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Introduction

Developing sustainable technologies for mitigating water pol-

Enhancing photocatalytic performance of F-doped
TiO, through the integration of small amounts of a
quinoline-based covalent triazine frameworkf
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and

We present the design and synthesis of a new quinoline-based covalent triazine framework (Quin-CTF)
that combines two photoactive fragments within its structure (triazine and quinoline moieties). By hybri-
dizing this CTF material with fluorine-doped titanium dioxide (F-TiO,), we prepared and characterized
photocatalysts with enhanced performance that leverage the synergy between the two components for
pollutant photodegradation in water. This F-TiO,@CTF hybrid system was evaluated for the photocatalytic
degradation of methylene blue dye and a pharmaceutical compound such as ciprofloxacin as model
water pollutants. The hybrid materials containing small amounts of CTF (0.5, 1, and 2 wt%) achieved
remarkable photodegradation efficiencies, significantly outperforming their individual counterparts. The
reactive oxidant species (ROS) involved in such processes catalyzed by F-TiO, are different from those
involved when pristine Quin-CTF or their hybrid materials are used. Furthermore, the hybrid materials
demonstrated reusability, preserving high photocatalytic activity over multiple cycles. This work, therefore,
highlights a promising strategy for designing cost-effective and eco-friendly photocatalytic systems via
the incorporation of a small amount of CTF-based systems in a cheap material such as titanium dioxide,
offering a sustainable and effective solution for mitigating water pollution.

catalytic degradation has gained attention for its ability to
remove organic pollutants in water through advanced oxi-
dation processes (AOP).>? Titanium dioxide (TiO,) has

lution has become an urgent social need. A significant chal-
lenge in this field is the effective removal of emerging contami-
nants, many of which resist conventional wastewater treat-
ments. The persistence of these pollutants poses severe
threats to aquatic ecosystems, public health, and biodiversity,
highlighting the requirement for advanced and efficient reme-
diation technologies. Among the promising strategies, photo-
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emerged as a leading photocatalyst due to its low cost, high
chemical stability, non-toxicity, and resistance to
photocorrosion.*® Nevertheless, the photocatalytic perform-
ance of these materials remains limited by specific morpho-
logical and electronic factors.” This limitation emphasizes the
need for further research to improve their functionality by
exploiting other wavelengths of activating light, optimizing
degradation pathways, and extending their applicability to a
broader spectrum of pollutants.

To extend the versatility of this inorganic photocatalyst,
various strategies have been explored to modify its photo-
physical properties. Among those, elemental doping, particu-
larly with fluorine, has proven effective by increasing the
surface area, reducing the band gap, and promoting the
migration of photogenerated charge carriers.®>® This leads to
the formation of Ti** ions and oxygen vacancies, which mini-
mize the electron-hole recombination and enhance photo-
catalytic performance.’®"® Additionally, fluorine doping
induces the formation of highly reactive {001} facets, increas-
ing O vacancies and boosting photoactivity.'"®™® In a further

This journal is © The Royal Society of Chemistry 2025
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twist on surface modification of TiO,, carbon species incorpor-
ation resulted in decreasing charge recombination and redu-
cing the band gap.'**°

Carbon-based and related organic reticular materials offer
a plethora of structural motifs to enhance the photocatalytic
activity of TiO, by reducing charge recombination and lower-
ing the band gap energy. Thus, covalent organic frameworks
(COFs), and covalent triazine frameworks (CTFs) have
appeared as good candidates for exploring innovative engin-
eered materials due to their high surface porosity and robust
electronic properties.?’* For example, TiO,@COF materials
with COF contents ranging between 20 and 40 wt% have
been used for photooxidation of benzyl alcohol, reporting
conversions higher than those of their pristine materials.**
Furthermore, another TiO,@COF material with a high load
of COF (>90%) has also demonstrated excellent photo-
catalytic conversion and selectivity for the oxidative coupling
of benzylamines to N-benzyl-1-phenylmethanimine.>®> Among
these types of hybrid materials, TiO,-CTF hybrids offer
many underexplored possibilities. CTF materials are com-
posed of solely organic structures that are assembled
through the formation of the 1,3,5-triazine ring, that display
a variety of photocatalytic properties.>® Thus, fluorine-doped
TiO, was combined with CTFs leading to TiO,_xFx/CTFs
hybrids with 15-50 wt% of the CTF material and were used
for photocatalytic degradation of carbamazepine, raising 5.5
times higher activity than pure TiO,_xFx.>” These hybrids
extend the absorption towards the visible range, prevent
photocarrier recombination, and provide more reactive active
sites. Despite promising initial results, research on these
hybrid materials remains limited to a few examples where
high-weight fractions of the organic material have been
employed. However, cost-effective solutions should imply a
reduction in the fraction of the organic material to increase
their sustainability, and this might be achieved by designing
hybrid systems with TiO, as the major component. This
underexplored area holds immense potential for novel
materials with synergistic structural and electronic pro-
perties, offering robust solutions for water treatment and
environmental remediation.

In this work, we report a novel quinoline-based covalent tri-
azine framework (Quin-CTF) with photocatalytic activity
arising from the combination of N-rich moieties (quinoline
and triazine) within a highly conjugated framework, enabling
efficient electronic delocalization.?®*° This work explores the
hybridization of fluorine-doped TiO, (F-TiO,) structures with
small amounts (from 0.5 to 2 wt%) of Quin-CTF to form
F-TiO,@CTF hybrids, further enhancing photocatalytic per-
formance of titanium dioxide materials. This strategy leads to
the cost-effectiveness of TiO, as the primary component and
the functional advantages of its hybridization with Quin-CTF.
The resulting hybrid material demonstrates improved photo-
catalytic properties for degrading model pollutants in water
such as methylene blue dye (MB) and the pharmaceutical com-
pound ciprofloxacin (CP). Overall, this work contributes to the
continued research to pave the way for efficient, low-cost, sus-
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tainable, and eco-friendly TiO,-based photocatalytic systems,
contributing to a cleaner and healthier environment.

