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A B S T R A C T

Covalent organic frameworks (COFs) are prospective photocatalysts for the treatment of organic pollutants; 
however, their photocatalytic efficacy is restricted by their quick charge recombination and non-optimal energy 
band configuration. Herein, we report the synthesis of two donor–acceptor β-ketoenamine-linked COFs with a 
D1-A-D2-A structure (AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs) for high-performance photocatalytic 
degradation of cationic and anionic organic dyes. This remarkable performance originates from their high sur
face area, excellent crystallinity, high separation of photogenerated electron/hole pairs, large-scale electron 
delocalization, effective charge transfer, and favorable band gap configuration. The photocatalytic degradation 
of organic pollutants, specifically the cationic organic dye Rhodamine B and the anionic organic dye methyl 
orange, was achieved with a significant degree of efficacy using both COFs. In particular, Rhodamine B can be 
completely photodegraded by AZO-TFP-BT-TFP COF under visible light irradiation within 3 h, with a degraded 
efficiency of 97.70 ± 0.51 % and a reaction rate constant of 1.21 h− 1. The mechanism investigation presents 
strong evidence that the effective photodegradation by AZO-TFP-BT-TFP COF is chemically explained by the 
presence of holes, hydroxyl radicals, and superoxide radicals. Our work, the first systematic study of incorpo
rating the D1-A-D2-A structure in COFs, offered a design method for the strong degradation of organic con
taminants employing stable photocatalysts.

1. Introduction

Covalent Organic Frameworks (COFs) are porous polymers with a 
well-defined crystal structure, formed through strong covalent bonds 
between light elements such as H, B, C, N, and O [1]. Moreover, owing to 
the exceptional chemical stability of COFs in organic solvents [2], they 
can endure harsh conditions of acidity and alkalinity [3]. Additionally, 
they exhibit permanent porosity [4], high surface areas [5], and orderly 
arranged pores [6], among other merits. Presently, COFs have been used 
in many applications such as adsorption [7], separation [8], H2 evolu
tion [9], energy storage [10], sensor [11], anion conduction [12], drug 
delivery [13], proton and ion transport [14]. Furthermore, a notable 
advantage of COFs over other porous materials is their predictable 
crystal structures [12]. Each monomer possesses distinct geometric 
characteristics, enabling the anticipation of the synthesized COFs’ 
structures through topology diagrams [3], yielding highly ordered 

geometrical arrangements [4]. Studies indicate that through molecular 
design, COFs can precisely regulate their photoelectric properties, 
thereby enhancing photocatalytic activity through structural modifica
tions [15,16]. COFs exhibit prominent optical absorbance and facilitate 
charge mobility over the whole polymeric structure, both of which are 
essential for the process of photocatalysis [17,18]. The arranged 
porosity of COF facilitates the rapid transport of hydrogen, carbon di
oxide, and degradable substances to the catalytic site, hence enhancing 
catalytic activity [19,20]. Unfortunately, the use of COFs as photo
catalysts is hindered by the presence of high exciton binding energies 
and low charge carrier mobilities, resulting in subpar photocatalytic 
activity [21–23]. However, these issues are mitigated when 
donor–acceptor (D-A) structured COFs are constructed. The develop
ment of a D-A-based COF would be very advantageous due to its ability 
to demonstrate intramolecular charge transfer processes resulting from 
the absorption of visible light, making it suited for metal-free 
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photocatalysis [23–25]. In addition, the incorporation of a 
donor–acceptor moiety in a polymer network enhances the process of 
separating charges by reducing the strength of the exciton binding, 
resulting in highly efficient catalysis [23–25]. Several COFs have been 
investigated for their capacity to photocatalytic degradation of organic 
pollutants [26–31]. Therefore, the task of developing donor and 
acceptor COFs that are safe for the environment as semiconductors for 
the photocatalytic degradation of natural dyes in water is still a chal
lenging endeavor.

Industrialization and human activities led to severe water pollution 
[32–34]. This indirectly impacts human health and inflicts significant 
harm on the environment [35,36]. Consequently, over the past decade, 
an increasing number of researchers have started to pay attention to the 
issue of water pollution [37,38]. Research findings underscore that 
wastewater produced from industrial processes frequently contains 
hazardous chemicals that pose substantial environmental risks. Notably, 
these chemicals often resist effective removal through biodegradation 
processes [39]. In this experimental study, methyl orange (MO) and 
rhodamine B (RhB) are prevalent components in a range of everyday 
objects, including paints [40], ballpoint pens, fireworks, stamp ink [41], 
textiles [42], pharmaceuticals [43], paper [44], and various other 
products commonly encountered in daily life. Furthermore, both of 
these organic pollutants can exert adverse effects on human health [45]. 
Research findings suggest that MO has the potential to cause damage to 
the eyes and the central nervous system. Similarly, RhB has been asso
ciated with inducing gastrointestinal irritation, eye and respiratory in
fections, skin allergies, and various other symptoms [46,47]. To enhance 
water quality, numerous advanced technologies have been devised for 
the removal of organic dyes from wastewater. These encompass bio
logical treatment [48,49], dye adsorption [50], photocatalysis [51], ion 
exchange removal [52,53], and other innovative methods [54]. Among 
these techniques, dye adsorption stands out as the most commonly 
employed approach. This preference is attributed to its ease of opera
tion, high removal efficiency, and cost-effectiveness [55–59]. Never
theless, adsorption methods present a significant drawback as they 
solely adsorb pollutants without degrading them, giving rise to the issue 
of secondary pollution [39,60,61]. To counter this concern, photo
catalysis technology emerged as a promising solution. This innovative 

approach addresses the limitation of adsorption by facilitating the 
degradation of pollutants under sunlight and at room temperature, 
thereby fundamentally resolving the challenge of secondary pollution 
associated with traditional adsorption methods [62,63]. In comparison 
to other technologies, photocatalytic degradation offers distinct ad
vantages in achieving what is commonly referred to as “green” envi
ronmental remediation [64]. Consequently, in recent years, a segment of 
researchers has initiated studies on the application of porous polymers 
in the photodegradation of dyes [65–68].

The selection of covalent bonds and photoactive precursors is crucial 
in the development of efficient two-dimensional (2D) COF photo
catalysts. Hence, we are interested in exploring novel 2D COFs that 
exhibit D1-A-D2-A type structures and extended conjugation frame
works to boost the photocatalytic activity. The compound 1,3,5-trifor
mylphloroglucinol (TFP-3OHCHO) can form a resonance configuration 
called enol-imine when it combines with arylamine. The isomerization 
process of TFP-3OHCHO leads to the synthesis of carbonyl, culminating 
in the [6] radialene structure, which is a skeleton with a shortage of 
electrons [69]. Furthermore, the conversion of enol-imine to the β-keto- 
enamine resonance structure of the TFP-3OHCHO component signifi
cantly enhances both the chemical stability and photoelectric charac
teristics by facilitating hydrogen-bond formation. The compounds 4′4- 
Diaminoazobenzene (Azo-2NH2) and 3,7-diaminodibenzo[b,d]thio
phene-5,5-dioxide derivatives (BT-2NH2 and MBT-2NH2) are electron 
donors due to the presence of electron-rich arylamines in their structure. 
The Azo unit is an effective electron donor with an extended π-conju
gated structure, and it has desirable characteristics of charge transport 
and electron donation [70]. The BT unit has both a planar structure, 
which enhances stability, and a lengthy π-conjugated structure. These 
features enable the photogenerated separation and movement of charge 
carriers, resulting in excellent photoelectric activity [71]. To the best of 
our knowledge, there have not been any prior studies on synthesizing 2D 
COFs based on β-keto-enamine D1-A-D2-A type structure. The current 
study focuses on synthesizing two donor–acceptor β-ketoenamine-linked 
covalent organic frameworks with a D1-A-D2-A structure. These COFs, 
named AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs, were synthe
sized through the one-pot three-component condensation of TFP- 
3OHCHO acceptor with Azo-2NH2 and 3,7-diaminodibenzo[b,d] 

