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Donor—acceptor sp? covalent organic frameworks
for photocatalytic H,O, production and tandem
bisphenol-A degradationf
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Covalent organic frameworks (COFs) emerge as innovative photocatalysts featuring systematically tuned
chemical structures, nano-porosity, and photoelectric properties. We have shown in the last years that
COFs are excellent photocatalysts and they are able to produce hydrogen peroxide (H,O,) from oxygen
and water. Despite the recent surge in the photosynthesis of H,O, using COFs, its subsequent application
for tandem pollutant remediation as a tangible green alternative to Fenton chemistry has not yet been
comprehensively explored. In this study, we synthesized three highly crystalline sp?> COFs with different
donor—acceptor (D—-A) strengths, employing triazine units as the electron acceptor moiety. The D-A
alignment promotes photogenerated charge separation, augmenting the photocatalytic process, which
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resulted in the TMT-TT-COF achieving a H,O, production rate of 1952 pmol g~* h™* without any sacrificial
agents. The COFs also manifested a rapid photocatalytic degradation of bisphenol A (BPA) from a variety
of real-life waterbodies. This study pioneers the in situ H,O, production via COFs to subsequently gene-
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Introduction

The existential impact posed by environmental pollution has
been a major concern for researchers in recent decades. One
of the pressing environmental challenges is the degradation of
persistent organic pollutants, e.g., bisphenol A (BPA), a ubiqui-
tous compound found in various industrial processes, which
is associated with adverse health effects." Although certain
strategies including adsorption and biodegradation have been
proposed to address this challenge, these strategies frequently
suffer the generation of secondary pollutants combined with a
low degradation efficiency.” Advanced oxidation processes
(AOPs), e.g., the Fenton process, can efficiently mineralize
organic pollutants into CO,, H,0, or inorganic ions and have
substantiated the instrumental role of hydrogen peroxide
(H,0,) in this regard. This has gained significant traction as a
clean and sustainable approach for producing reactive oxygen
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rate other reactive oxygen species (ROS) for direct organic pollutant degradation in the visible region.

species (ROS) like hydroxyl radicals ("OH), which play a vital
role in pollutant degradation.> However, the development of a
tandem process tying the generation of H,O, to its subsequent
use in pollutant degradation under green and sustainable con-
ditions has seldom been reported.

Conventional techniques like the anthraquinone process,”
alcohol oxidation route,” and electrochemical procedures®
have found extensive use in industrial H,0, synthesis.
Nevertheless, some are waste-intensive, leading to increased
production expenditures. To overcome these issues, photocata-
lysis is a promising strategy due to its ability to efficiently
harness (solar) light energy to achieve light-to-chemical energy
conversion. The ideal photocatalytic process is proficient, cost-
effective, and energy-conserving, requiring only water, oxygen,
light, and catalysts.” In light of this, there is a significant inter-
est in the exploration of pioneering photocatalytic materials
for water treatment and energy conversion. To date, a variety of
photocatalysts have emerged, e.g., (1) traditional inorganic
semiconductors (such as TiO, which displays notable stability
but limited use in the visible spectrum due to wide
bandgap);"*® (2) two-dimensional materials, such as graphene
oxide (GO) or GO-based composites, which exhibit remarkable
electrical conductivity. Yet, they are limited by the low absor-
bance of pure GO in the visible light range and the complex
synthesis of its composites.”'°

Polymer network semiconductors, e.g., graphitic carbon
nitride (g-C3N,), conjugated microporous polymers, metal-
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organic frameworks (MOFs), and covalent organic frameworks
(COFs) feature advantageous light absorption properties and
can render excellent photocatalytic performance through
bandgap and band structure modulation."*™ Two-dimen-
sional COFs commonly manifest highly n-conjugated organic
frameworks composed of light elements (C, O, N, B, etc.) inter-
connected via robust covalent linkages.'®'” The facile separ-
ation and migration of photoinduced charge carriers within
COF frameworks is another important aspect that benefits
photocatalytic processes.'® The judicious integration of donor
(D) and acceptor (A)-type organic moieties into COF structures
offers a tool for engineering the bandgap, enabling deliberate
tuning of the electronic structure and conductivity of the
material."® Till now, the majority of the reported D-A COFs
have predominantly relied upon imine linkages,**** which are
usually accompanied by compromised stability and limited =
delocalization.>* However, these challenges can be resolved
through the construction of COFs containing sp> C—=C bonds.
Especially, the sp® vinylene-linked COFs demonstrate an
extended m-conjugation, distinguished charge carrier mobility,
and exceptional chemical robustness even when subjected to
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severe environmental conditions, substantiating their great
potential in practical applications.*?

