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Visible-light-responsive Fe,Oz—TiO,—carbon dot
nanocomposite coatings for enhanced biofouling
mitigation in aquaculture cage nets

R. Gopika®® and P. Muhamed Ashraf (2 *@

A photocatalytic antifouling coating was designed for aquaculture cage nets, as biofouling is a persistent
challenge in aquaculture that substantially reduces operational efficiency and compromises the
economic performance of the systems. A nanostructured composite was developed using nano-titanium
dioxide (TiO,), iron(m) oxide (Fe,Os), and carbon dots (CDs). The antifouling efficacy of the composite
was evaluated by applying it onto a (3-glycidyloxypropyltrimethoxysilane (silane)-pretreated
polyethylene substrate, followed by immersion in natural estuarine waters. This ternary photocatalytic
composite, formed by the interaction between the C=C bond of CDs and inorganic oxides, exhibited
a reduced band gap from 4 eV to 1.7 eV by suppressing electron—hole recombination. The uniform
distribution in the composite was evidenced by XRD, the characteristic peaks of TiO, and Fe,Os3
suggested nanoscale crystallinity, and the 26 = 21° peak suggested the presence of low-crystalline CDs
in the matrix, which was confirmed by transmission electron microscopy. The nanocomposite uniformly
coated over silane-pretreated polyethylene exhibited strong interfacial bonding between CD aromatic
moieties and glycidyloxy C-O-C groups. Nets coated with a 0.05% FeTiCD nanocomposite exhibited
excellent biofouling resistance in a six-month field trial. Fe(i) doping introduced mid-gap states, enabling
efficient electron transfer to CDs and sustained reactive oxygen species (ROS) production, thereby

disrupting the attachment of biofouling organisms. This hanocomposite offers a scalable, low-impact

rsc.li/rsc-advances

1 Introduction

Photocatalysts are materials that enhance the rate of a chemical
reaction upon exposure to light by initiating active oxidation
and reduction reactions.® These materials produce reactive
oxygen species (ROS), which act as potent oxidizing agents
capable of degrading toxic organic compounds and disinfecting
bacteria.” Titanium dioxide (TiO,) is a widely recognized semi-
conductor and a potential photocatalyst owing to its unique
properties, such as photostability, low cost and nontoxic
nature.®* The anatase phase of bulk TiO, has a band gap of
3.2 eV, restricting its response to UV radiation and thus limiting
sunlight absorption (5-7%).>* Additionally, it exhibits rapid
electron-hole (e /h*) recombination, a low quantum yield and
reduced adsorption efficiency, resulting in poor photocatalytic
efficiency.’

The photocatalytic efficiency of TiO, can be enhanced by
integrating it with transition metals and carbon nanomaterials
such as carbon nanotubes (CNTs), fullerenes and graphene,®®
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antifouling solution that supports more sustainable aquaculture operations.

which delay e”/h" recombination. Transition metals induce
Schottky and plasmonic effects, while carbon nanomaterials
offer a high specific surface area and electrical mobility.***
Carbon nanomaterials can also form additional energy levels,
reduce the band gap and increase sensitivity to visible light.®
Carbon dots (CDs) are synthesized from natural raw materials,
are resistant to photobleaching, and possess low toxicity, high
chemical and photostability, excellent biocompatibility, and
cost-effectiveness.”>™” Thus, CDs can be integrated into TiO, to
enhance the photocatalytic activity of TiO,. Fe*" oxide, pos-
sessing a 3d° configuration, initiates photocatalysis by releasing
and facilitating the migration of trapped carriers. It also
narrows the band gap, creating intermediate energy levels, and
delays e /h* recombination. The doping of Fe** into TiO,
extends its photocatalytic activity from the UV to visible
region.'®'® Not many studies have reported the integration of
CDs, iron oxide and TiO, to produce photocatalytic materials
with reduced band gaps and delayed e /h" recombination.
The accumulation of undesirable micro- and macro-
organisms on submerged structures, such as ship hulls and
offshore platforms, is referred to as biofouling. In aquaculture,
the biofouling of cage nets is a significant and widely recog-
nized issue, impacting farm productivity, fish health, and
maintenance costs. According to the FAO (2024), the global

© 2026 The Author(s). Published by the Royal Society of Chemistry
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aquaculture production reached 130.9 million tonnes in 2022,
of which 94.4 million tonnes comprised aquatic animals. To
meet the growing demand for aquatic food, the FAO emphasizes
the need for sustainable intensification and expansion of
aquaculture. Implementing effective antifouling strategies by
employing nanomaterial-based advanced coatings is crucial for
maintaining optimal aquaculture operations while minimizing
environmental impact. To combat biofouling, the surface
modification of submerged surfaces with antimicrobial agents
is among the most effective methods. Nano-sized biocides
employed for the antifouling of aquaculture cage nets include
cuprous oxide,*® ZnO,* ZnO-SiO composites,”* nanocarbon-
inorganic biocide composites, nitrogen-doped CDs,* and pho-
tocatalytic nano-TiO,-based composites,*** all of which have
shown significantly enhanced antifouling properties.