Scheme 1. Synthesis of the donor–acceptor COFs with a D1-A-D2-A structure.
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thiophene-5,5-dioxide (BT-2NH2) donors, and of TFP-3OHCHO acceptor 
with Azo-2NH2 and 3,7-diamino-2,8-dimethyldibenzo[b,d]thiophene 
5,5-dioxide (MBT-2NH2) donors (Scheme 1). The employment of 
resulting COFs for the process of photocatalytic degradation of organic 
chemical dyes was investigated.

2. Experimental section

2.1. Materials

Chemical reagents and solvents used in the synthesis process were 
obtained from commercial sources and used as received. 4′4-dia
minoazobenzene and mesitylene were purchased from Alfa Aesar. 1,4- 
dioxane, acetic acid, hexane, and tetrahydrofuran were obtained from 
Honeywell Fluka.

2.2. Preparation of AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs

In a Schlenk storage tube, BT-2NH2 (87.9 mg, 0.356 mmol) or MBT- 
2NH2 (97.92 mg, 0.356 mmol), Azo-2NH2 (75.76 mg, 0.356 mmol), and 
TFP-3OHCHO (100 mg, 0.475 mmol) were dissolved in 1,4-dioxane (4 
ml). After thorough mixing, mesitylene (4 ml) and 6 M AcOH (0.8 ml) 
were sequentially added. The solution underwent ultrasonic agitation to 
ensure homogeneous solvent mixing. The Schlenk storage tube was then 
immersed in a liquid nitrogen bath for solidification, followed by vac
uum evacuation for 10 min. Subsequently, the tube was transferred to a 
water bath, and the solvent was liquefied by rinsing the bottle with 
water using a dropper. The process was repeated multiple times. After 3 
days in an oil bath at 120 ◦C, the Schlenk storage tube cooled down to 
room temperature. The precipitate is filtered out and washed twice with 
Methanol, THF, and Hexane. Light-red powders for AZO-TFP-BT-TFP 
and AZO-TFP-MBT-TFP COFs were obtained by vacuum drying the 
solid at 80 ◦C overnight.

3. Results and discussion

3.1. Synthesis and characterization of COFs

Scheme 1 illustrates our synthesis of two donor–acceptor β-ketoen
amine-linked COFs with a D1-A-D2-A structure using the precursor 
materials. The desired AZO-TFP-BT-TFP COF was synthesized by 
combining TFP-3OHCHO (Scheme S1 and Figures S1–S3), Azo-2NH2, 
and BT-2NH2 (Scheme S2 and Figures S4–S6) in a one-pot three- 
component condensation reaction, with a molar ratio of 2:1.5:1.5. 
Similarly, the AZO-TFP-MBT-TFP COF was obtained by reacting TFP- 
3OHCHO, Azo-2NH2, and MBT-2NH2 (Scheme S3 and Figures S7–S9) 
in a one-pot three-component condensation reaction, with a molar ratio 
of 2:1.5:1.5. Both COFs were synthesized in a three-day process using an 
acidic catalyst of 6 M CH3COOH and a combination of 1,4-dioxane and 
mesitylene in a ratio of 1:1 (Scheme S4 and S5). The chemical constit
uents of the COFs were verified using FTIR, solid-state 13C cross- 
polarization magic-angle-spinning (CP MAS) NMR spectroscopy, and 
X-ray photoelectron spectroscopy (XPS). The FTIR spectra of AZO-TFP- 
BT-TFP and AZO-TFP-MBT-TFP COFs exhibited characteristics peaks 
at 3392–3380 and 1580–1578 cm− 1, which could be attributed to the 
N–H and N––N chemical bonds, respectively, as well as C––O bonds at 
1621–1620 cm− 1. The peaks seen at 1290–1147 and 843–842 cm− 1 

were identified as resulting from the presence of S––O and C–S bonds, 
respectively (Figures S10 and S11). The CH3 bonds in the AZO-TFP- 
MBT-TFP COF were responsible for the subsequent observation of a 
peak at 1410 cm− 1 (Figure S11). The solid-state 13C NMR spectra of the 
AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs exhibited peaks at 
185.63 and 185.27 ppm, respectively, corresponding to their carbonyl 
(C––O) groups (Figures S12 and S13). In addition, the 13C NMR spec
trum of AZO-TFP-MBT-TFP COF featured a peak at 18.01 ppm, repre
senting the CH3 groups (Figure S13). The COF catalysts were analyzed 
using X-ray photoelectron spectroscopy (XPS) to determine the com
positions and orbital distributions of the S, C, N, and O elements. 

Fig. 1. PXRD patterns of (a) AZO-TFP-BT-TFP and (b) AZO-TFP-MBT-TFP COFs. (c) Nitrogen sorption isotherms at 77 K and (d) pore size distributions of AZO-TFP- 
BT-TFP and (b) AZO-TFP-MBT-TFP COFs.
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Figure S14 displays five separate peaks at energy levels of 168, 231, 284, 
and 399 eV, which correspond to the presence of sulfur (2p), sulfur (1s), 
carbon, and nitrogen atoms in the structures. Additionally, there is a 
peak at 530 eV, indicating the presence of adsorbed water and oxygen. 
Calculating the donor and acceptor element atomic percentages yielded 
the theoretical element ratio. After sensitivity factor adjustment, the 
experimental element ratio was computed from each species’ peak area 
in the XPS survey of COFs. The two ratios are shown in Tables S1 and S2, 
demonstrating a strong correlation.