Despite the demonstrated excellent efficiency of COFs in
H,0, synthesis,"®**" and parallelly in persistent pollutant
decontamination,® an in-depth exploration of their potential
to govern the concomitant degradation of organic pollutants
in water via in situ photosynthesized H,O,-mediated ROS gene-
ration remains underexplored. Nevertheless, this undiscovered
field is crucial because it expands the research of H,0, appli-
cations by avoiding the time and energy-consuming extraction
process of H,0,.'> This extraction is still unattractive for
photocatalytically produced H,O, as it is generally present in
low concentrations (mM). Thus, we built a tandem method
that effectively employs H,0, for environmental remediation.
Considering the scarcity of research in this area,* our work
aims to investigate the practical consequences of using COF-
generated H,O, for pollutant degradation, so contributing to a
better understanding of the real-world uses of COFs in
environmental catalysis. Herein, three metal-free vinylene-
linked sp®> COFs with variable D-A strengths (namely
TMT-TT-COF, TMT-N-COF, and TMT-BT-COF, see Fig. 1) were
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Fig. 1
TMT-N-COF, and (d) TMT-BT-COF.
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(a) Synthesis scheme for TMT-TT-COF, TMT-N-COF, and TMT-BT-COF. The PXRD patterns and Pawley refinements of (b) TMT-TT-COF, (c)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc04045c

Open Access Article. Published on 30 January 2024. Downloaded on 7/17/2025 7:23:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

constructed as photocatalysts to serve this purpose probing
simultaneous H,0, production and BPA degradation from
water sources. The D-A network allows long-range ordered
arrangement and better n-x stacking in these COFs, which led
us to analyze the interplay between electronic structures,
optical properties, and charge dynamics in these materials.
The triazine unit (TMT) and benzothiadiazole moiety (BT) are
known as electron acceptors in light of their strong electron
affinity.>**> Elements including sulfur, on the other hand, are
frequently associated with lone pairs of electrons and can act
as electron donors. As this implies, thieno[3,2-b]thiophene-2,5-
dicarboxaldehyde (TT) has a higher donor ability than
naphthalene-2,6-dicarbaldehyde (N). Thus, the electron-donat-
ing ability is distributed in the following order: TT > N > BT.
With this merit, the TMT-TT-COF containing thiophene
groups exhibits the strongest D-A characteristics among the
three COFs, resulting in a 1952 pmol g* h™ H,0, generation
rate and 96% BPA degradation within 60 min. Additionally,
the influencing factors and photocatalytic mechanism of the
photocatalytic reaction are discussed in detail.