The nonpolar surface of polyethylene does not adsorb
biocides effectively without prior surface modification.”
Organosilicon-based sol-gel materials like silane are widely
used for surface modification of textiles due to their hydro-
phobicity, chemical stability, self-cleaning ability, nontoxicity,
enhanced surface durability, and resistance to ice
formation.**** These properties make them potential materials
for surface modification of nonpolar surfaces like PE. Ashraf
et al. reported the utilization of organosilicon molecules to
modify the polyalkene surfaces.” In recent years, photocatalytic
activity and its application are attracting attention for the
development of biocidal molecules. TiO, codoped with Ag,
carbon and sulfur; ZnO with concrete; graphitic carbon nitrite;
Cd sulfide with reduced graphene oxide; Zr¢Tis-based metal-
organic frameworks; and ZnO reduced graphene oxide coatings
have been widely utilized as biocides across various sectors
including healthcare, construction, and water treatment
plants.>” Very few studies have been attempted to develop
antifouling strategies for aquaculture cage nets using photo-
catalytic materials as biocides. Synthesis of a Fe,O;-TiO,-CD
(FeTiCD) nano composite with improved biocidal properties,
expected to produce more reactive oxygen species (ROS) for
inhibiting microorganism growth, and its application as an
effective antifouling biocide in aquatic environment. The pho-
tocatalytic efficiency of TiO, doped with Fe,O; degrade organic
biofouling agents, antimicrobial and light harvesting activity of
CD prevent microbial colonization even in natural condition.
Ashraf et al. (2024) reported the CuO-TiO,-CD composite,
which has a similar synthetic route as the FeTiCD composite.>
Copper oxide nanoparticles are toxic in nature, and they can
cause oxidative stress, inflammation, cytotoxicity, genotoxicity
and immunotoxicity in living systems.*® Therefore, Fe,O; is
selected instead of CuO for the synthesis of the FeTiCD ternary
system owing to its lower toxicity, economic viability, and eco-
friendly nature. Excellent photocatalytic activity and a reduced
band gap are obtained when Fe,Oj; is doped into TiO,.*>* Fe,0;
is considered an ideal dopant for TiO, owing to its magnetic
properties and low band gap energy, and Fe,O;-TiO, shows
excellent persistent organic pollutant removal and better pho-
tocatalyst recovery.** The band gaps reported for the CuO-TiO,
nanocatalyst and carbon-doped TiO,/CuO photocatalyst are 2.8
and 2.2-2.5 eV, respectively.*>** The band gap energy of the
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photocatalyst proposed here is much better than that of the
CuO-doped TiO, photocatalyst. Most of the existing photo-
catalytic systems of Fe and Ti are used for the removal of
pollutants in water treatment plants, organic dye degradation,
and so forth, but here, we use them as an antifouling coating for
aquaculture cage nets to prevent biofouling. In contrast to
biocide coatings like CuO, the presented coating is a sustain-
able and nontoxic approach. Hence, this synergistic coating can
enhance the antifouling property under sunlight through the
continuous supply of reactive oxygen species (ROS).

Herein, we propose the facile synthesis of a FeTiCD nano-
composite through hydrothermal carbonization using in-house-
synthesized fish skin-derived carbon dots.** Capitalizing on the
efficient light-harvesting capabilities of CDs, the resulting
FeTiCD composite coated on a silane base shows significant
promise as an antifouling agent for polyethylene aquaculture
cage nets. This innovative approach aims to enhance the effi-
cacy of antifouling strategies, addressing the critical issue of
biofouling in aquaculture systems.

2 Materials and methods

2.1. Materials used

Nano-iron oxide (Fe,O3) (5 wt% solution), a titanium dioxide
(anatase) photocatalyst nanopowder having a size of approxi-
mately 7 nm, dimethyl sulfoxide and (3-glycidyloxypropyl)tri-
methoxysilane (silane), respectively, were procured from Plasma
Chem GmbH, Berlin, SRL Chemicals, India, Qualigens, India,
and Sigma-Aldrich. High-density polyethylene (HDPE) was ob-
tained from the Government's Matsyafed Net Factory, Kochi,
India. MilliQ type 1 water was used throughout the analysis. The
polyethylene cage nets were pretreated using organosilane as
per the method described by Ashraf et al.>®

2.2. Synthesis and characterization of the photocatalytic
Fe,0;-TiO,-CD nanocomposite

Initially, the nano-Fe,O; and TiO, composite (FeTi) was
synthesized through a hydrothermal method.