We conducted an XPS curve fitting analysis on the S 2p, C 1s, N 1s, 
and O 1s orbitals to get more insights into the various S, C, N, and O 
species found in the COFs. The S 2p orbital of the AZO-TFP-BT-TFP COF 
exhibited two distinct peaks at 167.02 and 168.24 eV, corresponding to 
the S 2p1/2 and S 2p3/2 spin orbits respectively, with a ratio of 2:1 
(Figure S15, Table S3). Similarly, the AZO-TFP-MBT-TFP COF had the 
same two spin orbits at 167.32 and 168.51 eV. Figure S15 and Table S3
demonstrate that the AZO-TFP-BT-TFP COF exhibited four main peaks in 
the C 1s spectra. These peaks corresponded to C––C, C–S, C–N, and 
C––O, with respective energy values of 283.74, 284.27, 284.98, and 
285.83 eV, respectively. Further, the C 1s orbital of the AZO-TFP-BT-TFP 
COF was separated into four peaks, positioned at 283.90 eV for the C––C 
bond, at 284.61 eV for the C–S bond, at 285.31 eV for the C–N bond, and 
286.16 eV for the C––O bond. The N 1s orbital of the AZO-TFP-BT-TFP 
COF exhibited two distinct peaks at 398.87 and 400.98 eV, corre
sponding to the C–N and N––N bonds, respectively (Figure S15 and 
Table S3). The AZO-TFP-MBT-TFP COF also displayed these two bonds 
at 399.11 and 401.01 eV. Furthermore, the AZO-TFP-BT-TFP COF dis
played three distinct peaks in the O 1s spectra: S––O––S, C––O, and H2O 
at energy values of 529.68, 530.98, and 532.56 eV, respectively. On the 
other hand, the AZO-TFP-MBT-TFP COF demonstrated similar peaks at 
energy values of 529.74, 531.14, and 532.90 eV, respectively 
(Figure S15 and Table S3). The fitting ratio of the S, C, N, and O species 
was summarized in Table S4. The findings have verified the interplay 
between TFP-3OHCHO, Azo-2NH2, and BT-2NH2 monomers, leading to 
the formation of the AZO-TFP-BT-TFP COF framework. Similarly, the 
interaction of TFP-3OHCHO, Azo-2NH2, and MBT-2NH2 has resulted in 
the formation of the AZO-TFP-MBT-TFP COF framework. Furthermore, 
the assembly of AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs was 
validated using elemental analysis. The experimental data for the AZO- 
TFP-BT-TFP and AZO-TFP-MBT-TFP COFs showed C contents of 66.02 % 
and 66.14 %, respectively; nitrogen N contents of 10.15 % and 10.28 %, 
respectively; S contents of 4.27 % and 4.23 %, respectively; and H 
contents of 3.22 % and 3.31 %, respectively (Table S5). These values 
were found to be in good agreement with the theoretical values.

3.2. Crystallinity, thermal stability, porosity, and morphology

The powder X-ray diffraction (PXRD) technique was used to examine 
the crystal structures of AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs, 
as shown in Fig. 1a and 1b. The PXRD pattern of AZO-TFP-BT-TFP 
(Fig. 1a) exhibited a prominent peak at 2.59◦, which we ascribe to the 
reflection of the (100) plane. Additionally, there were relatively weaker 
reflections from the (110) plane at 3.81◦. The partially wide peak 
observed at 25.17◦ was identified as the result of the reflection of the 
(001) plane caused by the π-stacking interaction between the layers of 
the COF. The AZO-TFP-MBT-TFP COF displays a prominent peak at 
2.62◦ and smaller peaks at 5.15◦ and 24.73◦, which correspond to the 
reflection of the (100), (110), and (001) planes, respectively (Fig. 1b). 
The d100 and interlayer distance for AZO-TFP-BT-TFP COF were deter
mined to be 3.40 nm and 3.53 Å, respectively, using the Bragg equation. 
For AZO-TFP-MBT-TFP COF, these values were 3.36 nm and 3.59 Å. 
These results indicated that the presence of a methyl group in the pore 
skeleton leads to a reduction in d100. Subsequently, Material Studio was 
used to model the frameworks of AZO-TFP-BT-TFP and AZO-TFP-MBT- 
TFP COFs. Results showed that both COFs should have triclinic topol
ogies. Pawley XRD refinements of the AZO-TFP-BT-TFP and AZO-TFP- 

MBT-TFP COFs (Fig. 1a and 1b, purple curves) showed few in
consistencies with experimental PXRD patterns (Fig. 1a and 1b, orange 
and green curves) indicated their consistency (Fig. 1a and 1b, violet 
curves). We conducted simulations of the AA-eclipsed stacking struc
tures of the AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs to get 
further data on their unit cell properties. The simulated XRD patterns 
(Fig. 1a and 1b, blue curves) exhibited a high degree of agreement with 
the experimental patterns. The refinement results showed that the unit 
cell parameters for AZO-TFP-BT-TFP COF were very close to the pre
dicted values, with good agreement factors (a = 70.5632 Å, b = 70.5632 
Å, c = 4.1234 Å, α = 90.00◦, β = 90.00◦, γ = 120.00◦). Similarly, for 
AZO-TFP-MBT-TFP COF, the unit cell parameters were also close to the 
predicted values (a = 70.5345 Å, b = 70.5345 Å, c = 4.1134 Å, α =
90.00◦, β = 90.00◦, γ = 120.00◦). The specific values can be found in 
Tables S6 and S7.

Thermogravimetric analysis (TGA) was used to assess the thermal 
stability of AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs. The results 
showed that these COFs had excellent thermal stability, with decom
position temperatures (Td10) of 446 ◦C and 469 ◦C and a char yield of 53 
% and 55 %, respectively (Figure S16, Table S8). The exceptional 
thermal stability of these COFs may be ascribed to their significant level 
of condensation.

Considering the significance of pore size and surface area in photo
catalytic materials to evaluate the porosity features of the COFs, we 
conducted N2 sorption isothermal tests at 77 K. The AZO-TFP-BT-TFP 
and AZO-TFP-MBT-TFP COFs displayed type IVb isotherms, which 
indicate that our COFs have a mesoporous structure (Fig. 1c). The AZO- 
TFP-BT-TFP and AZO-TFP-MBT-TFP COFs were found to have specific 
surface areas of 503 and 681 m2 g− 1, respectively, as calculated by the 
Brunauer-Emmett-Teller (BET) method. The reduced surface area of 
AZO-TFP-BT-TFP could be attributed to its lower crystallinity, which is a 
consequence of the decreased solubility of the BT-2NH2 precursor in 
organic solvents. The pore widths obtained for AZO-TFP-BT-TFP and 
AZO-TFP-MBT-TFP COFs by applying nonlocal density functional theory 
(DFT) models to the N2 isotherms were 2.45 and 2.49 nm, respectively 
(Fig. 1d). We examined the geometry and internal architectures of these 
COFs using transmission electron microscopy (TEM) and field-emission 
scanning electron microscopy (FE-SEM). The TEM images of AZO-TFP- 
BT-TFP and AZO-TFP-MBT-TFP COFs revealed that both COFs exhibi
ted self-assembly behavior, forming thin, non-spherical, and curved fi
bers (Figure S17). These fibers had a length of several micrometers and a 
width of around 30–40 nm. The FE-SEM images of AZO-TFP-BT-TFP and 
AZO-TFP-MBT-TFP COFs verified the presence of a curved fiber struc
ture (Figures S18 and S19). Furthermore, the elemental mapping con
ducted using energy-dispersive X-ray spectroscopy (EDS) demonstrated 
that carbon, nitrogen, oxygen, and sulfur atoms are uniformly distrib
uted throughout the framework of both AZO-TFP-BT-TFP and AZO-TFP- 
MBT-TFP COFs (Figures S18 and S19). The chemical stability of the 
AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs in water was assessed by 
immersing 20 mg of each COF in water for a duration of 4 days, followed 
by separation using vacuum filtering. Figure S20 demonstrates that the 
FTIR signals remained unchanged with no substantial alteration 
following immersion in water, suggesting the remarkable chemical 
stability of AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs in aqueous 
environments.