Experimental section
Synthesis of organic compounds

Synthesis of 6-diiodo-4-phenylquinoline (Quin-I). 4-
Iodoaniline (631 mg, 2.88 mmol), 4-iodobenzaldehyde
(668 mg, 2.88 mmol), phenylacetylene (302 pL, 294 mg,
2.88 mmol), bromobenzene (8 mL) and scandium trifluoro-
methanesulfonate (Sc(OTf);, 142 mg, 0.29 mmol, 10 mol%)
were introduced into a sealed tube with a magnetic stir bar.
The reaction was heated to 120 °C for 48 hours. After two days,
the solvent was evaporated under reduced pressure. The com-
pound was then purified via column chromatography using a
1:1 mixture of dichloromethane and cyclohexane. Finally, it
was washed with cold acetone and dried under vacuum,
affording Quin-I (see Scheme 1) as a pale-yellow solid in 40%
yield. "H NMR (300 MHz, CDCl;) 6§ 8.24 (d, J = 1.8 Hz, 1H),
8.00-7.89 (m, 4H), 7.88-7.82 (m, 2H), 7.76 (s, 1H), 7.64-7.47
(m, 5H). *C-RMN: (CDCl;, 75 MHz, ppm) § 156.12, 148.47,
147.69, 138.57, 138.07, 137.56, 134.51, 131.76, 129.47, 129.24,
128.91, 128.86, 127.66, 119.38, 96.37, 92.48 (Fig. S1 and S27).

Synthesis of 4-(6-(4-isocyanophenyl)-4-phenylquinolin-2-yl)
benzo-nitrile (Quin-CN). 6-Diiodo-4-phenylquinoline (1.2 g,
2.25 mmol), 4-cyanophenylboronic acid (727 mg, 4.95 mmol),
potassium carbonate (1.37 g, 9.93 mmol), and Pd(PPh;),
(260 mg, 0.225 mmol, 10 mol%) were added to a Schlenk flask
equipped with a stir bar and subjected to three vacuum-argon
cycles. Then, 50 mL of a 5:1 mixture of tetrahydrofuran and
water previously degassed with argon was introduced into the
flask. The reaction was heated to 80 °C for 48 hours. After the
reaction was accomplished, the solid in the crude was washed
with methanol and diethyl ether, isolating the product Quin-
CN (see Scheme 1) as a white powder in a 64% yield. The fol-
lowing signals confirmed the formation of this product: 'H
NMR (300 MHz, CDCl;) § 8.37 (d, J = 8.5 Hz, 3H), 8.12 (d, J =
2.0 Hz, 1H), 8.01 (dd, j = 8.8, 2.1 Hz, 1H), 7.92 (s, 1H),
7.81-7.70 (m, 10H), 7.66-7.55 (m, 5H). *C NMR (CDCl,,
75 MHz) § 156.5, 149.9, 148.6, 145.0, 144.9, 140.3, 139.5, 137.9,
137.2, 132.7, 131.1, 129.5, 128.9, 128.9, 128.8, 128.4, 128.0,
127.8, 126.1, 124.3, 119.9, 118.9, 118.8, 111.3, 111.3 (Fig. S3
and S4t%).

Synthesis of Quin-CTF. In a 50 mL round-bottom flask,
123 mg of the building block Quin-CN was added to 6.35 mL
of dichloromethane (DCM), followed by the dropwise addition
of 0.5 mL of trifluoromethanesulfonic acid under an ice bath,
and the reaction mixture was stirred at room temperature for
12 hours. Then, 20 mL of a 1:1 ethanol/water mixture was
added dropwise over the mixture under an ice bath. The result-
ing solid was centrifuged and washed with a 1:1 ethanol/
water mixture until a neutral pH was reached. Finally, the solid
was washed with NEt;, MeOH, DCM, and acetone, obtaining
the yellow Quin-CTF material in a 70% yield.
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Scheme 1 Synthetic procedure to obtain the new material Quin-CTF through the formation of (1) Quin-1 through Povarov reaction, (2) Quin-CN
through Suzuki—Miyaura cross-coupling reaction, and (3) Quin-CTF material through cyclotrimerization in acid media.

Synthesis of F-TiO, nano-sized aggregates

The nano-sized aggregates of fluorine-doped titanium dioxide
(F-TiO,) were synthesized via sol-gel method optimized by our
research group.'®?° The synthesis started with the preparation
of a solution containing 30 mL of titanium isopropoxide
(TTIP) dissolved in 75 mL of 2-propanol. Subsequently, a
second solution was obtained by dissolving 0.88 g of sodium
fluoride (NaF) in 75 mL of ultrapure water, resulting in a fluo-
rine doping mass ratio of 5%. Both the TTIP solution and the
NaF solution were added dropwise to 500 mL of nitric acid
solution in ultrapure water, maintaining pH 2. The mixture
was subjected to vigorous stirring at room temperature for
16 hours. The resulting white precipitate was isolated by fil-
tration and washing with ultrapure water and ethanol to
remove any impurities. The collected material was dried at
80 °C overnight. After drying, the samples were ground and
calcined in air at 500 °C using a Nabertherm LT-3/12 1200

furnace for 16 hours at a heating rate of 0.8 °C min™".