Results and discussion

The targeted COFs (TMT-TT-COF, TMT-N-COF, and TMT-BT-
COF) were synthesized by the Knoevenagel condensation reac-
tion between 2,4,6-trimethyl-1,3,5-triazine (TMT) and aldehyde
monomers (TT, N, and BT, respectively) in the solvent mixture
of 1,4-dioxane and mesitylene at 150 °C for 72 h (Fig. 1a and
Fig. S1, see ESIT for more details). Initially, the crystallinity of
the synthesized COFs was revealed by powder X-ray diffraction
(PXRD) (Fig. 1b-d). The TMT-TT-COF exhibited a sharp and
strong reflection at 26 = 4.2°, which was assigned to the (100)
facet. Four more peaks at 7.1°, 8.2°, 10.8°, and 25.2° were
attributed to the (110), (200), (210), and (001) facets, respect-
ively. Similarly, an identical PXRD pattern was observed for
TMT-N-COF and TMT-BT-COF. Nevertheless, the reflection
peak corresponding to the (100) facet of TMT-BT-COF was
observed at 26 = 2.7°, which can be attributed to the incorpor-
ation of longer linkers. All of the experimental PXRD patterns
matched well with the simulated AA-eclipsed layer stacking
model with unit cell parameters (a = b =24.67 A, c=4.03 A, a =
S =90°, y = 120° for TMT-TT-COF; a = b = 25.23 A, ¢ = 3.95 A,
and a = f = 90°, y = 120° for TMT-N-COF; and a = b = 37.62 A, ¢
=3.76 A, a = = 90°, and y = 120° for TMT-BT-COF), and the
satisfactory agreement factors were found for the TMT-TT-COF
(Rwp = 5.86% and R, = 5.12%), TMT-N-COF (R, = 5.38% and
R, = 4.34%), and TMT-BT-COF (R, = 3.97% and R, = 3.44%),
respectively. Full profile Pawley refinement of their diffraction
patterns revealed a hexagonal structure. Following that,
Fourier transform infrared (FT-IR) was utilized to investigate
their characteristic bands (Fig. S21). The disappearance of the
carbonyl peaks of the monomers and the appearance of the
new C—C stretching vibration peaks at 1613 cm™, 1624 cm™,
and 1625 cm ™" confirmed the conversion of aldehydes to viny-
lenes in TMT-TT-COF, TMT-N-COF, and TMT-BT-COF, respect-
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ively. X-ray photoelectron spectroscopy (XPS) analyses were
conducted to further confirm the existing elements of C 1s, N
1s, and S 2p in the TMT-TT-COF (Fig. S3t and Fig. 2). The C 1s
spectrum of TMT-TT-COF could be deconvoluted into three
peaks at 288.38 eV, 286.63 eV, and 284.5 eV, which can be
attributed to “n-n*”, “N-C=N”", and “C=C/C-C” bonds,
respectively. In the N 1s spectrum, the peak located at 399.40
eV is assigned to the triazine moiety. Besides, the peaks
observed at 164.02 eV and 165.20 eV in the S 2p spectrum are
assigned to the S 2p;, and S 2p,,, thiophene monomers,
respectively.

Their permanent porosity was accessed by nitrogen sorp-
tion measurements at 77 K. In Fig. S4,7 both TMT-TT-COF and
TMT-N-COF displayed the typical type-I isotherms with a rapid
N, uptake in the low-pressure region, indicating their micro-
porosity. However, the TMT-BT-COF showed a type-III isotherm
with mesoporous characteristics. Additionally, the Brunauer-
Emmett-Teller surface area of TMT-TT-COF, TMT-N-COF, and
TMT-BT-COF was calculated to be 556 m* g ', 519 m* g”*, and
90 m® g7', respectively. The pore size distributions of
TMT-TT-COF, TMT-N-COF, and TMT-BT-COF were analyzed by
the quenched solid density functional theory (QSDFT)
method, yielding estimated values of 1.6, 1.9, and 3.6 nm,
respectively, which are closed to the simulated values
(Fig. S4t).

From the thermogravimetric analysis (TGA) curves,
TMT-TT-COF and TMT-N-COF exhibited better thermal stabi-
lity than TMT-BT-COF (Fig. S5t). Although all three COFs
showed comparable network stability till 350 °C under N,
TMT-BT-COF experienced more significant mass loss at higher
temperatures. This could be explained by the higher conju-
gation degree of the D-A units introduced in TMT-TT-COF and
TMT-N-COF, which increases the thermal stability of COFs
whereas the longer linker in TMT-BT-COF weakens it.**
Afterwards, their morphologies were investigated by field-emis-
sion scanning electron microscopy (FE-SEM). In Fig. 2d-f,
TMT-N-COF and TMT-BT-COF exhibited spherical nano-
particles with average particle sizes of 3.1 ym and 3.8 pm
respectively, while TMT-TT-COF appeared as bipyramidal par-
ticles with an average size of 3.25 pm. Transmission electron
microscopy (TEM) measurements were employed for further
confirmation of the TMT-TT-COF structure (Fig. S67).

