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Introduction

A carbazole-based fully conjugated sp?c D-A
covalent organic polymer for visible light
mediated photocatalytic degradation of
rhodamine B and Rose Bengalf

Kamal Verma and K. R. Justin Thomas = *

Two-dimensional covalent organic materials have great potential as photocatalysts, but for practical
application, they have some limitations like scalability and stability. Nevertheless, ongoing research
efforts aim to address these challenges and unlock their full potential for sustainable photocatalysis. In
this study, we have developed sp? carbon-linked and imine-linked 2D donor—acceptor CzTA-PDAN and
CzTA-PDA COPs. Notably, the sp? carbon-linked CzTA-PDAN COP demonstrates superior charge
separation, rapid photocurrent response, and excellent chemical stability compared to the imine-linked
CzTA-PDA COP, owing to its fully conjugated robust structure. The band gap calculated from the
Kubelka—Munk plot was 2.30 eV and 2.53 eV, respectively, which resulted in the spc CzTA-PDAN COP
having a higher electron carrier transport efficiency. Leveraging its favorable photo and optoelectronic
properties, we employed the CzTA-PDAN COP for the photocatalytic degradation of organic toxic dyes,
rhodamine B and Rose Bengal, under 18 W white CFL illumination for 80 minutes and 390 minutes,
respectively. Additionally, the sp2 carbon-linked CzTA-PDAN COP exhibited exceptional degradation
performance even under sunlight, achieving complete degradation of the RhB dye within 60 minutes of
irradiation. This highlights the practical applicability and versatility of the CzTA-PDAN COP in
environmental remediation scenarios. By harnessing the unique properties of COPs, such as those
demonstrated by the sp? carbon-linked CzTA-PDAN COP, we can pave the way for their widespread
adoption in sustainable photocatalysis applications.

health and the environment,'® especially when exposure occurs
over prolonged periods or at elevated concentrations. Conse-

Water is the most essential component of the Earth for sustain-
ing life and facilitating various ecological processes."
The discharge of dye waste from industries contaminates
water, leading to harmful effects on aquatic ecosystems and
endangering marine life.> Among the diverse categories of
dyes, xanthene dyes enjoy widespread usage.® These dyes are
identified by the presence of a xanthene nucleus containing
aromatic groups, defining their chromophoric properties. Rho-
damine B* (RhB) and Rose Bengal® (RB) belong to the group of
xanthene dyes, utilized within the textile industry for coloring
purposes,®® in photochemical industries for organic
transformation,’ ™ and in biology for its fluorescence staining
properties."*™"” It has been observed that the extensive utiliza-
tion of these dyes presents significant hazards to both human
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quently, researchers are increasingly focused on developing
strategies for the removal of these dyes from wastewater to
address these pressing concerns. Conventional treatment tech-
niques such as centrifugation, sedimentation, flocculation, and
biological treatment have limitations, including low removal
efficiency and the need for complex equipment.” In recent years,
photocatalytic degradation of organic dyes become a promising
strategy for the treatment of industrial wastewater.>® Developing
appropriate photocatalysts to meet practical requirements poses a
significant challenge for this environmentally friendly approach,
particularly in the case of photocatalysts capable of harnessing
abundant solar energy directly. In the past, there has been a
reliance on inorganic semiconductors, particularly metal oxides,
for photocatalysis.*' > However, these choices come with draw-
backs. Metal-containing semiconductors not only introduce
harmful metals into the environment but also exhibit instability
when exposed to harsh conditions. To overcome the disadvan-
tages of inorganic photocatalysts, covalent porous organic poly-
mers have been investigated for the generation of ROS (reactive

Mater. Adv., 2025, 6, 2521-2529 | 2521


https://orcid.org/0000-0003-2424-5953
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma01164c&domain=pdf&date_stamp=2025-03-11
https://doi.org/10.1039/d4ma01164c
https://doi.org/10.1039/d4ma01164c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01164c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006008

Open Access Article. Published on 11 March 2025. Downloaded on 7/19/2025 1:51:31 PM.

