB, whereas
Y-doping improved the photocatalytic efficiency. Among the
composites, Y/g-C3N,-3 demonstrated the highest degradation
performance (99%). However, a slight drop in efficiency is
observed in Y/g-C3N,-4, suggesting that excessive doping may
hinder performance by increasing charge recombination. The
kinetic model is also applied, and Fig. 6(b) shows the pseudo-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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first-order kinetics for MB degradation. The rate constant (k)
increased with Y-doping (indicating faster degradation of MB).
Pristine g-C3N, showed the lowest rate constant (k =
0.0322 min~'), while Y/g-C;N4-3 exhibited the highest rate
constant (k = 0.0439 min '), confirming that Y/g-C;N,-3 is the
most suitable photocatalyst (Table S3). This trend highlights the
role of Y doping in enhancing charge separation and visible
light utilization for effective photocatalytic degradation. Other
factors included a narrow band gap and hierarchical porosity,
allowing more efficient light harvesting. Fig. 6(c) illustrates the
degradation of MB in tap water using g-C;N, and Y/g-C3N,. All
Y-doped samples showed better degradation, as compared to g-
C;N,4. Among them, Y/g-C3N,-3 maintained the highest degra-
dation efficiency, proving its strong stability and effectiveness
under real water conditions. All catalysts showed reduced
degradation in tap water compared to distilled water. This
decrease is primarily due to the presence of ions, organic
matter, and other impurities. In tap water, interefering species
can bind to active sites of the catalyst, scatter light, or quench
reactive species, reducing the overall photocatalytic perfor-
mance. Fig. 6(d) illustrates the total organic carbon (TOC)
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removal efficiency of g-C3N, and Y/g-C3;N, photocatalysts,
reflecting the mineralization of MB. Pristine g-C;N, showed the
lowest TOC removal, while Y/g-C;N, displayed more minerali-
zation, especially Y/g-C3N,-3, confirming their superior ability
to mineralize the MB. These results demonstrate that yttrium
doping not only accelerates dye decolorization but also
enhances full mineralization, making the catalysts more effec-
tive for environmental applications.

3.6.3. LC-MS analysis. The proposed degradation mecha-
nism of MB is examined based on the m/z values obtained from
LC-MS analysis. LC-MS results of pure and degraded MB are
shown in Fig. 7(a—c). An m/z value of 284 confirmed that MB is
pure, as shown in Fig. 7(a). When MB is dissolved in water, the S-
Cl moiety cleaves from MB due to the water's hydration energy,
which indicates the lowest bond dissociation energy.® Therefore,
the m/z value of 284 is obtained instead of 319.85. Furthermore,
Fig. 7(b) and (c) show the degraded products of MB at different
time intervals using the Y/g-C;N,-3 catalyst. Several peaks are
observed with different m/z values (m/z 272, 226, 221, 202, 164,
111, 97, etc.). These peaks are attributed to the degradation of
MB, with some unpredictable peaks occurring at higher mass
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Fig. 6 Photocatalytic degradation efficiency (C/Co) (a). pseudo-first-order kinetics (b), degradation in tap water (c), and TOC removal of MB (d)

using g-CsN4 and Y/g-C3Ng.
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than the original mass. The small, low-intensity peaks indicate
the presence of low-molecular-weight fragments, suggesting that
MB is completely degraded over time.

3.7. Mechanism of the degradation pathway of MB

The photocatalytic degradation of MB starts with the removal of
methyl (CH3) groups (path A) by demethylation, converting MB
(m/z = 319) into a smaller fragment (m/z = 294). An alternative
degradation route (path B) involves demethylation (CH;) to m/z
= 284 (removing chloride ions), followed by cleavage of the
thiazine ring (path B-1). This breakdown produces a series of
intermediates with m/z values of 288, 202, 164, and 97. In
a parallel route (path B-2), structural changes yield aromatic
amine-based by-products with m/z values of 221, 226. Another
product is also de-aminated from (B-1A) molecules. The
continued fragmentation leads to the formation of simple end
products, such as water and CO,, confirming that MB
undergoes complete mineralization through demethylation,
ring scission, and molecular breakdown steps (Fig. 8).