Apart from the investigations of structures and mor-
phologies of these three COFs, their optoelectronic properties
are also of crucial significance in photocatalysis. First, diffuse
reflectance ultraviolet-visible (UV-vis) spectra were recorded to
analyze their optical properties. As Fig. 3a shows, all three
COFs displayed broad absorption in the visible-light region,
which confirmed their strong visible-light harvesting nature.
TMT-N-COF exhibited a maximum absorption peak at 470 nm,
which is close to TMT-BT-COF (480 nm). A considerable red-
shift to 518 nm was observed for TMT-TT-COF. Using the Tauc
plot, the band gaps of TMT-TT-COF, TMT-N-COF, and
TMT-BT-COF were calculated to be 1.77 eV, 2.13 eV, and 2.28
eV, respectively (Fig. S7t). On the other hand, the conduction
bands (CBs) of TMT-TT-COF, TMT-N-COF, and TMT-BT-COF

Green Chem., 2024, 26, 3239-3248 | 3241
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Fig. 2 XPS high-resolution spectra of TMT-TT-COF in the region of (a) C 1s, (b) N 1s, and (c) S 2p. FE-SEM images of (d) TMT-TT-COF, (e) TMT-N-

COF, and (f) TMT-BT-COF (inset: the size distribution of the three COFs).

were determined to be —0.46, —0.5, and —0.38 V vs. NHE,
respectively by Mott-Schottky analysis conducted at their
respective isoelectric points (Fig. S81). Moreover, the positive
slopes of the Mott-Schottky analysis suggested that all three
COFs are n-type semiconductors, making them good candi-
dates for reduction reactions such as oxygen reduction reac-
tion (ORR) for H,0, production, especially since all the CBM
values were more negative than that required for O, to super-
oxide (0,/°0, = —0.33 V, vs. NHE at pH = 7). Accordingly, the
valence band maximum (VBM) potentials of TMT-TT-COF,
TMT-N-COF, and TMT-BT-COF were measured to be +1.31,
+1.63, and +1.9 V vs. NHE at pH = 7 (Fig. 3b). Such high VBM
values further indicated the suitability of the COFs to oxidize
BPA into degradation products (0.77 V, vs. NHE at pH = 7).%°

3242 | Green Chem., 2024, 26, 3239-3248

Furthermore, photoluminescence (PL) spectra were per-
formed to evaluate photoinduced charge separation efficiency.
As shown in Fig. S9,f both TMT-BT-COF and TMT-N-COF dis-
played high PL intensity. It is worth noting that the PL inten-
sity of TMT-TT-COF was significantly weaker than
TMT-BT-COF and TMT-N-COF, indicating that TMT-TT-COF
had the lowest recombination of charge carriers. To validate
the above analysis, transient fluorescence lifetime decay
spectra were conducted. By fitting these curves, the average
decay lifetimes of 1.77 ps for TMT-TT-COF, 1.38 ps for TMT-N-
COF, and 1.37 ps for TMT-BT-COF were obtained in Fig. S10.}
The prolonged PL decay lifetime and notably quenched PL
emission in TMT-TT-COF, compared to TMT-N-COF and
TMT-BT-COF, suggest enhanced charge separation and more

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) UV-vis spectra and the color of as-synthesized COFs powder,

(b) band alignment, (c) electrochemical impedance spectra (EIS), and (d)
photocurrent responses of TMT-TT-COF, TMT-N-COF, and
TMT-BT-COF.

extended exciton mobility facilitated by the incorporation of
the stronger electron-donating TT moiety into the COF
structure.’”° Moreover, the electrochemical impedance
spectra (EIS) were measured to study the charge transfer resis-
tance. A smaller arc radius for the TMT-TT-COF was observed
in the Nyquist plot (Fig. 3c), which illustrates lower charge
transfer resistance. After fitting to the Randel circuit, the
charge transfer resistance (Rcr) values of TMT-TT-COF, TMT-N-
COF, and TMT-BT-COF were estimated to be 2067 Q, 4910 Q,
and 5239 Q respectively. The photocurrent responses of the
COFs were further analyzed to echo the charge transfer trend
observed by EIS. As shown in Fig. 3d, TMT-TT-COF possesses
the strongest transient photocurrent response, which indicates
more efficient charge separation compared to TMT-BT-COF
and TMT-N-COF. In general, TMT-TT-COF exhibited better
optoelectronic properties than TMT-N-COF owing to the pres-
ence of thiophene groups, which resulted in a deeper color of
the photocatalytic material (Fig. 3a), enhanced absorption of
visible light, a narrower energy band, and higher electron
density.