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

(cc)

Paper

oxygen species).”® The reported porous polymer photocatalysts
include covalent triazine frameworks,>>° conjugated micro-
porous polymers,®*™* and porous aromatic frameworks.**
Remarkably, researchers not only developed numerous porous
organic polymers but have also tailored their topologies and
morphological characteristics to effectively tackle the challenge
of organic dye photodegradation. Covalent organic polymers*®
(COPs) have advantages such as excellent charge -carrier
mobility,>”*® large surface area,*>*° tunable pore size,"" low
density,”* high thermal stability, and controllable structural
features.*® Due to all these properties, covalent organic polymers
(Cops) find application in gas sorption,* sensing,**®
optoelectronics,”” and photocatalysis.**>* In general, the photo-
catalytic activity of the organic photocatalyst is limited to the
separation kinetics; therefore, the introduction of a donor-accep-
tor motif in the polymer framework inhibited the recombination
of charge carriers, thereby improving the photocatalytic efficiency
of the COP materials. Because of extended conjugation, D-A COPs
possess high charge separation efficiency and a wide absorption
range in the visible region. All these properties of the D-A COPs
make them an ideal candidate for heterogeneous photocatalysis.
Carbon-carbon linked COPs possess outstanding chemical stabi-
lity and uninterrupted n-conjugation as compared to imine-linked
COPs due to strong covalent bonding between the building
molecules.>*® Moreover, the incorporation of heteroaromatic
rigid carbazole and triazine building units not only enhances
the stability of the framework under harsh conditions but also
improves the charge separation and transportation properties of
the framework.” Previously carbazole-based building blocks have
been utilized to fabricate different COPs for photocatalysis and
have been showing remarkable performance.®®®" So, in this way
synthesis of carbazole-based COPs as photocatalysts is highly
meaningful, as they would perform well in the photocatalytic
degradation of organic pollutants. Herein, we have synthesized
carbazole and triazine containing sp> hybridized C-C and imine
linked D-A CzTA-PDAN and CzTA-PDA COPs by a solvothermal
method. Due to its good charge separation and transportation
properties, the CzZTA-PDAN COP was found to be effective for
photocatalytic degradation of rhodamine B and Rose Bengal
under the irradiation of visible light as well as sunlight. As
expected, the sp® carbon-linked COP shows impressive efficiency
for the degradation of both organic dyes with excellent long-term
stability. This study presents a novel approach to enhancing the
photocatalytic performance by comparing sp® carbon-linked
(CZTA-PDAN) and imine-linked (CzTA-PDA) covalent organic
frameworks (COFs). The sp> carbon-linked CzTA-PDAN COF
exhibits superior charge separation, electron transport efficiency,
and photocurrent response, with a lower band gap (2.30 eV)
compared to the imine-linked counterpart (2.53 eV). Utilizing
these properties, CzZTA-PDAN demonstrates remarkable photoca-
talytic degradation of organic dyes, achieving complete degrada-
tion within 60 minutes under sunlight underscoring the real-
world applicability in environmental remediation. This work
addresses traditional limitations of COPs, such as stability, paving
the way for their widespread adoption in sustainable photocata-
lysis applications.
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Results and discussion
Synthesis of the CZTA-PDAN COP

We selected 4,4’,4"-(9H-carbazole-3,6,9-triyl)tribenzaldehyde
(CzTA) as a node and 1,4-phenyldiacetonitrile (PDAN) as a
linker to synthesize a new COP having an olefin linkage
(Fig. 1a). The olefin-linked CzTA-PDAN COP was synthesized
by the Knoevenagel condensation reaction between CzTA and
PDAN monomers in the presence of 4 M KOH at 120 °C for 72 h
using the solvent system dioxane/mesitylene (v/v 4/1) (Fig. 1; for
detailed information see the ESI,} Scheme S2).

Structural analysis

The chemical structures of both COPs were confirmed by
Fourier transform infrared (FT-IR) and "*C cross-polarization/
magic angle spinning solid-state nuclear magnetic resonance
(CP/MAS ssNMR) spectroscopy. In FT-IR, the CzTA-PDAN COP
(Fig. 1b) exhibited a reduction in the intensity of the carbonyl
peak at 1698 cm ™! and a noticeable shift of the cyano group
from 2252 cm™* to 2215 em ™. Similarly, the CzZTA-PDA COP
displayed a distinct signal at 1623 cm™', indicative of the
formation of an imine linkage, accompanied by the attenuation
of the carbonyl peak (Fig. S2, ESIt), thereby providing evidence
for the transformation of the monomer into a polymer struc-
ture. In the "*C CP/MAS ssNMR spectrum of the CzZTA-PDAN
COP, the signals appearing around 108 ppm and 119 ppm
correspond to the carbon atom linked to the cyano group and
the carbon within the cyano group (Fig. 1c), respectively.