3.3. Photophysical and electrochemical properties

For photocatalysts to have effective photocatalytic performance, 
they must possess suitable optical gaps, as well as desirable photo
physical and electrochemical characteristics. Therefore, ultra
violet–visible diffuse reflectance spectroscopy (UV–Vis DRS), 
photocurrent measurement, and electrochemical impedance spectros
copy (EIS) were used to examine these characteristics of AZO-TFP-BT- 
TFP and AZO-TFP-MBT-TFP COFs in solid-state form. Figures S21 and 
S22 demonstrate that both COFs have wide light absorption ranges that 
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extend up to 800 nm. The maximum absorption intensities were 
observed at wavelengths of 566 nm for AZO-TFP-BT-TFP COF and 569 
nm for AZO-TFP-MBT-TFP COF, indicating their excellent capacity to 
capture visible light. The slight red-shifting of the absorption signal of 
AZO-TFP-MBT-TFP COF in comparison to AZO-TFP-BT-TFP COF can be 
attributed to the presence of methyl groups, which enhanced the donor 
ability of MBT units. The optical bandgap of these COFs was determined 
using Tauc plots and found to be 1.99 and 1.98 eV, respectively (Fig. 2a). 
Afterward, cyclic voltammetry (CV) was used to determine the levels of 
the lowest unoccupied molecular orbitals (LUMOs) for these COFs. 
Subtracting the band gaps from the LUMO energy levels yielded the 
highest occupied molecular orbital (HOMO) levels (Fig. 2b and 2c). The 
energy levels of the HOMO and LUMO were − 5.38 and − 3.39 eV, 
respectively, for AZO-TFP-BT-TFP COF and were − 5.40 and − 3.42 eV, 
respectively, for AZO-TFP-MBT-TFP COF (Fig. 2c and Table S9). The 
greater negative value of the LUMO position for the AZO-TFP-MBT-TFP 
COF compared to the AZO-TFP-BT-TFP COF might be ascribed to the 
existence of methyl groups [72]. The initial stage in optical photo
catalytic reactions involves the generation and movement of electron- 
hole pairs produced by light. Thus, the photocurrent and EIS measure
ments were used to evaluate the efficiency of the charge generation and 
transfer process. We used a conventional three-electrode apparatus to 
quantify the photocurrent and EIS measurement of our synthesized 
COFs. Both AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs displayed 
significant photocurrent density during intermittent irradiation with 
visible light (Fig. 2d), suggesting their effective transfer of the generated 
electric charge. Furthermore, the Nyquist plots verified that both AZO- 
TFP-BT-TFP and AZO-TFP-MBT-TFP COFs exhibited excellent elec
trical conductivity and little resistance to charge transfer (Figure S23). 
The photoluminescence (PL) spectrum was used to evaluate the effi
ciency of charge carrier separation and trapping. The reduction in PL 
emission seen in AZO-TFP-BT-TFP COF could be attributed to a higher 
chance of nonradiative separation of charge carriers. Conversely, the 

higher emission in AZO-TFP-MBT-TFP COF suggested a more favorable 
mechanism for radiative recombination of electron-hole pairs 
(Figure S24) [73]. The reduced emission in AZO-TFP-BT-TFP COF sug
gested that a higher number of photoexcited electrons are likely 
involved in the photocatalytic activity instead of experiencing recom
bination with holes via fluorescent emission. In addition, these concepts 
were strengthened by examining the fluorescence lifetime decays of the 
AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs (Figure S25). The fluo
rescence lifetime of the AZO-TFP-BT-TFP COF was 3.48 ns, whereas the 
fluorescence lifetime of the AZO-TFP-MBT-TFP was 2.51 ns. This sug
gests that the AZO-TFP-BT-TFP COF has a higher efficiency in separating 
charge carriers. The combined findings validate that our COFs have a 
notable ability to transfer photogenerated electrons under effective 
illumination.

To verify the presence of the D1-A-D2-A structure in β-ketoenamine- 
linked COFs, we conducted DFT calculations at the B3LYP level using 
the 6–31 G (d,p) basis set to study the structure–property interactions of 
the AZO-TFP, BT-TFP, and MBT-TFP pairings. Fig. 3a-c show that the 
AZO, BT, and MBT units functioned as electron donors, whereas the TFP 
unit served as an electron acceptor. While the electron concentrations of 
the LUMO states in the three pairings were mostly concentrated on the 
TFP fragment, the HOMO states were dispersed over the TFP unit as well 
as the AZO, BT, and MBT fragments. The findings verified that the AZO- 
TFP, BT-TFP, and MBT-TFP pairings had a D-A structure. Consequently, 
the COFs generated by AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP exhibit 
a D1-A-D2-A structure. Additionally, D-A conjugation expanded HOMO 
level delocalization, which may improve inter-/intramolecular charge 
transmission and movement [74,75]. In addition, we conducted the DFT 
calculations to study the advantages of the D1-A-D2-A structure 
compared to the D-A structure. The isosurfaces of HOMO and LUMO of 
the AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP units are shown in Fig. 3d, 
e. In both molecules, the HOMO is located on the donor part; the LUMO, 
on the other hand, is located on the acceptor part. These molecules show 

Fig. 2. (a) Tauc plots from the UV–Vis spectra, (b) cyclic voltammograms, (c) energy level diagrams, and (d) periodic on/off photocurrent responses of AZO-TFP-BT- 
TFP and (b) AZO-TFP-MBT-TFP COFs.
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charge transfer upon excitation. As shown in Fig. 3a-e and S26, The D1- 
A-D2-A and COF units have a lower HOMO-LUMO energy gap than the 
D-A units; thus, the former are more reactive.

3.4. Photodegradation of dyes using COF photocatalysts

Considering the high surface area, excellent crystallinity, and orderly 
arranged, as well as narrow-band gaps of the as-prepared COFs, we 
assessed the photocatalytic performance of AZO-TFP-BT-TFP and AZO- 
TFP-MBT-TFP COFs in the degradation of organic pollutants, specif
ically the cationic organic dye Rhodamine B (RhB) and the anionic 
organic dye methyl orange (MO), in water under visible light irradiation 
(>450 nm). Over the control test, we observed the UV–Vis spectra of 
RhB and MO aqueous solutions without a photocatalyst. This proved 
that it was difficult to degrade RhB (25 mg L− 1, 60 mL) and MO (12.5 mg 
L− 1, 60 mL) under visible light for 4 h without a COF photocatalyst 
(Figures S27 and S28). Then, the efficiency of the COF photocatalyst (8 

mg) in photodegradation was assessed using an aqueous solution of RhB 
(25 mg L− 1, 60 mL) or MO (12.5 mg L− 1, 60 mL). To reach adsorp
tion–desorption equilibrium, the solution was agitated continuously in 
darkness for 60 min before being exposed to light. After 90 min of visible 
light irradiation, RhB dye photodegraded on COF at 76.47 ± 4.82 % for 
AZO-TFP-BT-TFP COF and 48.59 ± 1.12 % for AZO-TFP-MBT-TFP COF 
(Fig. 4a, S29, and S30). MO dye photodegraded at 75.78 ± 0.56 % for 
AZO-TFP-BT-TFP COF and 35.19 ± 2.81 % for AZO-TFP-MBT-TFP COF 
after 90 min of visible light exposure (Fig. 4b, S31, and S32). The AZO- 
TFP-BT-TFP and AZO-TFP-MBT-TFP COFs completely eliminated RhB 
molecules in 3.0 h for AZO-TFP-BT-TFP COF and in 3.5 h for AZO-TFP- 
MBT-TFP COF, achieving photodegradation efficiencies of 97.70 ± 0.51 
% and 95.82 ± 0.61 % respectively (Fig. 4c). Conversely, the AZO-TFP- 
BT-TFP COF achieved full elimination of MO molecules in 3.0 h for AZO- 
TFP-BT-TFP COF, resulting in a photodegradation efficiency of 97.02 ±
2.54 % (Fig. 4d). The results suggest that the newly developed COFs 
have superior photocatalytic capabilities for decomposing cationic dyes 