3.8. Photocatalytic self-cleaning capability of Y/g-C;N,-3
modified cotton fabric

The self-cleaning efficiency of Y/g-C;N,-3 photocatalyst is further
tested by coating it on cotton fabric. Y/g-C;N,-3 coated cotton

View Article Online

Paper

fabric is tested against the MB stain. Fig. 9(a—f) shows the pho-
tocatalytic anti-stain capability of the modified cotton fabric
sample in comparison with the pristine cotton fabric. Fig. 9(a and
b) shows that due to the hydrophilic nature of pristine cotton, it
becomes stained with the MB solution. When this piece of
stained cotton fabric is placed under a visible light photoreactor
for 1 h, MB did not disappear from the pristine cotton fabric,
indicating that pristine cotton does not exhibit self cleaning
ability (Fig. 9(c)). Fig. 9(d) shows the cotton fabric after modifi-
cation with Y/g-C3N,4-3, which becomes hydrophobic due to the
inherent hydrophobic nature of Y/g-C;N,-3, preventing MB drops
from penetrating inside the cotton surface (Fig. 9(e)). The MB-
stained modified cotton fabric sample is also exposed to visible
light for 1 h. Due to the photocatalytic properties of Y/g-C3N,-3,
the MB stain is removed from the surface of the modified cotton
fabric (Fig. 9(f). This shows that the designed material can be
used as a potential self-cleaning coating agent.

3.9. Charge separation and photocatalytic mechanism

Electrochemical impedance spectroscopy (EIS) is employed to
investigate the charge transfer resistance. Fig. S10 shows the
Nyquist plots obtained from EIS of both g-C;N, and Y/g-C;N,-3.
The smaller semicircular arc for Y/g-C;N,-3 suggests a lower
charge-transfer resistance, reflecting improved electrical
conductivity and more efficient charge carrier movement at the
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Fig. 7 LC-MS chromatogram of pure MB (a), and degraded products after 24 and 32 minutes using Y/g-CzN4-3 (b and c).
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interface. Lower resistance implies that electrons can migrate
more freely, reducing recombination and improving photo-
catalytic activity. The inset shows a PL graph, where g-C;N,
displays strong emission intensity (indicating a higher recom-
bination rate of photogenerated carriers). At the same time, Y/g-
C3N,4-3 exhibits weaker PL intensity (implying that the incor-
poration of yttrium effectively reduces carrier recombination).
Similarly, Fig. 10(a) presents a schematic diagram of the band
structure of g-C3N,, while Fig. 10(b) shows that g-C3N,4-3 and Y/
2-C3N,-3 have a band gap of 2.803 eV and 2.639 eV, respectively.
The reduced band gap facilitates more efficient absorption of
visible light. This figure also shows that in the presence of Y
enhanced charge separation and inhibited recombination,
allowing effective electrons migration for superior photo-
catalytic performance under visible light.** The combined
evidence from EIS, PL analysis, and band structure diagrams
confirms that Y-doping significantly improves photocatalytic

© 2026 The Author(s). Published by the Royal Society of Chemistry

efficiency by enhancing charge separation and reducing resis-
tive losses.

3.10. Trapping agents

Fig. 11(a) shows the effect of different trapping agents on MB
photodegradation using Y/g-C;N,4-3 under visible light. These
data show that IPA, BQ, and sodium azide show little impact,
indicating that ‘OH, 'O,~, and 'O, play minor roles. On the
other hand, the degradation rate is suppressed with the addi-
tion of EDTA, implying that holes (h*) are the main ROS
responsible for the degradation of MB.