Synthesis of F-TiO,@CTF hybrid materials

The incorporation of Quin-CTF into fluorine-doped titanium
dioxide (F-TiO,) was conducted at varying mass ratios of CTF
with respect to the oxide (0.5, 1, and 2 wt%). To facilitate this
process, the two pristine materials were combined in a round-
bottom flask containing 100 mL of ethanol, which was sub-
sequently sealed with a Teflon stopper. The dispersion was
subjected to sonication for 1 hour to ensure homogeneity, fol-
lowed by magnetic stirring at room temperature for 48 hours.
The resulting hybrid materials were then isolated by centrifu-
gation and washed thoroughly with water and ethanol. The
final products were dried in an oven at 80 °C overnight, result-
ing in the photocatalysts denoted as F-TiO,@0.5CTF,

8882 | Nanoscale, 2025, 17, 8880-8891

F-TiO,@1CTF, and F-TiO,@2CTF. All hybrid materials were
evaluated in photocatalytic studies and compared with pristine
F-TiO, and Quin-CTF for performance assessment.

Evaluation of the photocatalytic activity of the materials
obtained

To assess the photocatalytic activity of the hybrid materials
(F-TiO,@0.5CTF, F-TiO,@1CTF, and F-TiO,@2CTF) as well as
the individual pristine components (F-TiO, and Quin-CTF),
2.5 mg of each material was introduced in a vial which con-
tains a magnetic bar and 10 mL of a solution containing either
10 ppm of MB or 20 ppm of CP. The suspensions were sub-
jected to ultrasound treatment for 2 minutes to ensure ade-
quate dispersion of the photocatalyst, followed by 2 minutes of
oxygen purge to improve the reaction environment.
Subsequently, the suspensions were stirred in the dark for
1 hour to obtain complete saturation of the pollutant adsorp-
tion on the photocatalyst surfaces and reach the adsorption-
desorption equilibrium. The photodegradation reaction time
was 50 minutes for MB and 30 minutes for CP. In the photode-
gradation kinetic experiments, the reaction products were
determined every 10 minutes for MB and 5 minutes for CP.
Blank experiments were also performed following the same
procedure except for adding the catalytic material. All experi-
ments were conducted in a photoreactor equipped with ultra-
violet LEDs with a wavelength of 385 nm that is further con-
nected to a cooling system at 20 °C. The photocatalytic activity
of the materials was preserved for at least six months in which
they were stored in the laboratory bench without any special
precaution. The concentrations of MB and CP were determined
by measuring the maximum absorbance of the solutions at
664 nm for MB and 272 nm for CP. The percentage degra-

This journal is © The Royal Society of Chemistry 2025
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dation of MB and CP was calculated at both 30 and
60 minutes, as defined by eqn (1).

G- Ct

%(X) x 100 (1)

i

The kinetic curves were fitted with a logarithmic curve
corresponding to a first-order reaction, defined by eqn (2), and
obtaining the kinetic constant k from the slope of the linear
fit.

InC=1InCy,— kt (2)

In the mechanistic experiments of the MB and CP photode-
gradation, 5 equivalents of tert-butyl alcohol were used as sca-
vengers of hydroxyl radicals (OH"). Finally, the recyclability
experiments were performed using the F-TiO,@1CTF material
during five consecutive catalytic runs (including dye adsorp-
tion and photodegradation per each run) for the MB photode-
gradation. The hybrid material in 10 ppm MB (0.25 mg mL™")
was subjected to one hour of stirring in the dark to facilitate
the adsorption of the MB on the hybrid surface. After deter-
mining the MB adsorption by UV-visible absorption spec-
troscopy, it was irradiated with UV light for 50 minutes and
the absorbance spectrum of the resulting MB solution was
analyzed to determine their photodegradation efficiency.
Subsequently, the amount necessary to reach 10 ppm MB con-
centration was added to carry out the next adsorption and
photocatalytic cycle.

Characterization of materials

Morphological characterization of the materials was conducted
using a scanning electron microscope (FEI Nova NanoSEM
230 microscope) at 3 keV and a transmission electron micro-
scope JEOL JEM-F200 200 kV equipment. Crystallinity was
studied through X-ray diffraction measurements, conducted
with a Panalytical Empyrean and Bruker D8 diffractometers at
45 kv and 40 mA, using Cu-Ka radiation (1 = 1.5418 A).
Adsorption-desorption isotherms of nitrogen were measured
with a Micromeritics ASAP 2020, applying the Barret-Joyner-
Halenda (BJH) model. FT-IR spectroscopy was performed to
evaluate the structural features of different materials using a
PerkinElmer FT-IR Spectrum 100FTIR spectrometer in trans-
mission mode. The chemical structure of the organic material
was analyzed by solid-state '*C-NMR spectroscopy using a
Bruker AV 400 WB spectrometer. "H-NMR spectra were
acquired in a Bruker AU III-HD-300 running at 300 MHz.
Raman spectroscopy was performed to analyze the features of
both materials using a WITec alpha 300R spectrometer with
532 nm laser-excitation, 1 pm spot size, and 0.2 mW power.
The optical absorption features were analyzed using UV-Vis
Diffuse Reflectance Spectroscopy (DRS) in the range of
250-700 nm by a PerkinElmer LAMBDA 850+ UV/Vis
Spectrophotometer equipment. The emission spectra of solid
samples  were measured using a  Fluorescence
Spectrofluorometer (PerkinElmer FL 8500) at 320 nm exci-
tation wavelength. The zeta potential analyses were performed
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at pH 6 using a Particle Analyzer Anton Paar, model Litesizer
DLS 500. Absorption spectra of the pollutants were analyzed in
an Agilent 8453 UV-visible spectrometer in the range of
190-1100 nm. The electrochemical studies were carried out
using a conventional three-electrode cell. The electrode poten-
tials were measured against a saturated Ag/AgCl(s) reference
electrode. All the measurements were done in 0.2 mol L
Na,SO, solution using deionized water. Typically, 4 mg catalyst
and 2 mg graphite electrochemical quality (Methrom) were
suspended in 1 mL ethanol with 20 pL Nafion solution (5 wt%,
Aldrich) to form a homogeneous ink assisted by ultrasound.
Then 10 pL of the ink was drop cast onto the surface of glassy
carbon by a micropipette and dried under room temperature.
Electrochemical impedance spectroscopy (EIS) data were
recorded by using a potentiostat/galvanostat with an impe-
dance module with AC signal of 10 mV amplitude in the fre-
quency range between 0.01 Hz and 100 kHz in potentiostatic
conditions. Photocurrent was also measured using chronoam-
perometry technique at 0.6 V vs. Ag/AgCl(s) and intermittently
illuminated with UV-visible light (Newport 66902 Xenon
Lamp, 300 W).