Fig. 3. HOMO and LUMO distribution of (a) BT-TFP, (b) MBT-TFP, (c) AZO-TFP, (d) BT-TFP-AZO-TFP, and (e) MBT-TFP-AZO-TFP units.
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compared to anionic dyes under visible light exposure. To verify this 
phenomenon, we conducted measurements of the Zeta potentials of the 
AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs. Figures S33 and S34
demonstrate that the zeta potentials of AZO-TFP-BT-TFP and AZO-TFP- 
MBT-TFP COFs exhibit negative charges of − 20.4 and − 24.6 mV, 
respectively. Therefore, the superior photocatalytic capabilities for 
decomposing cationic dyes compared to anionic dyes could be tenta
tively attributed to the stronger interaction between the electron-rich 
nitrogen (N–H and N––N) and oxygen (C––O and O––S––O) atoms in 
the COF skeletons with the cationic RhB molecules. In addition, Fig. 4a 
and 4b provided evidence for this hypothesis by showing that under the 
adsorption–desorption equilibrium (after stirring in the dark for 60 
min), the AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs had adsorp
tion capacities of 25 and 17.5 mg g− 1, respectively, for RhB dye mole
cules. In comparison, their adsorption capacities for MO dye molecules 
were 20.2 and 11.2 mg g− 1, respectively. Furthermore, the AZO-TFP-BT- 
TFP and AZO-TFP-MBT-TFP COFs exhibited similar band gaps. Conse
quently, the enhanced efficiency of RhB photodegradation observed 
with the AZO-TFP-BT-TFP COF, as compared to the AZO-TFP-MBT-TFP 
COF, can tentatively be ascribed to the more robust interaction between 
the AZO-TFP-BT-TFP COF and RhB molecules. The presence of the 
methyl group in the AZO-TFP-MBT-TFP COF hinders the interaction 
between the electron-rich N–H nitrogen atoms in the COF structure and 
the cationic RhB molecules. Furthermore, Fig. 4a supported this hy
pothesis by demonstrating that after being stirred in the dark for 60 min, 
the AZO-TFP-BT-TFP exhibited a higher RhB adsorption capacity of 25 
mg g− 1 under the adsorption–desorption equilibrium, whereas the AZO- 
TFP-MBT-TFP COF displayed lower RhB adsorption capacities of 17.5 
mg g− 1. Our COF photocatalysts exhibited comparable or superior effi
ciency to various reported metal oxides, metal sulfides, COFs, and 
conjugated polymers in degrading RhB and MO under identical photo
catalytic conditions (Tables S10 and S11). The conjugated polymers 
discussed earlier were synthesized using metal-catalyzed processes. In 
contrast, a simple and metal-free method for manufacturing AZO-TFP- 
BT-TFP and AZO-TFP-MBT-TFP COFs is detailed in our work. More
over, the photocatalysts were used to study the mineralization of RhB 
and MO by employing total organic carbon (TOC). The data presented in 
Figure S35 demonstrates that the mineralization efficiency values for 
RhB molecules were 74.12 ± 1.45 % and 70.21 ± 0.97 % after 3.0 h for 
AZO-TFP-BT-TFP COF and 3.5 h for AZO-TFP-MBT-TFP COF, 

respectively. On the other hand, the mineralization efficiency of MO 
molecules over AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COF reached 
values of 69.18 ± 1.56 % and 18.96 ± 2.12 %, respectively, during a 
time of 3.0 h. The mineralization and photocatalytic efficiency 
discrepancy relates to intermediates that may be mineralized in a longer 
reaction period.

Reusing and recycling were essential for economic usage and sec
ondary pollution control. Thus, AZO-TFP-BT-TFP COF was tested for 
reusability in RhB and MO deterioration during three cycles under 
similar conditions. The AZO-TFP-BT-TFP COF maintained strong pho
tocatalytic activity, reducing RhB by 1 % and MO by 7 % (Fig. 4e and 4f). 
To assess the stability of the AZO-TFP-BT-TFP COF photocatalyst, the 
powder of AZO-TFP-BT-TFP COF was separated after three cycles of RhB 
and MO degradation. Subsequently, measurements were taken using 
FTIR, 13C ssNMR, XPS, PXRD, and FE-SEM techniques. No changes in 
intensity or position were detected in the FTIR, 13C ssNMR, XPS, and 
PXRD peaks of AZO-TFP-BT-TFP COF after the prolonged photo
degradation cycles, as shown in Figures S36A-D. Furthermore, the FE- 
SEM images demonstrated that the AZO-TFP-BT-TFP COF retained its 
characteristic curved fiber-like structures even after undergoing three 
cycles of RhB and MO degradation (Figures S36E-G). The results 
demonstrated the exceptional durability of our COF photocatalysts. The 
Langmuir-Hinshelwood model was applied to study COF photocatalytic 
degradation kinetics. Figures S37 and S38 confirm that both AZO-TFP- 
BT-TFP and AZO-TFP-MBT-TFP COFs exhibited pseudo-first-order re
action kinetics during the photodegradation processes of RhB and MO 
dyes. This is evident from the observation of strong linear fits when 
plotting − ln (Co/Ct) against time (t). The reaction rate constants for the 
photodegradation of RhB were approximately 1.21h− 1 for the AZO-TFP- 
BT-TFP COF and 0.59 h− 1 for the AZO-TFP-MBT-TFP (Table S12), while 
MO photodegradation reaction rate constants for the AZO-TFP-BT-TFP 
COF and the AZO-TFP-MBT-TFP were approximately 0.92 and 0.26 
h− 1 (Table S13).

After conducting the above investigations, it was determined that the 
AZO-TFP-BT-TFP COF is the most effective photocatalyst for the 
degradation of RhB and MO when exposed to visible light (>450 nm). 
Therefore, we selected the photocatalyst AZO-TFP-BT-TFP COF to 
investigate the impact of pH and catalyst dosage on photocatalytic 
degradation. The photocatalytic process can be significantly influenced 
by the pH of the solution, which is a critical environmental parameter 