3.11. Stability and reusability evaluation

The evaluation of photocatalyst stability and reusability is an
important factor for real-world applications. MB degradation
efficiency (C/C,) is repeatedly tested using Y/g-C3N,-3 under
same conditions (Fig. 11(b)). The stability and reusability

Nanoscale Adv., 2026, 8, 565-579 | 575
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Fig.9 Photocatalytic self-cleaning characteristics of pristine and modified cotton fabric with Y/g-C3sN4-3. Pristine cotton fabric (a
MB (b) after 1 h irradiation (c), modified cotton fabric (d), modified cotton stained with MB (e), after 1 h irradiation (f).

hv
(visible light ) a)
ceoeeeee
»
hv

(visible light Eg=2.803 eV

h*h* h*h*h*h},

g-G3N,

hv

(visible light

G egseedae

Eg=2.639 eV

h*h* h*h*h* h},

Y/g-C;N,-3

hv

(visible light )

oxidative
species

MB
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Table 1 Comparison of the previously reported photodegradation efficiency with the current study

Irradiation %

No. Photocatalyst Source of light Synthesis method Organic pollutant time (min) degradation Ref.
1 Ag-doped g-C3N,  Xe lamp Single-step pyrolysis MB 120 96 61
2 Zr/g-C3Ny Xe lamp Single-step pyrolysis RhB 110 100 62
3 Co-doped g-C;N,  Visible light Single-step pyrolysis Eosin B 130 96 46
5 Ti-doped g-C3N, Xenon lamp Single-step pyrolysis RhB 50 100 63
6 MnGZ Solar light Co-precipitation method MB 60 100 64
7 Mn-doped g-C;N, 300 W Xe arc lamp Calcination-refluxing RhB 60 88.9 65
8 B-doped g-C3N, 500 W compact Calcination MB 324 89% 66
nanosheets fluorescent lamp

9 Y,05/ZnO 300 W ultra-vitalux lamp  Calcination Sulfamethazine 180 99% 67
10  Y-doped g-C3N, 400 W xenon lamp 2-step pyrolysis method ~ MB 40 99% Present work

evaluation is conducted three times, showing no change in
photocatalytic activity (before and after use). These experiments
suggest that there are no structural changes in the photo-
catalytic material. For comparison, the degradation efficiency of
various doped g-C;N, materials is presented in Table 1. The
current yttrium-doped sample exhibits a higher degradation
rate in the shortest time.

4 Conclusion

Highly efficient Y/g-C;N, is prepared by a two-step pyrolysis
method for MB degradation. Y-metal changed the morphology
of g-C3N, by softening and loosening the nanolayer packing. Y-
doping (Y/g-C3N,-1, Y/g-C3N,-2, Y/g-C3N,-3, and Y/g-C3N,-4)
enhanced visible light photocatalytic activity as compared to g-
C;N,. Among these materials, Y/g-C3N,4-3 showed the highest
degradation (99%) for MB and followed pseudo-first-order
kinetics (k = 0.0439 min ™', R* = 0.999, t;, = 15.78 min). The
photocatalytic activity of Y/g-C3;N,4-3 is enhanced due to Y-metal
doping. The most efficient photocatalytic material (Y/g-C3N,4-3)
is tested in tap water which shows a strong photocatalytic
activity of 90%. TOC analysis is also performed, confirming that
Y/g-C3N,-3 exhibited the highest mineralization efficiency
(87%). The Y/g-C3N,-3 modified cotton fabric exhibited excel-
lent self-cleaning properties. It successfully removed the MB
stain within 1 h. These results demonstrates the potential of Y/
2-C3N4-3 not only as an efficient photocatalyst but also as
a promising candidate for practical self-cleaning applications.
The experimental result also show that the main reactive
species involved in photocatalysis are holes (h") and 'OH, while
'0, and "O,~ play a minor role. The intermediate products of
MB are analyzed using LC-MS, and a possible degradation
pathway of MB is proposed. This work will enable researchers to
investigate rare earth metals as dopants in developing efficient
photocatalysts for environmental applications.
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