In order to better understand the effect of the building
units on the optoelectronic properties of the COFs, their mole-
cular analogues have been theoretically modeled. As shown in
Fig. 4, the highest occupied molecular orbital (HOMO) of all
three COFs was found to be distributed entirely on these moi-
eties, i.e., on TT, N, and BT units, whereas the lowest unoccu-
pied molecular orbital (LUMO) of TMT-TT-COF and TMT-N-
COF were distributed on the whole skeleton, but that of
TMT-BT-COF was concentrated only on the BT moiety. This
observation highlights the impact of different electron-donat-
ing moieties on the electronic distribution of respective COFs.
As the TT moiety is highly electron-donating, the triazine unit
served as the electron-accepting counterpart in TMT-TT-COF,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Distributions of the HOMO and LUMO of TMT-TT-COF, TMT-N-
COF, and TMT-BT-COF.

which led to the extended distribution of LUMO over the
entire backbone including triazine. A similar situation was
encountered for TMT-N-COF as well, despite the relatively sup-
pressed electron-donating ability of naphthalene over TT. BT,
on the other hand, is a strong electron-accepting unit, so the
LUMO was found concentrated on the BT unit alone. This way,
one may retrospect the TMT-BT-COF as more of a hetero-
geneous molecular analogue of BT, whereas TMT-N-COF and
TMT-TT-COF showed extended orbital distributions posing
more semiconducting trends. Accordingly, TMT-BT-COF mole-
cular analogue possessed the highest computed bandgap fol-
lowed by TMT-N-COF and TMT-TT-COF, respectively (Fig. 3b).
This order is in line with the experimentally obtained band-
gaps of the COFs. The electron densities of the three COFs
were also mapped against respective potential energy surfaces.
Indeed, as shown in Fig. 4, the sulfur centers in TMT-TT-COF
showed the maximum localization of charge density whereas
the triazine moiety was the most devoid of it. This demon-
strates a relatively heterogenized charge distribution in the
material, which is beneficial for its application as a photo-
catalyst. The extent of such charge density heterogenization
was relatively low in TMT-N-COF, and much lower in
TMT-BT-COF indicating that these two COFs may perform rela-
tively poorly under photocatalytic conditions when compared
to TMT-TT-COF. The experimentally obtained low charge trans-
fer resistance and high photocurrent response of TMT-TT-COF
compared to the other two COFs can be justified by this
theoretical result as well.

Photocatalytic activity
H,O0, production

Given the in-depth evaluation of the physicochemical pro-
perties of the COFs highlighting their immense potential to
photochemically produce H,O, and degrade BPA, we were
inspired to conduct a thorough investigation into both these
catalytic aspects. We evaluated their H,0, production
efficiency first before probing them into simultaneous BPA
degradation by using the in situ generated H,O,. This
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approach allows us to understand the entire breadth of their
photocatalytic activity in detail. Initially, the experiments of
photosynthesis H,0, were performed under visible light (420 <
A <700 nm) irradiation without any sacrificial agents (10 mg of
COF in 30 mL Milli-Q water, O, or Ar purge 20 min, see ESI{
for more details). In the O,-purged pure water system, the
H,0, generation rates for TMT-TT-COF, TMT-N-COF, and
TMT-BT-COF were detected to be 1952, 1742, and 748 pmol g™
h™, respectively (Fig. 5a). When O, was replaced by Ar, all the
COFs exhibited a considerable reduction in H,0, generation
rates, indicating the vital involvement of oxygen in this process
(Fig. 5b). Such high H,0, production rates in the O, pre-satu-
rated water can be explained by the suitable photochemical
properties of the COFs. Moreover, the catalytic activity trend of
the three COFs is positively correlated with their corres-
ponding D-A strengths (TMT-TT-COF > TMT-N-COF >
TMT-BT-COF). The rational integration of D-A units extended
the n-conjugation structure of COFs in x and y plane, leading
to high conductivity and efficient electron transport.