Fig. 4. Rates of photodegradation of an aqueous solution of (a) cationic RhB (25 mg L− 1, pH = 3) and (b) anionic MO (12.5 mg L− 1, pH = 3) onto AZO-TFP-BT-TFP 
(8 mg) and AZO-TFP-MBT-TFP (8 mg) COFs, measured at various periods of time. Photodegradation efficiencies of AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs for 
the degradation of (c) RhB and (d) MO in water under irradiation with visible light for various periods of time. Cycling the photocatalytic degradation of (e) RhB and 
(f) MO over AZO-TFP-BT-TFP COF in water. Each experiment was repeated three times.
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[76]. The photodegradation effectiveness of AZO-TFP-BT-TFP COF (8 
mg) for degrading a solution of RhB (25 mg L− 1, 60 mL) and MO (12.5 
mg L− 1, 60 mL) under visible light was investigated at different pH levels 
(ranging from 3.0 to 9.0), as seen in Fig. 5a–d. The pH values can be 
tweaked by incorporating specific HCl or NaOH solutions. For the RhB 
dye, the AZO-TFP-BT-TFP COF showed the highest degradation perfor
mance and eliminated RhB molecules in 3.0 h at pH = 3.0, achieving 
photodegradation efficiencies of 97.70 ± 0.51 % (Fig. 5a and S39-42). 
Degradation performance is greater at lower pH solutions, with rate 
constants of 1.21, 0.52, 0.38, and 0.45 h− 1 for pH = 3.0, 5.0, 7.0, and 9.0 
(Fig. 5b). This higher photodegradation effectiveness of RhB over AZO- 
TFP-BT-TFP COF at pH = 3.0 can be attributed to the high concentration 
of Cl− ions and the presence of RhB in the cationic form. The higher Cl−

concentration, at lower pH, may serve as a hole h+ scavenger that ac
celerates the photodegradation reaction [77]. In addition, RhB may have 
two forms with distinct charges: cationic (RhBH+) and zwitterion 
(RhB±) (Figure S43). RhBH+ is more prevalent at pH levels 1.0–3.0, 
whereas RhB± is more prevalent at pH levels over 4.0. RhB molecules 
are positively charged below pH 4.0, making electrostatic interaction 
with the negatively charged AZO-TFP-BT-TFP COF easier. RhB becomes 
zwitterionic in water with a pH over 4.0 [78]. Consequently, these 
zwitterionic forms face less ability to interact with the negatively 

charged AZO-TFP-BT-TFP COF.
On the other hand, The AZO-TFP-BT-TFP COF exhibited the most 

effective degradation performance for MO dye, eliminating MO mole
cules in 3.0 h at pH = 3.0 and 5.0, attaining photodegradation effi
ciencies of 95.72 ± 0.59 and 95.98 ± 0.31 % (Fig. 5c and S44-47). The 
rate constants for pH values of 3.0, 5.0, 7.0, and 9.0 are computed to be 
0.92, 0.82, 0.70, and 0.12 h− 1, respectively (Fig. 5d). This suggests that 
the degradation performance is lower in solutions with pH values of 3.0 
and 5.0. The greater efficiency of MO compared to AZO-TFP-BT-TFP 
COF in degrading under the influence of light at pH = 3.0 and 5.0 
may be ascribed to the high concentration of Cl− ions and the presence 
of MO in the zwitterion state. A larger concentration of Cl− ions at a 
lower pH may function as a scavenger for hole h+ ions, so speeding up 
the photodegradation process. Furthermore, based on the available 
literature, MO may be found in two distinct forms with varying charges: 
the zwitterion (MOH±) and anionic (MO− ) forms (Figure S48). MOH± is 
the predominant form in the pH range of 1.0–5.0, whereas MO− is more 
prevalent at pH values higher than 5.0. At a pH range of 1.0–5.0, MO 
ions are present in a zwitterionic state, which enhances their electro
static interaction with the negatively charged AZO-TFP-BT-TFP COF. 
Conversely, when the pH of the aqueous solution exceeds 5.0, RhB un
dergoes a transformation into an anionic form. As a result, these 

Fig. 5. (a–h) Rates of photodegradation of an aqueous solution of cationic RhB and anionic MO onto AZO-TFP-BT-TFP COF and the corresponding Pseudo-first-order 
kinetic curves under different conditions. (a,b) various values of pH (RhB: 25 mg L− 1; COF dosage: 8 mg). (c,d) various values of pH (MO: 12.5 mg L− 1; COF dosage: 8 
mg). (e,f) various dosages of COF (RhB: 25 mg L− 1; pH: 3). (g,h) various dosages of COF (MO: 12.5 mg L− 1; pH: 3). (i) The corresponding reaction rate constant k of an 
aqueous solution of cationic RhB and anionic MO onto AZO-TFP-BT-TFP COF under different conditions. Each experiment was repeated three times.
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negatively charged forms encounter challenges while trying to interact 
with the AZO-TFP-BT-TFP COF, which also carries a negative charge. 
Hence, the most favorable pH for the degradation of RhB and MO by 
AZO-TFP-BT-TFP COF is 3.0.

Effective photocatalyst employment improves photocatalytic 

efficiency. Fig. 5e-h show that catalyst dose significantly affects the 
breakdown rate of RhB and MO under visible light. The efficiency of 
AZO-TFP-BT-TFP COF in degrading a solution containing RhB (25 mg 
L− 1, 60 mL) and MO (12.5 mg L− 1, 60 mL) at pH = 3.0 under visible light 
was studied using various amounts of the catalyst (range from 8.0 to 

Fig. 6. (a) Effect of different scavengers on the photocatalytic degradation of (a) RhB (25 mg L–1, pH = 3) and (b) MO (12.5 mg L–1, pH = 3 by AZO-TFP-BT-TFP COF 
(8 mg) under visible light irradiation for 4 hr. EPR signals of (c) DMPO •O2

– and (d) TEMP h+. (e) The proposed photocatalytic mechanism of AZO-TFP-BT-TFP COF for 
degradation under irradiation with visible light.
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16.0 mg). The degradation rate of the RhB dye by the AZO-TFP-BT-TFP 
COF remained almost constant when the dose of the photocatalyst was 
raised from 8.0 to 16.0 mg, as shown in Fig. 5e, S39, S49, and S50. The 
rate constants for catalyst doses of 8.0, 12.0, and 16.0 mg are deter
mined to be 1.21, 1.19, and 1.22 h− 1, respectively (Fig. 5f). The 
consistent performance may be attributed to the accumulation of the 
photocatalyst in large doses, which obstructs the flow of light and re
duces the number of active sites on the surface for absorbing photons 
[79,80]. On the other hand, the degradation rate of the MO dye by the 
AZO-TFP-BT-TFP COF is decreased when the dose of the photocatalyst is 
raised from 8.0 to 12.0 mg, as shown in Fig. 5g, S44, and S51. The rate 
constants for catalyst doses of 8.0 and 12.0 mg are determined to be 0.92 
and 0.66 h− 1, respectively (Fig. 5h). Also, the decrease in performance 
may be ascribed to the clustering of the photocatalyst at high dosages, 
which hinders the penetration of light and diminishes the available sites 
for photon absorption on the surface. At a catalyst dose of 16 mg, almost 
70 ± 0.19 % of the MO dye was adsorbed by the catalyst before the 
photodegradation reaction (Figure S52). Consequently, we discarded 
the excessive dose (16 mg) of catalyst. Hence, the most favorable pH and 
catalyst dosage for the degradation of RhB and MO by AZO-TFP-BT-TFP 
COF are 3.0 and 8.0 mg (Fig. 5i).