Results and discussion
Preparation and characterization of materials

The quinoline-based building block was obtained following
Povarov’s and Suzuki-Miyaura’s reactions. First, condensation
of 4-iodoaniline and 4-iodobenzaldehyde resulted in the for-
mation of imine intermediate that, in the presence of phenyl-
acetylene, undergoes through Povarov’s reaction forming the
final Quin-I (Scheme 1 and Fig. S1 and S27}). Then, a Suzuki-
Miyaura’s cross-coupling of Quin-I with two equivalents 4-cya-
nophenylboronic acid in the presence of potassium carbonate
and Pd(PPh;3), as catalyst was performed at 100 °C for
48 hours. The resulting predesigned building block, Quin-CN
(Scheme 1 and Fig. S3 and S4+), is followed by the cyclotrimeri-
zation of nitrile groups in acid media, forming the new Quin-
CTF material.

The formation of the predesigned Quin-CTF material was
evaluated by characterizing the three precursor compounds
using Fourier Transform Infrared Spectroscopy (FT-IR) and
Nuclear Magnetic Resonance (NMR). The corresponding FT-IR
spectra of the precursors and the resulting material are dis-
played in Fig. 1A. The quinoline fragment was successfully
formed in the Quin-I precursor during Povarov’s reaction, con-
firmed by the presence of characteristic vibrational signals
attributed to the quinoline fragment, observed at 1580 and
1600 cm™, as highlighted in blue.*' These signals are further
preserved in the following reaction steps to form Quin-CN and
Quin-CTF. Additionally, the vibrational band at 461 cm™,
corresponding to the C,romatic-I fragment, is only detected in
the Quin-I product. Upon generation of Quin-CN via Suzuki-
Miyaura’s cross-coupling, the successful incorporation of
benzonitrile groups is evidenced by the appearance of the
Y(C=N) stretching band at 2220 cm™' alongside the dis-
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Fig. 1 (A) FT-IR spectra and (B) :*C-NMR spectra of the organic precur-
sors Quin-l (blue curves), Quin-CN (red curves) and Quin-CTF (black
curves), highlighting with colored areas the main signals.

appearance of the Cromatic—] signals. In the final product,
Quin-CTF, the nitrile band at 2220 cm™" disappears, and new
signals corresponding to the triazine group appear at 1360 and
1510 em ™, highlighted in gray.>® These spectral changes con-
clusively demonstrate the cyclotrimerization of the building
block, confirming the successful formation of the Quin-CTF
framework.

Further structural confirmation of the organic precursors
was obtained through liquid "*C-NMR spectroscopy, and in
the case of the Quin-CTF material, through cross-polarization
magical angle spinning solid-state "*C-CP MAS NMR spec-
troscopy (Fig. 1B). In agreement with FTIR results, the Quin-I
precursor presents the signals of the quinoline at 148 and
156 ppm,*" the C,~I at 92 and 96 ppm, and the benzene ring
carbon at 120-136 ppm. Furthermore, the spectra of the Quin-
CN precursor preserve the signals of the quinoline and
benzene moieties. Importantly, the C,-I signal disappears
while the characteristic signal of nitrile groups appears at
110 ppm, proving its expected chemical structure. Finally, the
solid-state >C-CP MAS NMR spectrum of the Quin-CTF
material presents the broad signals of the triazine moieties at
ca. 170 ppm,> while the characteristic signal of the nitrile
groups disappears. In addition, the aromatic signals are con-
sistent with the presence of quinoline fragments.

Nanoparticles of mesoporous aggregates of 5% fluorine-
doped titanium dioxide (F-TiO,) were prepared by hydrolysis of
titanium(wv) isopropoxide in aqueous HNO; at pH 2 using a
solution of NaF in ultrapure water as a dopant agent with sub-