0.20 g of nano-Fe,03, 0.10 g of TiO, (2:1), 1 mL of dimethyl
sulfoxide (DMSO) and 20 mL of water were taken in a 100 mL
Teflon vessel. DMSO acted as a stabilizing agent, preventing
nanoparticle aggregation and maintaining dispersion
stability.** The mixture was then subjected to hydrothermal
synthesis with a temperature program of 1 hour to reach 180 °C,
followed by 2 hours at 180 °C. After allowing it to cool naturally,
the formed FeTi composite was centrifuged and washed thor-
oughly with MilliQ type 1 water at least three times. The residue
was separated and dried. To incorporate CDs into this synthe-
sized FeTi composite, the composite and CDs were mixed in
a 2:1 (w/w) weight ratio, and the total volume was made up to
25 mL with water. This mixture was stirred using a magnetic
stirrer at 55 °C for 30 minutes. The solution was then centri-
fuged and washed thoroughly, and the residue Fe,0;-TiO,-CD
(FeTiCD) was separated and dried. The preliminary character-
ization and photocatalytic efficiency studies of the FeTiCD
nanocomposite were conducted using a Shimadzu 2450 double-
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beam UV-visible spectrophotometer equipped with an inte-
grating sphere accessory. Also, the band gap energy (E,) of TiO,,
FeTi, and FeTiCD was obtained using UV-visible absorbance
data using the Tauc relation*® (see SI, Fig. S1). A Shimadzu
RF6000 spectrofluorometer was used for fluorescence spectral
analysis at the excitation wavelengths of 230 nm and 260 nm.

2.3. Treatment of PE nets with the photocatalytic Fe,O;-
TiO,-CD nanocomposite

Acid-washed high-density polyethylene (HDPE) aquaculture
cage nets were dipped in a 0.02 M silane solution for 3 hours
and dried at 60 °C for 3 hours in a hot-air oven.” Surface-
modified PE netting samples (15 x 8 meshes) were immersed
in various concentrations of the FeTiCD composite for 24 hours,
and on the next day, they were retrieved and dried in air. This
dried net sample was weighed and numbered using an
aluminum token on each panel. The FeTiCD composite treat-
ment concentrations were as follows: untreated PE (P0), silane-
modified PE (P1), silane + 0.01% FeTiCD-coated PE (P2), silane +
0.02% FeTiCD-coated PE (P3), silane + 0.05% FeTiCD-coated PE
(P4), and silane + 0.1% FeTiCD-coated PE (P5). Four replicates
of six treatments were included in a random fashion on a PVC
frame, as shown in Fig. 1, to ensure uniform exposure for each
treatment. The PVC frames were submerged at a depth of 1 m
from the surface during low tide at test sites at the institute in
the Cochin estuary for a period of 6 months. The FTIR spectra of
the composite and composite-coated net samples were obtained
using a PerkinElmer Spectrum 100 spectrophotometer attached
with a horizontal attenuated total reflectance (HATR) accessory.
The X-ray diffraction pattern of the FeTiCD composite was
analysed using a Bruker D8 advanced diffractometer with Cu Ko
radiation operating at 40 kV and 35 mA. Scanning electron
microscopy (SEM) images of the net panels were captured using
a JEOL 6390LA at a working distance of 5 pm using an accel-
erating voltage of 20 kV, with magnifications ranging from 300 x
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Fig. 1 Schematic of the PVC frame displaying four replicates of each
treatment arranged in a random pattern.
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to 100 00 x. Contact angle measurements were performed using
a Rame-Hart 290-U1 contact angle goniometer.

Each frame was retrieved at the end of one month (December
2023 to January 2024), two months (December 2023 to February
2024), four months (December 2023 to April 2024) and six
months (February 2024 to August 2024). The retrieved samples
were washed with running water to remove adhered debris,
sediments and plastic waste. Cleaned samples were dried in air
after removing the token. Microscopic images of the dried net
samples were taken at 25x magnification using a Leica MZ16A
stereomicroscope.

3 Result and discussion

3.1. Synthesis of the FeTiCD composite

The nano-Fe,O;3:TiO, composite (FeTi) was synthesized
hydrothermally, and the optimum ratio of its components was
2:1 (w/w basis). The FeTi—-carbon dot composite (FeTiCD) was
synthesized by dispersing FeTi in a nano-CD solution and
heating at 55 °C for 30 minutes in a hot-air oven. The optimum
ratio of FeTi:CD was 2:1. The composite was subjected to
morphological and physicochemical characterizations and field
evaluations after coating onto silane-pretreated aquaculture
cage nets.

3.1.1. Spectrophotometric evaluation of the composite.
UV-visible spectroscopy was performed to evaluate electronic
interactions within the synthesized composite by comparing
the individual spectra of each component. The individual
spectra of nano-TiO,, nano-Fe,03, Fe,05-TiO, (FeTi) and the
synthesized Fe,0;-TiO,-CD (FeTiCD) composite are shown in
Fig. 2. CDs derived from fish skin exhibited absorption maxima
at 230 and 262 nm, attributed to the w-7* transitions from the
conjugated C=C carbon core and the n-w* transition from
functional groups like C=0, OH, and C-N, respectively.** The
nano-TiO, displayed characteristic absorption peaks at 278 and
323 nm, both within the UV region. Nano-Fe,O; exhibited
distinct absorption maxima at 206, 283, 370, and 501 nm. The
Fe-Ti demonstrated absorption maxima at 287, 325, 450, 481
and 547 nm. The FeTiCD exhibited absorption at 217, 278, 320,
437 and 518 nm. FeTiCD exhibited prominent broader peaks in
the 280-330 nm region compared with FeTi. The peak intensity
ratio of 280/330 nm increased from 0.97 for FeTi to 1.01 for
FeTiCD. Similarly, in the visible range, the absorption peak of
FeTiCD at 437 nm became sharper and better defined compared
to FeTi. The disappearance of the absorption at 481 nm for
FeTiCD and a blue shift in the absorption from 547 nm (FeTi) to
518 nm (FeTiCD) with a lower intensity were observed. The
successful integration of CDs into FeTi was evidenced in FeT-
iCD by the presence of peaks at 217 and 278 nm. The broader
absorption at 278 nm had a higher intensity ratio (217/278 nm),
which was contributed by TiO, and the functional groups
responsible for the n-7* transition. The extended absorption
into the visible range suggests that the composite can effectively
utilize sunlight, overcoming the inherent UV-region limitation
of pristine TiO,.*"**