The crystalline structure of two carbazole-based COPs was
confirmed by powder X-ray diffraction (PXRD) analysis, and the
PXRD pattern of CzTA-PDAN (Fig. 1d) and CzTA-PDA COPs
reveals the amorphous nature of the materials (Fig. S3, ESIT).
XPS analysis was carried out to investigate the elemental
composition of N and C which further provides insightful
information regarding the structure of the CzTA-PDAN and
CzTA-PDA COPs. The C 1s XPS of the CzZTA-PDAN COP showed
typical peaks at 281.73 and 282.15 eV attributed to the vinylic
C—C and C-C=N units while the peaks at 283.33, 285.38, and
285.88 eV, correspond to the sp> C=C of carbazole, C-N of the
heteroaromatic carbazole ring, and the cyano carbon in the
COP, respectively (Fig. 2a).®> The N 1s XPS showed typical peaks
at 398.55 and 399.95 eV corresponding to the C=N function-
ality of the cyano group and carbazole C-N, respectively
(Fig. 2b). Similarly, C 1s XPS showed typical peaks at 284.68,
286.18, and 287.82 eV, which were attributed to the aromatic
sp> C=C, imine C=N, and C-N of the carbazole in the COP,
respectively. The N 1s XPS showed typical peaks at 399.28 and
400.6 eV, corresponding to the imine C=N functionality and
carbazole C-N, respectively (Fig. S4, ESIt). N, adsorption-
desorption experiments at 77 K were performed to investigate
the permanent porosity of the CzTA-PDAN (Fig. 2c) and CzTA-
PDA COPs (Fig. S6, ESIt), which showed a type II isotherm
which means monolayer-multilayer adsorption of nitrogen on
a mesoporous structure of the materials, estimated by nonlocal
density functional theory (NLDFT). The Brunauer-Emmett-
Teller (BET) surface area was found to be 16.15 m> g~ ' and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Synthesis of the CzTA-PDAN COP under solvothermal conditions. (b) FT-IR spectra of the CzTA-PDAN COP. (c) Solid-state *C CP-MAS NMR

spectra of the CzZTA-PDAN COP. (d) PXRD pattern of the CzTA-PDAN COP.

11.83 m? g~ ! for CZTA-PDAN and CzTA-PDA COPs, respectively.
Furthermore, the thermal stability of the synthesized COPs was
determined by thermogravimetric analysis under an N, atmo-
sphere, revealing that CzTA-TAPT was stable up to 376 °C
(Fig. 2d). SEM images provided visual confirmation of the
phase purity, showcasing a distinct nanorod-like morphology
for CzTA-PDAN (Fig. 2e) and CzTA-PDA COPs (Fig. S5, ESIT).
The TEM image also shows evidence for a rod-like morphol-
ogy of the CZTA-PDAN COP (Fig. 2f). The chemical stability of
the CzTA-PDAN and CzTA-PDA COPs was examined by immer-
sing the material in 3 M HCI aqueous solution, 3 M NaOH
aqueous solution, and various organic solvents for seven days.
The CzTA-PDAN COP exhibited excellent stability in all organic
solvents as well as under acidic and basic conditions, as
indicated by the unchanged FTIR spectrum of the treated
CzTA-PDAN COP (Fig. 3a and b). However, the CzTA-PDA COP
retained its original structure in organic solvents and 3 M
NaOH solution. In contrast, exposure to 3 M HCI solution
resulted in a complete structural collapse that is observed by
the intensity ratio of imine and aldehyde peaks (Fig. 3c and d).
So, FT-IR analyses of the treated Sp> C—=C linked CzTA-PDAN

© 2025 The Author(s). Published by the Royal Society of Chemistry

COP demonstrate excellent chemical stability as compared to
the imine-linked CzTA-PDA COP. Ultraviolet-visible diffuse
reflectance (UV-DRS) spectra show the absorption maxima at
500 nm for CzTA-PDAN and 450 nm for the CzTA-PDA COP
(Fig. 4a). The absorption peaks of the CzTA-PDAN COP exhibit a
notable shift towards longer wavelengths compared to the
CzTA-PDA COP. This shift arises from the extended conjugation
present in the sp” carbon-linked COP structure from the
carbazole donor to the cyano group acceptor. Furthermore,
the optical band gap (Fig. 4b) of CzTA-PDAN measures 2.30 eV,
which is narrower compared to that of the CzTA-PDA COP
(Eg = 2.53 eV). Mott-Schottky (M-S) measurement was carried
out to evaluate the conduction band (CB) position. The M-S plots
of CzTA-PDAN and CzTA-PDA display a positive slope, which
indicates the n-type semiconductor behavior (Fig. 4c).