Degradation of BPA

Motivated by the H,0, photo-production results, a systematic
examination was carried out to assess the practical feasibility
of these systems for the photocatalytic degradation of BPA
under simulated as well as real-life media. In Fig. 6a,
TMT-TT-COF and TMT-N-COF exhibited outstanding BPA
degradation efficiency of 96% and 94.7% within 60 min in the
Milli-Q water system, respectively. On the contrary,
TMT-BT-COF showed relatively low activity with a degradation
rate of merely 40%. The kinetic rate constants of BPA photode-
gradation were evaluated by pseudo-first-order kinetic mode
(eqn (S3) and (S4)t). As shown in Fig. S11,T the rate constant
of TMT-BT-COF is 0.007, leading to poor performance regard-
ing BPA degradation. In the case of TMT-TT-COF and TMT-N-
COF, the rate constants 6.9-fold and 6.4-fold higher than those
of TMT-BT-COF were observed, respectively. Similar to the
H,O0, case, this observation could be ascribed to the incorpor-
ation of the D-A building units in TMT-TT-COF and TMT-N-
COF, which effectively promotes charge transfer and facilitates

3244 | Green Chem., 2024, 26, 3239-3248

View Article Online

Green Chemistry

charge separation, thereby making them highly efficient on
target pollutants. Notably, TMT-TT-COF exhibited decent H,O,
production and BPA degradation efficiency compared to
similar materials (Tables S2 and S3t). Given its better photo-
catalytic performance, we utilized TMT-TT-COF as an example
to investigate the effect of catalyst dosage on its activity.
Accordingly, Fig. 6b illustrates the impact of varying dosages
(5 mg, 10 mg, and 15 mg) of TMT-TT-COF on the degradation
of BPA over a duration of 60 min. At a dosage of 5 mg, the
degradation efficiency of TMT-TT-COF was notably low, reach-
ing only 42%. Conversely, the dosage of 10 mg resulted in a
rapid increase in degradation efficiency, achieving 96%.
Similarly, a dosage of 15 mg exhibited a faster degradation
rate, also reaching 96% after 60 min. These findings highlight
the positive correlation between the presence of active sub-
stances and the availability of surface-active sites. Considering
environmental concerns and consumption reduction, the
optimal TMT-TT-COF dosage of 10 mg was employed for sub-
sequent experiments within the following series.

Following establishing the performance of the COFs in
Milli-Q water, other types of water and various pHs were also
tested. As these real-life conditions can significantly affect
the photochemical response of the system, it is imperative to
assess their respective impacts on the practical employability
of the materials. As shown in Fig. 6c-e, the BPA degradation
efficiency of TMT-TT-COF in tap water, lake water, and sea-
water exhibited a slight decrease compared to its perform-
ance in Milli-Q water while remaining at around 80%. The
other two materials also manifested a similar decreased cata-
Iytic efficiency. Of note, the catalytic activity trend i.e.,
TMT-TT-COF > TMT-N-COF > TMT-BT-COF, still maintained
under these conditions as well. The decreased degradation
efficiency in these real-life water systems might be caused by
the presence of certain inorganic ions, which can affect the
functionality of active sites inside the material."® Likewise,
diverse chemical conditions in real wastewater may signifi-
cantly change the pH of the medium too, which can affect
the stability and catalytic performance of materials. Thus, the
degradation efficiency of TMT-TT-COF toward BPA was evalu-
ated under varying pH values. In Fig. 6f, in the pH range of 3
to 11, TMT-TT-COF showed a favourable performance in the
photocatalytic degradation of BPA. Nevertheless, with the
increases of alkalinity (pH > 7), its degradation efficiency
slightly decreased. This may be explained considering
that BPA predominantly exists as negatively charged ions
at pH values above 9.6, and the zeta potential of
TMT-TT-COF becomes more negative as pH rises, leading to
the repulsion between the BPA and TMT-TT-COF (Fig. S8af).
Heterogeneous photocatalysis being a surface phenomenon,
such electrostatic repulsion diminishes the surface adsorp-
tion of BPA and effective charge transfer from COF to the pol-
lutant. Consequently, this repulsive interaction hampers the
rate of BPA degradation.*’ On the other hand, even with the
inhibition of ROS formation (e.g., ‘OH) under acidic con-
ditions, no significant changes were observed in the degra-
dation of BPA by TMT-TT-COF when compared to neutral