The band gap was calculated based on Tauc's equation. For
bulk anatase TiO,, the band gap is typically around 3.2 eV.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 UV-visible spectra of (a) nano-iron oxide, nano-TiO,, FeTiCD and FeTi (nano-iron oxide (green line) is shown in the secondary axis) and (b)

FeTiCD and FeTi in the visible range (400-600 nm).

Quantum confinement effects can cause the band gap of TiO, to
increase, if it is in nanoscale range. The observed increase in the
band gap can be attributed to the reduction in the crystallite
size compared to the bulk material. As the crystallite size
decreases, electrons become spatially confined within a smaller
region, leading to an expansion of the energy separation
between the valence band (VB) and conduction band (CB).
Consequently, a higher energy input is required for electrons to
transition from the VB to CB. This phenomenon is well
explained by the quantum confinement effect (QCE), which
states that the band gap energy increases with decreasing
crystallite size, and vice versa.***® In bulk semiconductors,
electrons and holes occupy continuous allowed and forbidden
energy bands. When the material dimensions approach the
nanoscale, quantum confinement results in discrete, size-
dependent energy levels rather than continuous bands.

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

Therefore, the VB and CB edges shift relative to those of the bulk
counterpart, thereby widening the band gap energy.** Results
showed that the incorporation of Fe** and CDs into TiO,
introduced an intermediate energy level below the conduction
band, narrowing the band gap from 4 eV (TiO,) to 2 eV in FeTi
and further to 1.7 eV in FeTiCD. This modification enabled the
visible light absorption of the composite (detailed description is
given in SI, Fig. S1(a-c)). CDs exhibited fluorescence with the
highest emission maxima at 445 nm at an excitation wavelength
of 220 nm.*® The fluorescence of CDs was quenched in the
FeTiCD composite upon the incorporation of CDs into FeTi (S,
Fig. S2). The introduction of CDs into the metal oxide matrix
altered the bandgap, inducing charge separation and delayed
e /h" recombination, leading to fluorescence quenching.> The
results clearly establish that CDs interact with metal oxides
through conjugated C=C bonds and other functional groups to

RSC Adv, 2026, 16, 6394-6407 | 6397
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form FeTiCD. The composite is expected to exhibit increased
photocatalytic properties and delayed e /h* recombination.
Narrowing the band gap of TiO, is expected to decrease the
reducing and oxidizing power, respectively, due to the less
negative valence band maximum and less positive conduction
band maximum.**** The introduction of iron oxide and carbon
dots in the FeTiCD composite reduced the bandgap and
significantly increased the visible light absorption, leading to
enhanced population of e /h* pairs and hence increased pho-
tocatalytic reactions. Carbon dot improved the photocatalytic

Photocatalytic efficiency in UV range
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activity of iron oxide, while formation of the FeTiCD composite
through coupling with TiO, decreased the bandgap of TiO, in
the composite.***>¢

3.1.2. Evaluation of the photocatalytic efficacy. The pho-
todegradation of methylene blue (MB) using FeTiCD was
studied in MilliQ water, 3.5% NacCl, and seawater for 5 hours
under sunlight. The water with methylene blue, methylene blue
+ FeTiCD and photodegraded methylene blue after 5 h exposure
to light is shown in Fig. 3(a-c). FeTiCD exhibited an orange
colour in water and seawater, whereas in 3.5% Nacl, it exhibited

Photocatalytic efficiency in Visible range
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(a—c) Photodegradation of methylene blue dye. (a) Methylene blue in different aqueous environments, namely, distilled water (T1), 3.5%
NaCl (T2), and seawater (T3), without the composite before exposure to sunlight. (b) Methylene blue dye + FeTiCD in distilled water (T1), 3.5%

(
NaCl (T2), and seawater (T3) before exposure to sunlight. (c) Methylene blue dye + FeTiCD after exposure to sunlight for 5 hours. (d) Photo-
catalytic efficiency of FeTiCD in the UV range. (e) Photocatalytic efficiency of FeTiCD in the visible range.
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a greenish-orange colour. The greenish-orange colour exhibited
in 3.5% NaCl was probably due to the increased ionic strength
of NaCl due to the Na“ and Cl~ ions, and their interaction with
the oxides of FeTiCD might have shifted the absorption towards
the blue region. After exposure to sunlight for 5 h, the beakers
containing water and seawater exhibited an intense orange
colour and a faded orange colour was observed in 3.5% NaCl.
The results clearly showed that the methylene blue dye was
degraded, and the color of the composite reappeared. The
FeTiCD was efficient enough to degrade the MB dye in different
aquatic environments. Here, Fe®* probably served as an
oxidizing agent, capturing electrons on the TiO, surface,
thereby promoting charge separation and reducing recombi-
nation.””*® The incorporation of Fe*' and CDs into TiO, intro-
duced intermediate energy levels below the conduction band of
TiO, and led to the generation of hydroxyl radicals, which
effectively oxidized MB into smaller molecules.* The ability of
the composite to generate ROS ensures its application as
a potential material for antifouling applications.