8884 | Nanoscale, 2025, 17, 8880-8891

View Article Online

Nanoscale

sequent calcination at 500 °C. Quin-CTF was deposited on the
surface of this material by simple adsorption in an ethanolic
medium. The process involved sonication for 1 hour to ensure
homogeneity, followed by magnetic stirring at room tempera-
ture for 48 hours. This resulted in the formation of the hybrids
F-TiO,@0.5CTF, F-TiO,@1CTF, and F-TiO,@2CTF which con-
tains Quin-CTF weight fractions of 0.5, 1 and 2%, respectively.
The exceptional sensitivity of Raman spectroscopy to detect
the vibrational modes of substances in low amounts was
employed to confirm the presence of the Quin-CTF in the
hybrid materials (Fig. 2). The most prominent Raman band of
the Quin-CTF appears at 1600 cm ™', which corresponds to the
vibrational modes of sp*hybridized carbon atoms in the
material (C=C and C=N), analogous to the G-band typically
associated with graphite.*>*? In all hybrid samples, the pres-
ence of F-TiO, was also confirmed by the Raman signals
characteristic of the anatase phase, with peaks detected at 134,
386, 509, and 631 cm™".** Furthermore, in the spectrum of the
F-TiO,@0.5CTF hybrid material, which contains a very low pro-
portion of Quin-CTF, its characteristic signal is undetectable.
This absence of signal is probable due to the very small
amount of Quin-CTF in the sample which precludes a clear
identification by Raman spectroscopy. In contrast, the Raman
spectra of F-TiO,@1CTF and F-TiO,@2CTF hybrid systems
exhibit signals corresponding to the anatase phase of F-TiO,,
and a second peak attributed to Quin-CTF at approximately
1600 cm ™. The intensity of this peak increases proportionally
with the amount of Quin-CTF in the hybrids, confirming its
successful incorporation.

The crystallinity of the materials was determined by X-ray
diffraction (Fig. 3 and S5t). The XRD patterns of pristine F-TiO,
are consistent with Raman results and previously obtained data
on similar systems,*> demonstrating a clear predominance of
the anatase crystalline phase. The electronic and textural pro-
perties of the anatase favor its photocatalytic behavior.*® The
application of Scherrer’s equation® results in average crystallite
sizes of 11.63 nm for F-TiO, and 11.79 nm for F-TiO,@2CTF.
The preservation of the predominant anatase structure and the
similarity in crystallite sizes between F-TiO, and the hybrid

—F-TiO,
F-TiO,@0.5CTF
3 —F-TiO,@1CTF
—_ A
5 z —F-TiO,@2CTF
] g ——Quin-CTF
,*:‘ £
0
c
[
-
£
r T T T v T T T T T v T T T
0 200 400 600 800 1000 1200 1400 1600 1800

Raman shift (cm™)
Fig. 2 Raman spectra of F-TiO, (red curve), F-TiO,@CTF hybrid

systems (blue curves), and Quin-CTF (black curve) with a zoom in
1500-1800 cm™ showed in the inset.
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12000 The optical absorption properties of the synthesized
——F-Tio, samples were determined using UV-visible diffuse reflectance
10000+ —— F-TiO @2CTF spectroscopy, as illustrated in Fig. 5A. The absorption spec-
trum of F-TiO, reveals an abrupt absorption increase at
S 90004 around 400 nm which is shifted to lower wavelengths (visible
& ] range) in the hybrids and, specifically, in the Quin-CTF
2 s material. Kubelka-Munk transformed spectra (Fig. 5B) allowed
2 4000 us to estimate the corresponding band gap energies of the
‘g materials, resulting in 2.47 eV for the Quin-CTF material and
- 2000 3.14 eV for F-TiO,. Furthermore, the small amounts of Quin-
] CTF presented in the hybrid materials improve the optical pro-
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Fig. 3 X-ray diffractograms of F-TiO, and F-TiO,@2CTF materials. 3 101 —g‘;'_l';“’
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g o8- ——F-TIO@ICTF
system F-TiO,@2CTF indicate that the functionalization s —_F-TIO,@2CTF
. o 2
methods do not significantly affect the morphology of the nano- 5 061
particles of the base material. Furthermore, X-ray diffraction 8
. . . . . T 0.4
(XRD) of Quin-CTF did not show any diffraction peaks (Fig. S57), S
o . ]
confirming the amorphous nature of the triazine polymer as pre- N
viously reported for similar materials.?” g 021
Scanning electron microscopy (SEM) was used for the deter- é aib
mination of the morphological characterization of materials. ’ 300 400 500 600 700 800
Quin-CTF material presents layered microstructure from the Wavelength (nm)
stacking of 2D architecture (Fig. 4A) whereas F-TiO, exhibits B)
agglomerated nanoparticles (Fig. 4B). The morphology of the 1.0
F-TiO,@1CTF hybrid is similar to that observed for F-TiO, o
(Fig. 4C) which is consistent with layered-CTF covered by tita- E 084
nium dioxide nanoparticles. TEM observations further con- ;5:
firmed the layered nature of the Quin-CTF (Fig. 4D). = 081
Additionally, the unaltered morphology of the TiO, nano- 9 )
icl fi d by the corresponding TEM images of T 04 —uneT gt
partic es was confirmed by ponding ges 2 ——y (314 eV)
the F-TiO, (Fig. 4E) and F-TiO,@1CTF (Fig. 4F) systems, which 5 02, F-TIO,@0.5CTF (3.12 eV)
show that the particle size of the nanoparticles remains intact =z - F-TIO,@ICTF (3.09 eV)
in both cases, with an average size of 12.82 + 2.31 and 11.91 + 00 —F-TIO,@2CTF  (2.92eV)
2.48 nm for, F-TiOZ and F-TiOZ@1CTF respectively (Flg. S6T). : 20 2:5 310 315 4:0 4:5 5_’0 515 6.0
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Fig. 4 SEM images of (A) Quin-CTF, (B) F-TiO, and (C) F-TiO,@1CTF Fig. 5 Diffuse reflectance spectroscopy: (A) absorbance spectra and (B)
samples and TEM images of (D) Quin-CTF, (E) F-TiO, and (F) corresponding Kubelka—Munk plots and (C) fluorescence spectra of the
F-TiO,@1CTF samples. hybrid materials and their counterparts.
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perties, leading to redshift in the absorption edge up to
50 nm. Consequently, the band gap energy is reduced with the
increase of the CTF content (3.12, 3.09, and 2.92 eV for 0.5, 1
and 2 wt% of CTF, respectively). These results suggest that
modification of F-TiO, with Quin-CTF results in a certain
degree of band gap reduction, which is typically expected to
enhance photocatalytic activity. Yet, other factors such as the
interactions between the photocatalyst and the target contami-
nant, the surface properties of the materials, and the dynamics
of surface reactions, can also play a role in dictating the overall
photoactivity of these systems. The solid-state fluorescence
emission spectra of the Quin-CTF material using an excitation
wavelength of 320 nm (Fig. 5C) shows a strong emission band
centered at 465 nm. The F-TiO,@CTF showed a high fluo-
rescence centered at 445 nm and its intensity depends on the
Quin-CTF content. These results indicate the correct
functionalization of the systems, emphasizing that small
amounts of Quin-CTF are effectively hybridized with the
F-TiO,, leading to significant changes in the optoelectronic
properties of the resulting hybrid materials.