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Photocatalytic performance of TMT-TT-COF, TMT-N-COF, and TMT-BT-COF for BPA photocatalytic degradation, the influence of (b)

photocatalyst dosage (TMT-TT-COF), (c)-(e) different water matrix, and (f) the effect of initial pH on the removal rate of BPA with the addition of
HCL or NaOH solutions (reaction conditions: BPA = 30 mL of 25 mg L™, 300 W Xe lamp, Co is the absorption of the initial concentration when

adsorption—desorption equilibrium is established).

conditions. This can be explained from three aspects: (1) BPA
molecules feature two oxygen atoms with negative charges
within the hydroxyl groups, along with four negatively
charged carbon atoms located ortho to the phenolic group.
Meanwhile, the TMT-TT-COF is positively charged under
acidic conditions (Fig. S8aft), thereby facilitating the inter-
action between the TMT-TT-COF and BPA molecules;'*** (2)
COFs may undergo protonation under acidic conditions,
thereby enhancing their photocatalytic reaction ability;*>™**
(3) in the context of a photocatalytic system at pH = 3, an
increased concentration of H' is observed, leading to
enhanced H' adsorption on the photocatalyst’s surface.
Consequently, upon contact with the catalyst’s surface, O,
undergoes reduction to form "O,~ species through the action
of photogenerated electrons.*’

Recyclability, another key indicator regarding practical
applications, also needs to be evaluated. For this purpose, the
stability of TMT-TT-COF was assessed over five consecutive
cycles of photocatalytic degradation targeting BPA. The
results revealed that TMT-TT-COF maintained a relatively
high level of photocatalytic degradation performance
(Fig. 7a). No obvious alterations were observed in the PXRD
pattern and FT-IR spectra of the spent TMT-TT-COF
(Fig. S1271), implying its excellent stability and recyclability in
the degradation of BPA.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Recyclability of photocatalytic experiments by TMT-TT-COF.

(b) Effects of scavengers (2 mmol L) on BPA degradation (reaction con-
ditions: photocatalyst = 10 mg, BPA = 30 mL of 25 mg L™).

Photocatalytic mechanism analysis
and proposed BPA degradation
pathways

Considering the remarkable H,O, yield as well as the excep-
tional degradation performance of BPA demonstrated by
TMT-TT-COF, we were intrigued to tie these two catalytic
activities together for a thorough understanding of the mecha-
nism. Firstly, we examined H,0, production in an air atmo-
sphere both with and without BPA. H,0, production is
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1484 ymol g~' h™" in the absence of BPA, while in the pres-
ence of BPA, it decreases to 257 pmol g~' h™". This phenom-
enon may imply the role of H,O, in the indirect oxidation of
BPA. Subsequently, the free radical trapping experiments were
conducted. Butylated hydroxytoluene (BHT), KI, r-histidine,
and tertbutyl alcohol (TBA) served as trapping agents for ‘O,
h*, '0,, and "OH, respectively. Fig. 7b illustrated that the pres-
ence of BHT and TBA markedly suppressed the degradation of
BPA, suggesting that O, and "OH radicals serve as crucial
active species in the photocatalytic degradation procedure.
Moreover, it is observed that both h* and 'O, also exerted a
certain inhibitory effect in the BPA degradation process. As all
three COFs exhibited varying levels of H,O, production even
in the Ar-purged water (Fig. 5b), we reckoned that the oxi-
dation of water to oxygen has taken place at VB of
TMT-TT-COF. To prove this, we conducted controlled photo-
reactions in a N, atmosphere, using silver nitrate (AgNO3) as
an electron scavenger in deaerated water. Micro-GC measure-
ments confirm the presence of O, after 6 hours of irradiation,
thereby substantiating the generation of O, on the VB of
TMT-TT-COF (Fig. S131). This inspired us to carry out con-
trolled experiments on the photocatalytic degradation of BPA
under Ar atmospheres, which also showed a satisfactory
degradation efficiency of 64% (Fig. S14t). It’s noteworthy that
in our photocatalytic system, we found that h" can directly
oxidize and degrade BPA. To illustrate this, we substituted the
aqueous medium with the redox-stable organic solvent aceto-
nitrile (ACN) and introduced an electron scavenger to perform
the degradation process under an Ar atmosphere. Fig. S157
shows that h" directly accounted for 28% of BPA degradation.
As illustrated in the hole-capture experiments conducted with
KI (Fig. 7b), the holes present in the COF preferentially
oxidize I" to I, rather than oxidizing BPA. However, in this
experiment, we also observed ca. 50% degradation of BPA
within 1 hour. Given the suppression of direct oxidation of
BPA, this outcome affirms the involvement of H,0, in the
indirect oxidation of BPA, aligning with our initial hypothesis.
Based on these results, a plausible mechanism is proposed in
Fig. 8. Firstly, under light irradiation, the COF-based photo-
catalyst was excited to transfer photogenerated electrons from
VB to CB. This process induced the migration of photogene-
rated carriers within the material. In the CB, the accumulated
electrons reacted with O, to form the 'O,  radicals.
Subsequently, these radicals engage in indirect two-electron
(2e7) ORR pathways, leading to the production of H,O,. Then
the formed H,O, undergoes further reduction, resulting in
the generation of ‘OH, which plays the most significant role in
BPA degradation. This explanation justifies the corresponding
control experiment results with BHT and TBA. Of note, "'OH
can also be generated by direct water oxidation by h'.
However, the potential requirement for this to happen is sig-
nificantly higher than the VBM of the material. This substan-
tiated that the reduction of H,0, is the only possible pathway
to produce "OH under our catalytic medium. The h', on the
flip side, effectively oxidize H,O to O, and H' species as well
as directly oxidize and destroy BPA molecules. At the same
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Fig. 8 (a) Proposed mechanism for the photocatalytic degradation of
BPA, (b) proposed BPA degradation pathways for TMT-TT-COF.