The UV-visible spectroscopy of FeTiCD + dye in seawater was
performed at hourly intervals to monitor the changes in the
absorbance of the seawater samples exposed to sunlight with
and without the MB dye. The absorbance intensities at 290 nm
(UV region) and 665 nm (visible region) were recorded for both
control (MB in water) and MB + FeTiCD-treated solutions. The
photocatalytic efficiency was then calculated based on the
variation in the absorbance intensity. Fig. 3(d) presents the
photocatalytic efficiency under UV irradiation, where the
synthesized photocatalyst showed enhanced performance
compared to the control. Initially, the photocatalyst exhibited
adsorption or partial degradation of the dye, followed by
a significant increase in activity, which eventually stabilized,
whereas the control displayed fluctuations and a considerable
decrease in efficacy. This indicates the efficient utilization of UV
light for the generation of reactive species and effective photo-
catalytic degradation.

Fig. 3(e) shows the photocatalytic efficiency under visible
light, where the photocatalyst consistently outperformed the
control throughout the experiment. Initially, the photocatalyst
demonstrated efficient absorption of visible light and higher
degradation rates compared to the control. Although a slight
decline in activity was observed at later stages, possibly due to
reduced availability of active sites, the photocatalyst maintained
superior performance. The enhanced activity of the synthesized
photocatalyst can be attributed to the efficient separation of e/
h' pairs, as well as modifications and interactions among the
composite components, which resulted in an improved surface
area, thus leading to enhanced light harvesting and increased
photocatalytic efficiency.*>* The degradation of the MB dye by
the composite established the composite's photocatalytic
characteristics.

3.1.3. FTIR analysis of the composite. The FTIR spectral
data of FeTi and FeTiCD are presented in Fig. 4 and SI, Table S1.
The broad Fe-O bond stretching vibration was initially observed
at 518 ecm ™!, which shifted to 511 cm ™" after the incorporation
of CDs, resulting in a sharp peak, confirming the enhanced
structural order.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR absorption spectra of (a) FeTi and FeTiCD composite
recorded in the range of 400-4000 cm™ using pATR FTIR. The
spectral graphs were shown expanded from (b) 4000 to 2400 cm ™2, (c)
2400 to 1000 cm™ and (d) 1000 to 400 cm™, for better under-
standing of absorption peaks of sample.

The Ti-O bond peaks at 669 and 896 cm™" in FeTi and
FeTiCD shifted to 675 and 902 cm™ ", respectively, and the latter
peak was wider and more suppressed. This clearly showed that
the CDs interacted with the oxygen atom of the FeTi composite.
The absorption corresponding to the O-H bond stretching of
phenols/tertiary alcohol of CDs at 1390 cm™ ' became more
defined in FeTiCD, indicating the strong coordination bond-
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type interaction of O-H with metal oxides, and this was
evidence by the wider absorption around 3600 cm™'. The
aromatic C=C-C stretching vibration of fish skin-derived CDs
was observed at 1454 and 1515 cm ™ *,* and the absorptions in
FeTiCD at 1507 and 1515 cm ' indicated the interaction of
aromatic C=C with metal oxide bonds. The triplet at
~1640 cm ', related to Fe-O and Ti-O bond bending vibrations,
changed to a doublet upon the modification of the metal oxide
composite with CDs. A shift in the aromatic C-H stretching
frequency of CDs was observed from 3125 to 3115 cm ™" after
FeTiCD formation. The peaks corresponding to C-H stretching
vibrations of CH, and CHj; groups introduced by CDs were
observed as nicks and were masked by the dominating metal
oxide absorptions around 3000 cm™". The hydrogen bonded OH
stretching vibration of metal oxides with CD exhibited wider
absorption peak spanning from 3100 to 3600 cm " in FeTiCD
composite. The conjugated C=C system of CDs and OH groups
mainly interacted with the Ti-O and Fe-O bonds in the
composite through van der Waals, coordination-type or
hydrogen bonding interactions, which led to the successful
formation of the composite.