The most representative material F-TiO,@1CTF, together
with pristine F-TiO, and Quin-CTF, were characterized by
electrochemical impedance spectroscopy (EIS) in a solution of
Na,SO, 0.2 M. The Nyquist plot in Fig. 6A and S71 showed a
semicircle at high frequencies corresponding to the charge
transfer resistance and a straight sloping line at low frequen-
cies attributed to diffusional impedance. The radius of the arc
on the Nyquist plot of F-TiO,@1CTF sample is smaller than
that of the F-TiO, counterpart but higher than those of Quin-
CTF, indicating that charge transfer efficiency was consider-
ably improved after F-TiO, functionalization with Quin-CTF
compound. In addition, photocurrent experiments were
measured at constant potential, +0.6 V vs. Ag/AgCl for
F-TiO,@1CTF, F-TiO, and Quin-CTF (Fig. 6B). All materials
exhibit a good response to UV-visible light, being the photo-
current of F-TiO,@1CTF significantly higher than that of bare
Quin-CTF and F-TiO,. In particular, photocurrent has
increased 29 and 37 nA after irradiation (average of 6 on-off
cycles) for Quin-CTF and F-TiO,, respectively. Interestingly,
F-TiO,@1CTF shows a higher photoresponse (95 nA), being
three times higher than its individual components. These
results indicate that hybridization with F-TiO, with Quin-CTF
reduces the charge transfer resistance and increases the photo-
response, suggesting a potential improvement in photo-
catalytic behavior (vide infra).

N, adsorption-desorption isotherms (Fig. S8f) were
measured for F-TiO,@1CTF, F-TiO, and Quin-CTF. All samples
exhibited typical type IV isotherms according to the IUPAC
classification, with a small H2 hysteresis loop observed for the
F-TiO, and hybrid systems F-TiO,@1CTF, and H3 hysteresis
loop for the Quin-CTF.*® Fig. S8At shows the physical para-
meters derived from the nitrogen adsorption isotherms,
including BET surface area (Spgr), BJH mean pore diameter
(Dp) and BJH pore volume (V;,). The BJH pore size distribution
resulting from the desorption step of the isotherm (Fig. S8BY)
illustrates narrow pore size distributions for pure F-TiO, and
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Fig. 6 Electrochemical studies of F-TiO,, F-TiO,@1CTF and Quin-CTF
in NaySO4 0.2 M vs. Ag/AgCl (3 M KCL). (A) Nyquist plots obtained
without applying bias and (B) photocurrent response at a potential of
0.6 V vs. Ag/AgCl (3 M KCl) under irradiation with UV-vis light.

F-TiO,@1CTF hybrid arranged in the range between 10-40 nm
in both cases.

Zeta potential measurements were conducted to investigate
the materials’ behavior in suspension. These measurements
were performed using 2.5 mg of the material dispersed in
10 mL of Milli-Q water (H,O-MQ) at pH 6.0 and 25 °C
(Table 1). The data obtained show that the incorporation of
Quin-CTF leads to a slight increase in the negative value of the
zeta potential in the hybrid materials compared to pristine
F-TiO,. A more negative zeta potential indicates a higher
surface charge in absolute terms, which leads to a higher
electrostatic repulsion between particles. This improves col-
loidal stability, essential in applications requiring homo-

Table 1 Zeta potential (ZP) of the studies materials

Materials Mean zeta potential (mV)
Quin-CTF —106.22 + 5.82
F-TiO, —26.36 + 3.99
F-TiO,@0.5CTF —36.02 +5.93
F-TiO,@1CTF —38.17 + 4.82
F-TiO,@2CTF —40.57 + 4.64

This journal is © The Royal Society of Chemistry 2025
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geneous dispersions and large surface areas such as water
treatment, coatings, and photocatalytic systems.

From a macroscopic perspective (Fig. S9t), a significant
enhancement in the dispersibility of F-TiO, systems is
observed with the presence of surface-functionalized CTF. The
incorporation of CTF improves dispersion due to its surface
characteristics, which help reduce the attractive forces between
F-TiO, nanoparticles, thereby enhancing their overall perform-
ance in terms of activity and efficiency.