It is well known that for the n-type semiconductor, the flat
band position is close to the conduction band.** Consequently,
the conduction band position was calculated to be —1.21 V for
CzTA-PDAN and —1.10 V for the CzTA-PDA COP vs. SCE.
Similarly, the valence band position was further calculated to
be 1.09 V and 1.43 V (vs. NHE) for CzTA-PDAN and CzTA-PDA,

Mater. Adv,, 2025, 6, 2521-2529 | 2523
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Fig. 2 (a) High-resolution C 1s XPS spectrum and (b) high-resolution N 1s XPS spectrum of the CzTA-PDAN COP. (c) N, isotherm of the CzTA-PDAN at
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respectively. These values were obtained using the equation
Ecg = Eyg — Eg, Where Ecg represents the conduction band edge,
Eyg represents the valence band edge, and E, represents the
band gap energy. Electrochemical impedance spectroscopy
(EIS) was performed to compare the charge transfer resistances
(Rce) of the COPs. In the Nyquist plot, the arc radius is smaller
for CzTA-PDAN as compared to that for CzTA-PDA, representing
the fast photogenerated charge carrier transfer and separation

2524 | Mater. Adv., 2025, 6, 2521-2529

tendency of the sp® carbon-linked COP as compared to the
imine-linked COP (Fig. 4d).** Additionally, the photocurrent
densities for the CzTA-PDAN COP as compared to the CzDA-
PDA COP suggest more efficient charge separation for the CzTA-
PDAN COP (Fig. 4e). The position of conduction and valence
bands has been depicted in Fig. 4f for both the COPs.

Photocatalytic degradation of organic dyes

In contrast to CzTA-PDA, the CzTA-PDAN COP exhibits superior
charge carrier and separation properties, leading to a signifi-
cantly higher photocurrent response. This makes CzTA-PDAN a
more promising photocatalyst compared to CzTA-PDA. To
assess its photocatalytic performance, we conducted dye degra-
dation experiments under visible light irradiation, selecting
rhodamine B and Rose Bengal as representative dyes commonly
utilized in textile and photo industries. A typical experiment
was conducted to study the photodegradation of rhodamine B
(RhB) and Rose Bengal (RB) dyes. Initially, 10 mg of catalyst was
introduced into a solution containing 50 mL of RhB solution
with a concentration of 10> M. The solution was then left in
the dark for 60 minutes to establish adsorption-desorption
equilibrium between the photocatalyst and RhB. Subsequently,
the solution was exposed to an 18 W white LED light. During
the light exposure, samples of 1 mL each of the reaction
mixture were extracted at regular time intervals. Following this,
the catalyst was separated from the reaction mixture through
centrifugation. The concentration of pollutants was determined
using a UV-vis spectrophotometer (Shimadzu UV 2600i) by
measuring the absorbance at 554 nm within the wavelength

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) Solid-state UV-vis diffuse reflectance spectra of the CzTA-PDAN and CzTA-PDA COP. (b)-(g) Tauc plot (b),

Mott—-Schottky plots

(c), electrochemical impedance spectroscopy (EIS) Nyquist plots (d), photocurrent—time plot (e), and band gap energy and band edge positions (f) of

the CzTA-PDAN and CzDA-PDA COP.

range of 450-700 nm. After measuring the absorbance at each
time interval, the dye solution was returned to the original
beaker to ensure a consistent volume of dye solution, thus
minimizing errors caused by the potential loss of RhB and
catalysts. The photodegradation reaction of RhB was monitored
for a duration of up to 80 minutes. Initially, we investigated the
impact of pH on the degradation rate of the dye (Section S5.1,
ESIT). Our findings revealed that under acidic conditions
(pH 2), rhodamine B underwent complete degradation within
80 minutes (Fig. 5a). Following this, we conducted a blank
experiment under identical conditions without the CzTA-PDAN
COP. The absence of degradation in this control experiment
underscores the pivotal role of our catalyst, affirming its
significant photocatalytic activity. The photocatalytic degrada-
tion proceeded by pseudo-first-order kinetics during the
experiments.

To quantify the degradation efficiency in the photodegrada-
tion experiments, eqn (1) and (2) were employed.