3.1.4. Transmission electron microscopy (TEM) of the
FeTiCD composite. TEM was carried out to verify the nanoscale
distribution of the FeTiCD composite, as given in Fig. 5(a and
b). The micrographs revealed a uniform distribution of nano-
scale domains, with no evidence of particle agglomeration or
the formation of isolated clusters. The micrographs exhibited
well-resolved lattice lines with an interplanar spacing of
~0.26 nm, indicating the crystalline nanophases of TiO, and
Fe,0;. The diffused region in the micrographs highlighted the
presence of amorphous CDs and their distribution around Ti
and Fe oxides. This homogeneous distribution stands in clear
contrast to the microstructural characteristics typically associ-
ated with simple mechanical mixing, which generally results in
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the formation of irregular aggregates or distinct phase-
separated regions.

3.1.5. X-ray diffraction (XRD) analysis of the FeTiCD
composite. The XRD pattern of the FeTiCD composite is shown
in Fig. 6. The phase identification of anatase TiO, was done by
comparing experimental data with the standard peak positions
obtained from NIST's POWD-12++ database, as originally re-
ported by Cromer and Herrington.®* FeTiCD exhibited prom-
inent peaks at 26 = 25.3°, 48.0°, 55.1°, 62.1°, and 68.7°, indexed
to (101), (200), (211), (213), and (116), respectively. Additional
peaks observed at 26 = 24.2°, 33.2°, 35.7°, 40.9°, 49.6°, 54.2°,
57.6°, and 62.6° were indexed to (012), (104), (110), (113), (204),
(116), (122), and (214), respectively. These peaks corresponded
to the hematite, Fe,O3, according to the XRD data obtained
from ICSD using POWD-12++, as reported by Yu et al.®»*® The
XRD pattern of anatase TiO, exhibited peaks at ~37° and ~75°,
corresponding to high index planes,** whereas the XRD pattern
of the hematite (iron oxide) showed a peak at ~75°.>% In the
FeTiCD composite, the peaks were observed at ~37° and ~75°
with high indexed planes, such as (004) and (215), respectively;
this confirmed the presence of nano-TiO, and nano-Fe,O; in
the composite matrix. Experimental XRD data confirmed the
successful incorporation of Fe,O; and TiO, into the composite.
The sharp peaks of TiO, and Fe,O; suggested nano-scale crys-
tallinity. High-index planes, such as (213), (116), (204), and
(104), which often appear as weaker diffraction peaks, sug-
gested small crystallite size, lattice strain, or the presence of
nanostructuring.® The broad and weak peak centered at 26 =
21° suggested the presence of amorphous or low-crystallinity
CDs with a graphitic core. This peak usually corresponds to
sp> hybridized carbon. A minor shift in the peak position
indicated the lattice interaction between these oxides, possibly
due to interfacial strain or partial substitution.®® The XRD
analysis confirmed the successful formation of the composite,

Fig. 5

(@) Low-magnification TEM image (scale bar: 5 nm) illustrating the homogeneous distribution of nano-sized features in the FeTiCD

composite. (b) HRTEM image (scale bar: 2 nm) displaying clear lattice fringes, confirming the crystalline nature of the Fe—Ti phases and their

effective integration with carbon dots.
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Fig. 6 X-ray diffractogram of the FeTiCD composite using powder XRD.

as evidenced by the characteristic diffraction peaks corre-
sponding to TiO,, Fe,03, and CDs, which are in good agreement
with the standard reference patterns. These results validated
the successful integration of the individual components and
highlighted the potential of the synthesized material for appli-
cation as a photocatalytic nanocomposite.

3.2. FeTiCD composite-coated HDPE cage nets

Silane-pretreated polyethylene aquaculture cage nets were
immersed overnight in varied concentrations of FeTiCD solu-
tions (0.01% to 0.10%), and the retrieved nets were character-
ized and exposed to an estuarine environment to study the
biofouling resistance of aquaculture cage nets after the biocide
treatment.

3.2.1. Surface morphology

3.2.1.1. Scanning electron microscopy (SEM). Scanning elec-
tron microscopy with energy-dispersive X-ray analysis (SEM-
EDAX) was employed to analyze the surface morphology and
elemental composition of the synthesized material. The surface
of PE (Fig. 7(a)) exhibited noticeable unevenness and rough-
ness. However, after silane treatment (Fig. 7(b)), no particulate
or crystalline structure was observed, implying the uniform
coating of silane over PE. Coating FeTiCD over the silane-
treated polyethylene (Fig. 7(c)) resulted in a more granular
and particulate morphology and homogenously distributed
FeTiCD on the surface. The presence of FeTiCD in the matrix
may influence antimicrobial properties, potentially due to its
previously established increased activity under visible light. The
quantitative elemental composition of silane-pretreated HDPE
nets was determined by SEM-EDX analysis, as given in Fig. 7(d),
and the weight percentages (wt%) of C, Si, and O, respectively,
were 84.08, 0.34 and 15.58 wt%. This clearly established the
formation of the silane coating over the polyethylene net. In
contrast, the FeTiCD-coated silane-pretreated HDPE net showed
a dominant carbon peak at 0.27 keV (100%), along with a weak

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

Si signal at 1.74 keV, as given in Fig. 7(e). The Fe and Ti peaks
were expected between 6 and 7 keV but only appeared as weak
signals, probably due to the nanoscale concentration of Fe and
Ti, which was below the detection limit and further obscured by
the strong carbon absorption originating from the polyethylene
substrate and carbon dots. Such situations are expected when
analytes are present in either very high or very low concentra-
tions within the material. The results indicated that the FeTiCD
is strongly embedded on the silane-coated PE surface, and its
FTIR characteristics will determine the nature of the interaction
of the biocide with silane.