Application of the materials for the removal of pollutants in
water

The photocatalytic activity of the hybrid materials and their
counterparts was studied towards the degradation of two
selected organic compounds from common dyes and pharma-
ceuticals in water, MB and CP. First, we evaluated the adsorp-
tion capabilities of the catalytic materials (0.25 mg mL™") in
MB aqueous solution (10 ppm) by analyzing the concentration
of the dye solution through UV-visible absorption spectroscopy
after one hour of stirring in the absence of light. Adsorption
tests (Fig. S10A and Ef) showed that F-TiO, and hybrid
materials have a considerable affinity for MB adsorbing
51-65%, whereas Quin-CTF demonstrated low adsorption
capacities (17%). All materials showed a limited affinity for CP,
adsorbing less than 4% (Fig. S10B and Ff). Then, photodegra-
dation tests were conducted under the same conditions and
using a LED light source of 385 nm for 50 and 30 minutes in
the case of MB and CP, respectively. As a control experiment,
blank solutions without material were irradiated under identi-
cal conditions, presenting a photolysis of 20% for the MB and
5% for the CP.

The results of the MB photocatalytic tests show that all the
materials exhibit significant degradation (Fig. S10C and Et),
achieving >99% degradation when using the hybrid materials.
Similarly, the hybrids present a significant photodegradation
of the CP antibiotic, higher than 85% in 30 minutes (Fig. S10D
and Ff). To determine which material showed the most prom-
ising photocatalytic behavior, a comparative kinetic study was
performed by measuring the UV-visible absorbance spectra of
the pollutants (Fig. S11 and S12%) at different time intervals.
The results of the kinetic studies depicted first-order kinetics
for the photodegradation of both pollutants (Fig. 7A and B),
which allowed the calculation of the photocatalytic degra-
dation kinetic constants (Fig. 7C). The kinetic constant of the
MB photodegradation is four times higher in the hybrids than
when using the pure F-TiO, and double than that of the Quin-
CTF. Examination of the data available in the literature of MB
using TiO,-based catalysts shows that activity of F-TiO,@1CTF
is in the state of the art (Table S1f). In the case of the CP,
hybrid materials also present higher kinetic constant values
than pure F-TiO, but are very similar to the Quin-CTF.
However, in contrast to the progressive CP photodegradation
observed for pure F-TiO, or hybrid materials, the kinetics of
the Quin-CTF material (Fig. S12A}) show that after 10 minutes
of photodegradation tests, the solution contains slightly
different spectra that does not evolve with reaction time. We

This journal is © The Royal Society of Chemistry 2025
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stant calculated from the fit of the kinetic experiments.

reused the same material to prove the perseverance of its
photocatalytic activity, and the same results were reproduced,
confirming that Quin-CTF material preserves its photocatalytic
activity (Fig. S13AT).

Additionally, we performed photocatalytic experiments
changing the CP concentration from 20 ppm to 10 and to
40 ppm and observed the same effect, namely, absorption
decreases to half of the initial absorption, independently of
the pollutant solution concentration (Fig. S13Bf). These
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experiments suggest that Quin-CTF can rapidly degrade the CP
to a product that presents absorption in the UV range, which
is different from those obtained with F-TiO, or F-TiO,@CTF
hybrid photocatalysts. Further insights were obtained by elec-
trospray analysis of the reaction crudes after 30 minutes of the
photocatalytic reaction (Fig. S14t). For F-TiO, and Quin-CTF,
several species at 362, 356, 334, 285, and 263 m/z, were
observed, which correspond to the piperazine ring open
pathway.*® These detected products (Fig. S151) contain aro-
matic fragments which is consistent with the final UV-visible
absorption spectra in the mixtures. Interestingly, while these
fragments are further degraded when F-TiO, is used, they
remain stable when Quin-CTF is employed as photocatalyst. In
contrast, for F-TiO,@1CTF hybrid material, fragments from CP
degradation were not identified, which is consistent with the
null absorption in the UV-visible spectra after 30 minutes of
reaction.

Typically, photooxidative processes catalyzed by TiO, work
via the formation of hydroxyl radicals.*® In order to assess
the involvement of such reactive oxidative species when
F-TiO,, Quin-CTF and F-TiO,@1CTF, we performed photo-
catalytic tests using 5 equivalents of tert-butyl alcohol as a
hydroxyl radical (OH") scavenger. As expected, the results
showed that for the F-TiO, material, tert-butyl alcohol acts as
a quencher of the MB degradation, reducing the reaction
conversion by 69% and giving evidence of hydroxyl radical
production as an oxidant species (Fig. 8A and S167).
However, the photodegradation of MB for Quin-CTF and
F-TiO,@1CTF hybrid materials has been only slightly altered
in the presence of tert-butyl alcohol. In addition, quenching
experiments with the CP pollutant were also studied (Fig. 8B
and S1771). Similarly, in the presence of tert-butyl alcohol, the
CP photodegradation was only slightly reduced in the Quin-
CTF and F-TiO,@1CTF hybrid materials whereas its photode-
gradation conversion decreased by 28% in the F-TiO,. The
effect of adding tert-butyl alcohol is less prominent when CP
was studied than in the MB essays. This reduced effect is
attributed to CP’s faster photodegradation kinetics that
makes it a more competent substrate versus tert-butyl
alcohol. Overall, these results indicate that while F-TiO,
works via the formation of hydroxyl radical species, as typi-
cally observed in TiO, materials,’® for Quin-CTF and
F-TiO,@1CTF, such intermediate does not seem to be the
main oxidant involved in pollutant degradation. To expand
the mechanistic insights, we performed the photocatalytic
tests for the MB degradation using benzoquinone (BQ) and
1,4 diazabicyclo[2.2.2]octane (DABCO) as scavengers for O, ™
and '0,, respectively. Owing the lower kinetics of MB degra-
dation, we focused on this dye to study the effect of these
other scavengers when F-TiO,, Quin-CTF, and F-TiO,@1CTF
materials are used as photocatalyst (Fig. S167). For the
F-TiO, sample, all scavengers (tert-butyl alcohol, benzo-
quinone and DABCO) completely quench the photodegrada-
tion of MB. This observation suggests that all reactive oxygen
species are involved in the reaction pathway, which appears
to be crosslinked.*! In the case of Quin-CTF material, both
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Fig. 8 Mechanistic essays using tert-butanol as hydroxyl radical sca-
venger on the photocatalytic degradation of (A) MB and (B) CP using
F-TiO,, Quin-CTF and F-TiO,@1CTF photocatalysts.

benzoquinone and DABCO partially quench the reaction
involving the O,"~ and 'O, species in the photodegradation
mechanism. However, for the F-TiO,@1CTF, benzoquinone
is the most effective quencher, suggesting that the preferred
pathway occurs involving O,"” species. Interestingly, the
hybrid material, which is the most active photocatalyst,
shows a more selective ROS generation.