3.5. Effects of interfering substances on photodegradation

To assess prospective practical uses, the photodegradation effec
tiveness of AZO-TFP-BT-TFP COF was further investigated in the pres
ence of various coexisting ions, different water samples, coexisting 
organic materials, and different contaminants. Usually, metal cations, 
including Na+, Ca2+, and Al3+, exist in their stable oxidation states and 
hardly disrupt the photocatalytic process [81,82]. To investigate the 
impact of the mentioned cations on the degradation of RB, solutions of 
Na2SO4, CaSO4, and Al2(SO4)3 with a concentration of 0.01 M were 
separately added to a solution containing RhB (25 mg L− 1, 60 mL, pH =
3.0) and MO (12.5 mg L− 1, 60 mL, pH = 3.0). The degradation process 
was performed under visible light using an AZO-TFP-BT-TFP COF with a 
mass of 8 mg. The photodegradation efficiencies of the AZO-TFP-BT-TFP 
COF for RhB dye were 85.32 ± 0.87, 77.56 ± 1.22, and 71.99 ± 0.69 % 
in the presence of Na+, Ca2+, and Al3+, respectively, and for MO dye 
were 85.34 ± 1.87, 79.22 ± 1.65, and 77.65 ± 0.99 % in the presence of 
Na+, Ca2+, and Al3+, respectively (Figure S53a). Al3+ showed the 
highest inhibition due to its propensity for binding to the AZO-TFP-BT- 
TFP COF anionic surface, inhibiting photodegradation sites due to its 
high charge density [83]. Additionally, Ca2+ inhibits degradation effi
ciency compared to Na+ due to its larger charge density. Additionally, 
the effects of several inorganic anions were examined by adding 0.01 M 
of NaCl, Na2CO3, and Na2SO4 to a solution with RhB (25 mg L− 1, 60 mL, 
pH = 3.0) and MO (12.5 mg L− 1, 60 mL, pH = 3.0). The degrading 
method used 8 mg of AZO-TFP-BT-TFP COF under visible light. The 
photodegradation efficiencies of the AZO-TFP-BT-TFP COF for RhB dye 
were 96.12 ± 0.98, 63.25 ± 1.34, and 97.01 ± 0.65 % in the presence of 
Cl− , CO3

2− , and SO4
2− , respectively, and for MO dye were 95.68 ± 1.82, 

56.68 ± 1.21, and 97.02 ± 0.91 % in the presence of Cl− , CO3
2− , and 

SO4
2− , respectively (Figure S53a). The Cl− and SO4

2− ions have minimal 
influence on the photodegradation efficiency of the AZO-TFP-BT-TFP 
COF. This is because these ions act as scavengers for hole h + ions, 
thereby accelerating the photodegradation process [84]. On the other 
hand, the presence of CO3

2− ion significantly reduces the photo
degradation efficiency of the AZO-TFP-BT-TFP COF. This can be 
attributed to the increase in the pH of the solution to approximately 9.0, 
which slows down the photodegradation process [85].

The photodegradation efficacy of AZO-TFP-BT-TFP COF was inves
tigated more thoroughly using various water samples, including tap 
water and mineral water, to assess its potential for practical use. As seen 
in Figure S53b, the mineral water was observed to achieve the optimum 
degradation efficiency of 90.11 ± 0.54 % for RB and 89.14 ± 0.99 % for 
MO under visible light. Meanwhile, the degradation efficiency dropped 

to 80.54 ± 0.89 % for RB and 82.21 ± 1.22 % for MO in tap water. The 
primary cause of this phenomenon is the presence of dissolved organic 
compounds in tap water, as well as inorganic ions such as Ca2+, Mg2+, 
NO3

–, and PO4
– [86]. Consequently, the photocatalytic degradation ability 

is reduced. In addition, the efficiency of photodegradation of AZO-TFP- 
BT-TFP COF was examined utilizing different organic substances, such 
as humic acid, tannic acid, and lignin. The organic substance was dis
solved in a 0.01 M NaOH solution to create 0.01 M solutions. Subse
quently, the pH was modified to 7.0 by using a 0.01 M HCl solution. 
Adding three different organic matters inhibited the photodegradation 
of RhB and MO under visible light (Figure S53c). The photodegradation 
efficiencies of the AZO-TFP-BT-TFP COF for RhB dye were 77.54 ± 1.03, 
75.11 ± 1.21, and 66.54 ± 0.87 % in the presence of humic acid, tannic 
acid, and lignin, respectively, and for MO dye were 74.12 ± 0.77, 70.08 
± 1.32, and 62.14 ± 0.98 % in the presence humic acid, tannic acid, and 
lignin, respectively (Figure S53c). The inhibitory impact of organic 
matter on photocatalysis may arise from the surface deactivation of 
AZO-TFP-BT-TFP COF via adsorption [87]. Nevertheless, the AZO-TFP- 
BT-TFP COF consistently shows promising outcomes under various cir
cumstances, indicating its strong stability and practical effectiveness in 
removing organic contaminants from actual wastewater effluents.

The AZO-TFP-BT-TFP COF’s photocatalytic efficiency was also 
evaluated for other comparable dye molecules often present in waste
water systems, namely methylene blue (MB) and Congo Red (CR), using 
the most favorable reaction conditions. According to Figure S53d, the 
degradation efficiencies of MB and CR were around 96.54 ± 1.02 % and 
88.23 ± 0.87 %, respectively. Upon evaluating the degradation effi
ciency of the pollutants, it was discovered that the AZO-TFP-BT-TFP 
COF had the most superior degradation performance for RB dye under 
typical reaction circumstances.

3.6. Photodegradation mechanism and pathway

We examined the degradation mechanism of RhB and MO utilizing 
AZO-TFP-BT-TFP COF as a representative material while subjecting 
them to visible light irradiation. The process of photocatalytic degra
dation of organic pollutants produces many reactive species, such as 
Superoxide radicals (•O2

− ), photogenerated holes (h+), Singlet oxygen 
(1O2), and hydroxyl radicals (•OH) [88]. Fig. 6a and 6b demonstrate that 
the removal rate of RhB and MO is considerably reduced to 26.05 and 
27.10 %, respectively, by the addition of p-benzoquinone (BQ). This 
suggests that the primary free radical responsible for the photo
degradation of RhB and MO is •O2

− . In watery environments, electrons 
and dissolved O2 form •O2

− [89]. The high photocurrent density of AZO- 
TFP-BT-TFP COF (Fig. 2d) matches its ability to create photoinduced 
electrons when exposed to visible light. Moreover, sodium azide (NaN3) 
decreased degradation efficiency a little in RhB or MO solutions. 
Furthermore, incorporating sodium oxalate (C2O4-2Na) and isopropyl 
alcohol (IPA) reduced the photodegradation efficiencies of RhB to 66.10 
and 65.39 %, respectively, and of MO to 58.23 and 66.01 %, suggesting 
that h+ and •OH species were also involved in the photodegradation of 
RhB and MO.

Electron paramagnetic resonance (EPR) experiments utilizing DMPO 
and TEMP are conducted in both dark and illuminated conditions to 
provide further evidence of the aforementioned active substance gen
eration. The obtained ESR signals in Fig. 6c demonstrated that •O2

− is 
trapped in the DMPO [90]. The distinctive peaks for •O2

− are not 
detected when there is no exposure to light. In contrast, the associated 
peaks can be easily detected under light and their intensities increased 
with longer irradiation duration, confirming the presence of •O2

− radicals 
on the surface of AZO-TFP-BT-TFP COF. Simultaneously, the photo
generated h+ could be trapped by TMPO to yield ESR signals [91]. 
Fig. 6d illustrates the detection of three distinct peaks of TMPO in the 
absence of light. However, these peaks noticeably diminished in in
tensity following exposure to light, providing evidence for the formation 
of TEMPO-h+ spin adducts. Our attempt to detect the •OH species using 
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EPR revealed a tiny peak intensity, suggesting that the •OH species had a 
minimal role in the photodegradation of RhB and MO dyes 
(Figure S54a). In addition, the EPR analysis conducted to determine the 
presence of 1O2 species did not exhibit any peaks, indicating that 1O2 did 
not play a role in the photodegradation of RhB and MO dyes 
(Figure S54b). The data presented above confirms that the AZO-TFP-BT- 
TFP COF catalyst mostly generates h+ and •O2

− , with •OH being pro
duced to a lesser extent, when exposed to visible light.