3.2.2. FTIR analysis of FeTiCD-coated silane-pretreated
HDPE. Fourier transform infrared (FTIR) spectroscopy was
employed to characterize the FeTiCD-coated aquaculture cage
nets (Fig. 8 and Table S2) and the interaction between various
materials on the silane-coated surface. FTIR analysis provided
strong evidence of interactions between the FeTiCD composite
and the silane-modified PE matrix. The triplet C-O-C
symmetric stretching absorption in PE-silane and silane +
FeTiCD coated nets shifted from around 825 to 803 cm™?,
respectively, suggested an interaction between the epoxy bond
of the organosilane and the composite. Similarly, the asym-
metric C-O-C stretching frequency shifted of silane-PE surface
from 1251 to 1242 cm™", further indicated possible coordina-
tion effects or electron donation interactions between the
composite and the silane matrix. The Si-O-C stretching
frequencies, originally observed at 1139 and 1200 cm™ ' in
silane-coated PE, shifted to 1145 and 1210 cm™ ", respectively,
upon coating with the FeTiCD composite. This shift towards
higher wavenumbers suggested an increase in bond strain® and
confirmed the formation of a hybrid organic-inorganic system
between the composite and the silane-functionalized PE.
Furthermore, the emergence of new absorption bands at 1532,
1567, 1629 and 1645 cm ™, corresponding to C=C aromatic
stretching, C=C conjugation, and C=C aryl vibrations,
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Fig. 8 FTIR spectra of silane-pretreated and FeTiCD-coated silane-pretreated polyethylene aquaculture cage nets.

respectively, provided clear evidence of the successful incorpo-
ration of CDs into the composite matrix. The additional peaks
at 3633 cm ™" and 3651 cm ™', associated with hydroxyl (-OH)
functional groups from CDs, indicated potential hydrogen
bonding and m-7 interactions between CDs and the silane-
treated PE matrix. These spectral modifications confirmed
that the FeTiCD composite was effectively integrated into the
PE-silane network through epoxy bonds, -7 interactions and
hydrogen bonding, leading to enhanced structural interactions
that contributed to the stability and functional properties of the
composite.

3.2.3. Hydrophobicity and surface interaction analyses of
coated polyethylene films. The surface wettability of the
FeTiCD-coated aquaculture cage net was evaluated by contact
angle measurements using a contact angle goniometer (Fig. 9).
A 10 pL drop of seawater was gently deposited on the FeTiCD-
coated surface of a silane-pretreated polyethylene sheet, and
the contact angle was determined using the static method. For
each sample, measurements were repeated at 10 different
positions to ensure uniformity. The silane-pretreated poly-
ethylene surface exhibited a contact angle of 94.12° + 1.78°, and
FeTiCD-coated silane-treated PE exhibited an angle of 94.45° +
0.052°. The difference in the surface wettability of silane-treated
PE and FeTiCD-coated silane-treated PE was evident from the

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

contact angle measurement. The photocatalytic FeTiCD
composite coated over silane-treated PE slightly enhanced the
hydrophilic nature. This suggests that the composite lowers the
surface energy due to increased surface roughness or may be
due to the presence of low-surface-energy functional groups.
The improved wettability will deter organic and proteinaceous
material attachment over the surface, leading to deterred
microorganism attachment, slow biofilm formation and hence
biofouling inhibition.

3.2.4. Field exposure studies. As described in the Materials
and methods (Section 2.3), different concentrations of FeTiCD
were coated over the polyethylene aquaculture cage net surface
modified with silane, and the treatments were designated as
P0-P5. The preweighed and tagged treated net samples were
exposed to an estuarine environment for six months. The
samples were retrieved at the end of one (December 2023 to
January 2024), two (December 2023 to February 2024), four
(December 2023 to April 2024), and six (February 2024 to August
2024) months. For each retrieval, the biomass accumulated per
gram of the net was recorded and is presented in Fig. 10. During
the six-month period of exposure to the estuarine environment,
the treated nets P4 (0.05% composite) and P3 (0.02%
composite) exhibited the lowest biomass accumulation, except
in the second month. In the second month, all the panels were
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infected with Mpytella strigata spats, an alien marine species
potentially introduced via ballast water in the Cochin Port
region,®” and hence, the results were not comparable. In the
fourth and sixth months, P4 exhibited the lowest biomass
accumulation compared to the untreated control. Among P3
and P4, the latter had a higher concentration of FeTiCD but
both exhibited almost similar performance. Hence, P4 (0.05%
FeTiCD) was taken as the optimum for the best performance.
Increasing the concentration of FeTiCD on the net did not lead
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to improved antifouling properties. This may be due to factors
such as the formation of multiple composite layers, increased
molecular aggregation, unfavourable interactions with
seawater, and changes in the microbial community structure,
which will lead to a thicker biofilm and reduced antifouling
efficiency due to saturation.®®® Biofouling inhibition in the
aquaculture cage net was explained mainly based on the effi-
cient generation of ROS, which deterred the micro and macro-
organisms in the vicinity of the net.