A deeper mechanistic understanding of MB photodegrada-
tion was obtained from the analysis of UV-vis spectra at 0 and
50 minutes of photodegradation (Fig. S18t). Initially, after
adsorption  procedure using F-TiO,, Quin-CTF, and
F-TiO,@1CTF (at ¢ = 0), deconvolution of MB signals shows in
all cases similar spectra with two fitted Gaussian peaks at 664
and 622 nm. These two signals are attributed to monomer and
dimer species of MB, respectively.** After 50 minutes of photo-
degradation, small shifts of 7 and 10 nm were observed in the
maximum absorbance peaks of residual MB for the Quin-CTF
and F-TiO, materials, respectively. However, a blueshift of
around 40 nm occurred for the F-TiO,@1CTF sample. This
enhanced blueshift is related to the N-demethylation of MB.*?

Overall, F-TiO,@1CTF hybrid material, which is the most
efficient photocatalyst, selectively activates oxygen to form

This journal is © The Royal Society of Chemistry 2025
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superoxide radical. Furthermore, it decomposes MB though
consecutive N-demethylation in a more extensive way than
pristine materials (Fig. S191). In addition, this hybrid photo-
catalyst can decompose CP into smaller fragments than those
obtained with individual components (Fig. 9). Taken together,
these data illustrate the uniqueness of F-TiO,@1CTF as a
photocatalyst. Considering the small amounts of Quin-CTF in
the F-TiO,@1CTF hybrid, the differences in its photocatalytic
behavior with respect to that of pristine titanium dioxide are a
remarkable example of a synergistic effect in the hybrid
material.

Finally, recyclability tests were performed using
F-TiO,@1CTF and MB as the model pollutant. In these essays,
a dispersion of the hybrid material in 10 ppm MB (0.25 mg
mL™") was subjected to irradiation with UV light for
50 minutes and the absorbance spectrum of the resulting MB
solution was analyzed to determine their photodegradation
efficiency. Subsequently, the amount necessary to reach
10 ppm MB concentration was further added to perform the
next photocatalytic cycle. The results of this experiment show
the effective recyclability of the hybrid material whose photo-
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= ciprofloxacin
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Fig. 9 Schematic representation of the mechanism for the photodegra-
dation of pollutant in water using the F-TiO,@1CTF photocatalyst.
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Ly 2 R3 _A ”5

Fig. 10 Recyclability essay for the photocatalytic degradation of MB
using F-TiO,@1CTF photocatalyst.
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catalytic properties are preserved during the whole recyclability
test, although a 30% loss in catalytic activity is observed after
five consecutive cycles (Fig. 10 and S207).

Conclusions

In this work, we successfully synthesized a novel quinoline-
based covalent triazine framework (Quin-CTF) that has been
combined with fluorine-doped titanium dioxide to form
F-TiO,@CTF hybrid materials, which have shown attractive
photocatalytic properties. This study highlights a strategic
approach to enhance the photocatalytic performance of TiO,
through hybridization with CTFs, addressing critical chal-
lenges in removing persistent water pollutants such as MB and
CP. The new hybrid materials exhibited new optical absorption
and emission properties, attributed to the synergistic inter-
action between the structural and electronic characteristics of
both components. These changes result in significantly
superior photocatalytic activity of F-TiO,@CTF hybrids com-
pared to pristine materials, achieving near-complete removal
(>99%) of MB and substantial degradation (>85%) of CP
within short irradiation periods. Surprisingly, the small
amount of Quin-CTF in F-TiO,@1CTF hybrid system (1 wt%)
has a significant effect not only on the catalytic activity but
also on the reaction pathways of the photodegradation of pol-
lutants. While F-TiO, works essentially via the formation of
hydroxyl radicals, in Quin-CTF and F-TiO,@1CTF hybrid, the
involvement of such radical species has a minor relevance in
its photocatalytic activity. Furthermore, these hybrid materials
demonstrated excellent reusability, maintaining high photo-
catalytic efficiency over multiple cycles, which underscores
their potential for practical water treatment applications.
Taken together, this work demonstrates that the photocatalytic
performance of low-cost TiO, materials can be further
enhanced with a very small amount of pre-designed photo-
active organic materials improving their potential in environ-
mental remediation. Overall, these findings contribute to sus-
tainable and cost-effective technologies for mitigating water
pollution, helping in the preservation and remediation of
aquatic ecosystems, promoting cleaner and more sustainable
water management solutions. Building on these findings, our
current focus is on advancing studies on new TiO,@CTF
hybrid systems to explore how the incorporation of the organic
compounds within the inorganic materials could lead to stra-
tegic materials’ changes that may alter their electronic behav-
ior. This approach aims to develop next generation memristor
devices with enhanced performance, with the potential of
memory storage, neuromorphic computing, and reconfigur-
able logic circuits in the near future.
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