Degradation efficiency (DE) = C/C,

(1)
(2)

The kinetics of the photocatalytic rhodamine B degradation
were investigated based on the Langmuir-Hinshelwood model.

(3)

where C, is the initial concentration of the dye, C is the
remaining concentration of the dye at time ¢, and k& is the
pseudo-first-order rate constant.

DE (%) = (C/Co) % 100

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Photocatalytic degradation of RhB at pH 2 under the irradiation

of an 18 W white CFL catalyzed by the CzTA-PDAN COP. (b) Impact of pH
on the degradation of dye. (c) Primary photodegradation rate of RhB at
different pH values. (d) Primary photodegradation rate in the presence of a
scavenger.

As shown in Fig. 5b and c the degradation efficiency of the
catalyst was decreasing with the increasing pH of the dye
solution. So, the CzTA-PDAN catalyst shows effective RhB
photodegradation at pH 2. Additionally, we performed the
degradation study for Rose Bengal (RB) dye at a neutral pH 7

Mater. Adv,, 2025, 6, 2521-2529 | 2525
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(Fig. 6a and b). In this case, the complete degradation was
observed in 380 minutes under the irradiation of an 18 W white
LED light with catalyst loading 0.2 ¢ L™".

Photocatalytic degradation of rhodamine B (RhB) under
sunlight

To see the effectiveness of our CzTA-PDAN COP, we have
performed the RhB dye degradation experiment in the presence
of sunlight. As shown in the figure the degradation rate in the
presence of sunlight is higher than the white light-irradiated
dye degradation (Fig. 7a and b). So, this result proves the
greener approach of our catalyst CzZTA-PDAN for the degrada-
tion of dyes and has proven the practical application of the
catalyst.

Photodegradation pathway of dyes

The degraded samples of both pollutants, RhB and RB, sub-
jected to visible light irradiation with the CzTA-PDAN COP as
the photocatalyst, were analysed using mass spectrometry to
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Fig. 7 (a) Photocatalytic degradation of RhB at pH 2 under the irradiation

of an 18 W white CFL (black) as well as sunlight (red) catalyzed by the
CzTA-PDAN COP. (b) Primary photodegradation rate of RhB at pH 2 under
the irradiation of an 18 W white CFL (black) as well as sunlight (red).
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identify degradation fragments. Reaction mixtures collected at
different time intervals were examined, revealing the high
degradation efficiency of the CzTA-PDAN COP for RhB and
RB dyes. High-resolution mass spectrometry (HRMS) was
employed to investigate the key degradation intermediates at
various stages. The analysis results, including HRMS spectra
(Fig. S21 and S22, ESIt) and major detected intermediates
(Tables S1 and S2, ESIt), confirmed the breakdown of both
dyes into low-molecular-weight compounds. Based on these
findings and relevant literature, the potential photodegrada-
tion pathways of the dyes are proposed in Schemes S5 and S6
(ESI1).%>%° As per existing research, initially, the photocatalyst
targets bonds with lower energy, including C-C and C-N bonds,
initiating degradation. For instance, in the degradation process
of dyes like RhB and RB, an N-dealkylation pathway alongside
some C-C bond breakage compromises the structural integrity
of the dyes, disrupting the overall electron conjugation. Con-
sequently, noticeable blue shifts in the Ay« of the dyes are
observed during the photocatalytic process. Subsequently,
bonds possessing higher energy, such as -C-S-, -C-N-, and
—-C-C- bonds within chromophore groups, and -N=—N- bonds,
undergo photodegradation. This aligns with the disappearance
of all absorption bands in the UV spectra throughout degrada-
tion. Eventually, the dyes degrade into smaller aromatic groups
and various low molecular weight compounds.

Mechanism study for photocatalytic dye degradation

As we know the photocatalytic degradation of dyes involves the
reactive oxygen species (ROS) and holes.®” There are three ROS
which are the superoxide radical anion, singlet oxygen and
hydroxy radical. So, to gain deeper insights into the photoca-
talytic mechanism and the functions of active species, we
utilized an indirect chemical probe approach employing sca-
vengers like benzoquinone (BQ), sodium azide (NaN3;), isopro-
pyl alcohol (IPA), and ammonium oxalate (AO). These
scavengers were selected to specifically target and investigate
the roles of the superoxide radical anion (*O, "), singlet oxygen
(*0,), hydroxyl radical (*OH), and the positively charged holes
(h") in the process.®® The introduction of substances like BQ,
AO, and NaNj; resulted in a reduction in the degradation
efficiency in the case of RhB. However, when IPA was added,
there was minimal observable difference (Fig. 5d). This sug-
gests that the photocatalytic degradation process is primarily
influenced by the superoxide radical anion, singlet oxygen, and
holes. Notably, hydroxy radicals appear to play no significant
role in this process.