The salinity in the estuary during 1, 2, 4 and 6 months,
respectively, was 19.77, 28.39, 29.81 and 12.8 psu. Similarly, the
pH levels in 1, 2, 4, and 6 months, respectively, were 7.93, 7.59,
7.99 and 7.02. The dissolved oxygen levels in 1, 2, 4 and 6
months, respectively, were 1.6, 2.4, 2.0, and 2.4 mg L™". The
elevated salinity in the 4th month might have contributed to the
higher biomass accumulation in the treated cage nets, as higher
salinity accelerates biofouling development.” The fourth-
month retrieval coincided with the premonsoon season,
during which the fouling intensity was high. In contrast, during
the sixth-month retrieval, which occurred during the monsoon
season, the low pH and salinity and high DO levels supported
the growth of hydroids, which became the dominant fouling
organisms attached to the net surfaces during this period. The
results clearly established that the 0.05% FeTiCD-coated silane-
pretreated polyethylene surface has the highest biofouling
inhibition.

3.2.5. Mechanism of photocatalytic activity in the Fe,O;-
TiO,-carbon dot nanocomposite for antifouling applications.
TiO, efficiently generates e /h" pairs under UV irradiation due
to its wide bandgap (4 eV), which limits its photocatalytic
activity under visible light. Surface modification strategies,
including metal doping and nano-carbon dot incorporation,
have been explored to enhance its visible light response.

[ ﬁH b 11

Po
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P2

=2 MONTH
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4 MONTH
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Fig. 10 Biomass accumulation (g g~ of net) on nets exposed to the estuarine environment for 6 months.
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Fig. 11 Schematic of the reduced band gap of the FeTiCD composite
and the mechanism of ROS generation.

However, studies involving the simultaneous incorporation of
metal ions and nano-carbon analogues into TiO, remain
limited.

In this study, TiO,'s surface is modified with nano-Fe,O; and
CDs. The incorporation of Fe(m) introduces mid-gap states
between the valence and conduction bands, effectively reducing
the bandgap of the composite. This shift is confirmed by the
observed redshift in the absorption spectrum, indicating
enhanced absorption in the visible region. Consequently, the
composite can harness visible light photons to generate ROS.
Fe(m) ions act as electron acceptors, suppressing e /h" recom-
bination and prolonging charge carrier lifetimes.”™

The narrowing of the bandgap can also be attributed to Ti-
O-C bonding, which facilitates efficient charge transfer.”
According to John and Achari,’ in the presence of graphene,
photogenerated electrons transfer from the conduction band
(CB) of TiO, (d-orbital) to the Fermi level of graphene (-
orbital), enhancing charge separation and further promoting
ROS generation.?

The proposed mechanism for the enhanced photocatalytic
activity of the composite is provided in Fig. 11. Fe(u) doping
introduces a new energy level within the TiO, bandgap, allowing
photogenerated electrons to transfer to the modified conduc-
tion band, while holes remain in the valence band. The elec-
trons in the conduction band are further accepted by CDs,
which facilitate their transport to the surface, where they
interact with water and oxygen to generate ROS, including
superoxide (O, "), hydroperoxyl (HO;), and hydroxyl radicals
(‘OH). The reduced recombination rate ensures continuous
ROS generation, effectively counteracting fouling agents. This
study demonstrates that the synergistic effects of Fe(u) and CD
incorporation significantly enhance the photocatalyst-mediated
antifouling properties of TiO,, making it a promising material
for environmental applications.

4 Conclusion

A photocatalytic iron oxide-titanium dioxide-carbon dot
nanocomposite was synthesized; and results revealed that
FeTiCD was successfully formed, and FeTi interacted with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conjugated C=C bonds of CDs, resulting in a reduced bandgap.
FTIR spectra confirmed that the conjugated C=C bonds in CD
interacted with oxygen moieties of the Fe-O and Ti-O bonds,
most likely via hydrogen bonding, coordination, or van der
Waals interactions involving the amine and hydroxyl groups
introduced by CD into the matrix. It expanded visible-light
absorption by reducing the bandgap to 1.7 eV, and iron oxide's
and CDs' interaction with TiO, enhanced photocatalytic effi-
ciency by delaying e /h" recombination, resulting in the
generation of ROS. The FeTiCD composite was coated onto
silane-pretreated polyethylene cage nets, exhibiting strong
adhesion via C-O-C bonds, m-7 interactions, and hydrogen
bonding, forming a stable organic-inorganic system between
organosilane and the composite. The 0.05% composite-coated
nets demonstrated superior antifouling performance after six
months of exposure, making them a promising antifouling
material. The present study emphasized the use of organosilane
compounds as surface modifiers of nonpolar polyethylene and
their effectiveness in holding biocides to deter the biofoulers in
the aquatic environment. The contamination of the environ-
ment due to the nanomaterial is of little concern because the
net is immersed in a 0.05% composite solution, making its
impact very limited.
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