time, the 'O, obtained in the CB undergoes a subsequent oxi-
dation process, ultimately yielding 'O,.

To gain a comprehensive understanding of the BPA degra-
dation process, liquid chromatography-mass spectrometry
(LC-MS) analysis was employed to examine potential inter-
mediate products (Fig. S161). Based on the results of radical
trapping experiments and the identified intermediates, we
present potential pathways for the photocatalytic degradation
of BPA in Fig. 8b. In our photocatalytic system, hydroxylation
and p-scission were observed to be the two main transform-
ation pathways for BPA degradation. It is worth mentioning
that the presence of ‘O,” plays a crucial role in this photo-
catalytic degradation process, as it serves as the precursor for
the formation of highly reactive secondary radicals, namely
‘OH and '0O,. Pathway I: initially, BPA is electrophilically
attacked by "OH to form monohydroxylation (B) or dihydroxyla-
tion (C). The carbon atom in the isopropyl group undergoes
oxidation by "OH, subsequently forming (F) and (D). These
compounds are then further oxidized by ROS, such as ‘O,~
and '0O,, resulting in the generation of (G) and (E). On the
other hand, compound (B) also triggers the production of (H)
and (I) via 'O,” induced dehydroxylation, followed by ring-
opening reactions yielding (E). Pathway II: the cleavage of the
isopropyl C-C bond via p-scission was confirmed through the

This journal is © The Royal Society of Chemistry 2024
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observation of (J) and (K). This process is caused by the attack
of oxidation-active photogenerated h', which are subsequently
oxidized to species (L) and (M). Following the ring-opening
reaction of the benzene ring, (M) was further converted into
(N). Finally, (E) and (N) were oxidized and mineralized, leading
to the formation of small molecules such as organic acids,
CO,, and water.

Conclusions

In conclusion, three highly crystalline vinylene-linked COFs
based on the electron-deficient triazine unit were successfully
prepared. The TMT-TT-COF and TMT-N-COF exhibit a stronger
donor-acceptor (D-A) structure, which enhances the intralayer
charge transfer in contrast to the TMT-BT-COF. More particu-
larly, TMT-TT-COF is assembled involving S-containing thio-
phene moieties, exhibiting a narrower bandgap, more robust
intramolecular charge carrier transport and alleviated recom-
bination, ultimately leading to greatly enhanced photocatalytic
performance. Meanwhile, this investigation offers valuable
insights into the strategic design of COFs aimed at enhancing
H,0, synthesis and fostering the generation of abundant ROS,
consequently facilitating the effective degradation of BPA. This
achievement is realized through the deliberate integration of
donor and acceptor functional groups within the COF skel-
etons. Furthermore, it also contributes to the potential utiliz-
ation of H,0, generated by COFs, thereby establishing a
pathway for tangible applications in diverse practical
applications.
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