Based on the findings, we conducted a comprehensive analysis of the 
AZO-TFP-BT-TFP COF to investigate the potential reactive radicals 
involved in its photodegradation. The hypothesized mechanism is 
shown in Fig. 6e. When exposed to light, electrons in AZO-TFP-BT-TFP 
COF are excited to their LUMO, whereas positive charges get fixed in 
their HOMO. The LUMO energy level of AZO-TFP-BT-TFP COF (− 3.39 
eV vs vacuum) is lower than the O2/•O2

− potential (− 4.17 eV vs vacuum) 
(Fig. 2c), suggesting that O2 may react with AZO-TFP-BT-TFP COF to 
produce •O2

− radicals [92,93]. Remarkably, as compared to the •OH/ 
H2O (− 6.82 eV vs vacuum) [94], the HOMO potential in AZO-TFP-BT- 
TFP COF (− 5.38 eV vs vacuum) is much lower. Thus, the photo
generated holes in the HOMO of AZO-TFP-BT-TFP COF exhibited sig
nificant oxidation ability and can be directly contributed to the 
photocatalytic destruction of RhB and MO [80]. Alternatively, the •OH 
may also be generated by a two-electron oxidation process from the 
electrons in the LUMO, as shown by prior studies [95,96]. The activated 
oxygen molecule (•O2

− ) can be combined with electrons to create •OH 
[97]. Following that, a credible outline of the route is shown below 
(equations 1–5). 

H2O→H+ + O2                                                                              (1)

e- + O2 → •O2
− (2)

e- + •O2
− + H2O → •OH+OH–                                                         (3)

h+ + RhB (MO) → cleavage of structures (CO2 + H2O)                   (4)

•O2
− /•OH+RhB (MO) → cleavage of structures (CO2 + H2O)            (5)

To confirm the chemical photodegradation routes of RhB and MO, 
the degraded products produced by AZO-TFP-BT-TFP COF when 
exposed to visible light are analyzed using HPLC-MS. The results of this 
analysis can be shown in Figures S55 and S56. During photocatalytic 
experiments, the degradation of the RhB dye was examined utilizing the 
AZO-TFP-BT-TFP COF catalyst. It was observed that as the duration of 
light exposure grew, the distinctive peak of RhB (λmax = 554 nm) 
migrated towards shorter wavelengths, as shown in Figure S39. Obser
vations reveal that during exposure to radiation for a duration of 
0.5–1.5 h, there is a noticeable shift towards the blue end of the spec
trum in the peak wavelength of 537 nm. This shift corresponds to N, N, 
N’-triethyl rhodamine, which has a maximum wavelength of 539 nm 
[98]. Following 2.5 h of exposure to light, two peaks were seen at 
wavelengths of 510 nm and 500 nm. These peaks corresponded to N- 
ethyl rhodamine and further deethylated rhodamine, with a maximum 
wavelength of 498 nm, respectively. The m/z values of 415, 387, 359, 
and 318 (Scheme 2) corresponded to the intermediate stages of the 
continuous deethylation process of RhB. The deamination and decar
boxylation of the intermediate resulted in the production of m/z values 
of 331 and 314. Subsequently, the intermediates mentioned above were 
subjected to chromophore cleavage and ring-opening, resulting in the 
acquisition of m/z values of 187, 105, and 74. Ultimately, the interme
diate substances underwent mineralization, resulting in the formation of 
tiny molecules such as H2O and CO2 (Scheme 2 and Figure S55). The 
distinctive peak of MO (λmax = 500 nm) subtly shifted to a lower 
wavelength as the light duration increased in photocatalytic experi
ments of the degradation of the MO dye employing the AZO-TFP-BT-TFP 
COF catalyst (Figure S44). Mono- and di-demethylation intermediates of 

Scheme 2. Photodegradation pathways of RhB over the AZO-TFP-BT-TFP COF under irradiation with visible light.
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MO were identified by the m/z values of 290 and 276, respectively. 
Then, the MO is subjected to mono-demethylation and hydroxylation to 
yield intermediates with a m/z value of 306, followed by demethylation 
to produce the intermediates with an m/z value of 292 (Scheme S6). 
After that, the intermediates were subjected to chromophore cleavage to 
provide intermediates with m/z values of 185, 189, 157, 124, and 106. 
Ultimately, the intermediates underwent mineralization, resulting in the 
formation of tiny molecules such as CO2 and H2O (Scheme S6-S8 and 
Figure S56).

3.7. Phytotoxicity evaluation

The phytotoxicity test has demonstrated efficacy in assessing the 
comparative toxicity and treatment effectiveness of dyes in wastewater 
[99]. Subsequently, the toxicity of the degraded products of RhB and 
MO, generated following the complete photodegradation of RhB (25 mg 
L− 1, 60 mL) and MO (12.5 mg L− 1, 60 mL) solutions using the AZO-TFP- 
BT-TFP COF catalyst under visible light exposure, was evaluated by the 
growth of bean sprouts. Fig. 7a and b illustrate the considerable het
erogeneity in the effects of several treatments on plant seeds. The un
treated RhB and MO impede the germination of mung beans and 
diminish stem length, indicating a signifying toxicity. On the other hand, 
mung beans grow well in the RhB and MO degraded products, showing 
that these substances are not harmful and that the produced organic 
small molecules help bean sprouts grow (Fig. 7b). The findings above 
underscore the efficacy of photocatalytic degradation utilizing our COF 
for ecologically sustainable and safe applications in actual wastewater 
treatment.

4. Conclusion

In summary, novel donor–acceptor β-ketoenamine-linked covalent 
organic frameworks– AZO-TFP-BT-TFP and AZO-TFP-MBT-TFP COFs– 
with a D1-A-D2-A structure were synthesized for photocatalytic degra
dation of organic chemical dyes. The COFs showed remarkable crystal
linity, good thermal stability with a char output of up to 55 %, and a 
large surface area of up to 681 m2/g. In addition, our COFs exhibited 
favorable band gap configuration, high conductivity, and effective 
charge transfer. Photocatalytic degradation of organic pollutants, spe
cifically the cationic organic dye Rhodamine B and the anionic organic 
dye methyl orange, was accomplished with a notable degree of efficacy 
by both COFs. The COF photocatalysts demonstrated a remarkable level 
of efficacy, attaining 97.70 ± 0.51 %, accompanied by a reaction rate 
constant of 1.21 h− 1. The efficacy of these materials is comparable to, 
and may even exceed, that of numerous conjugated polymers and COFs 
that have been previously studied in analogous photodegradation 

conditions. Our work, the first systematic study of incorporating the D1- 
A-D2-A structure in COFs, offered a design method for the strong 
degradation of organic contaminants employing stable photocatalysts.
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