Similarly, in the case of Rose Bengal, the photocatalytic
activity is drastically suppressed in a controlled experiment
when BQ is used as a superoxide radical anion scavenger.
However, no significant change in the degradation of rose
Bengal is observed upon the addition of AO, IPA, and NaN;
as h', *OH, and 'O, scavengers under similar conditions
(Fig. 6d). This indicates that the superoxide radical anion
(*0O,7) is the only responsible active species for the degradation
of rose Bengal under visible light. After confirming the role of
reactive species, a reasonable photocatalytic mechanism of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The possible mechanisms of photocatalytic degradation of organic
dyes catalyzed by the CzTA-PDAN COP.

organic dye degradation was summarized by the band structure
(Fig. 8). The conduction band position of the CzTA-PDAN COP
was calculated as —1.21 V. The determination of bandgap
energies (E,) is facilitated through the analysis of UV-visible
spectra employing the Kubelka-Munk equation and the calcu-
lated bandgap energies (E,) for CzTA-PDAN was found to be
2.30 eV. The Ecp potential is more negative than the reduction
potential required for molecular oxygen to superoxide radical
conversion, indicating that CzTA-PDAN could produce *O, .
The Eyp potentials of CzTA-PDAN were measured at +1.09 V,
which is lower than the oxidation potential of OH /°OH at
+2.40 eV. This contrast strongly suggests the limited production
of *OH during photocatalysis. These analyses were supported
by the scavenger study also. So, in the photocatalytic dye
degradation upon irradiation with visible light the catalyst will
generate the hole and electron pairs. The excited electrons in
the conduction band will interact with the molecular oxygen to
produce the superoxide radical anion and singlet oxygen and
finally, both reactive oxygen species interact with the organic
dye, causing the degradation of the dye. Additionally, the n—n
interaction of the dye molecule with the highly conjugated
CzTA-PDAN COP accelerates the diffusion of dyes to the active
site of the catalyst and promotes degradation.

Recyclability test

To demonstrate the chemical stability and heterogeneous cat-
alytic efficiency, we performed the experiment for up to five

(3)10 Cycle-1 | cycle-2 | cycle-3 | Cycle-4 | cycle-5 (b)
0.8 ;
8
506
0.4 g
- ~——— Recycled
0.2 = —— Pristine
0.0
0 80 160 240 320 400 4000 3300 2600 1900 1200 500
Irradiation time (min) Wavenumber (cm™)
Fig. 9 (a) Recyclability test of the CzZTA-PDAN COP for the photocatalytic

removal of RhB. (b) FT-IR spectra of the recycled CzTA-PDAN COP.
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cycles under identical conditions. Remarkably, no decrease in
catalytic efficiency was observed for dye degradation through-
out these cycles (Fig. 9a). Subsequent FT-IR analysis of the
recycled COP revealed no change in peak intensity and posi-
tion, confirming the structural integrity of the CzTA-PDAN COP
even after five cycles (Fig. 9b). These findings underscore the
exceptional recyclability and stability demonstrated by the
materials.

Conclusions

In summary, carbazole-based sp® carbon-linked CzTA-PDAN
and imine-linked CzTA-PDA COPs were successfully synthe-
sized under solvothermal conditions. Both the COPs have the
same monomer but a different linkage. Because of the extended
conjugation, the CzTA-PDAN COP demonstrated enhanced
charge separation, and a higher photocurrent response com-
pared to the CzTA-PDA COP. Additionally, due to its outstand-
ing photocatalytic activity, the sp®c-COP was employed for the
photocatalytic degradation of RhB and RB under an 18 W white
CFL. We explored the degradation of RhB under sunlight, and
more than 99% degradation was observed within 60 minutes,
which demonstrates the practical applicability of our catalyst.
From the mechanistic point of view, the superoxide radical
anion, singlet oxygen, and holes are the active species respon-
sible for dye degradation. Moreover, CzTA-PDAN shows good
reusability up to five cycles without the loss of photocatalytic
activity. So, this work provides a greener approach for waste-
water treatment and opens up a new path to develop new metal-
free catalysts and utilize solar energy for other sustainable uses.
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