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Rigid covalent organic frameworks with
thiazole linkage to boost oxygen activation
for photocatalytic water purification
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Owing to their capability to produce reactive oxygen species (ROS) under solar
irradiation, covalent organic frameworks (COFs) with pre-designable structure
and unique architectures show great potentials for water purification. How-
ever, the sluggish charge separation, inefficient oxygen activation and poor
structure stability in COFs restrict their practical applications to decontami-
nate water. Herein, via a facile one-pot synthetic strategy, we show the direct
conversion of reversible imine linkage into rigid thiazole linkage can adjust the
Ti-conjugation and local charge polarization of skeleton to boost the exciton
dissociation on COFs. The rigid linkage can also improve the robustness of
skeleton and the stability of COFs during the consecutive utilization process.
More importantly, the thiazole linkage in COFs with optimal C 2p states (COF-
S) effectively increases the activities of neighboring benzene unit to directly
modulate the O,-adsorption energy barrier and improve the ROS production
efficiency, resulting in the excellent photocatalytic degradation efficiency of
seven toxic emerging contaminants (e.g. degrading ~99% of 5 mgL™ para-
cetamol in only 7 min) and effective bacterial/algal inactivation performance.
Besides, COF-S can be immobilized in continuous-flow reactor and in enlarged
reactor to efficiently eliminate pollutants under natural sunlight irradiation,
demonstrating the feasibility for practical application.

M Check for updates

The emerging organic contaminants such as pharmaceuticals, perso-
nal care products, antibiotics, and endocrine-disrupting chemicals
present in aquatic environments have recently drawn great attentions
due to their potential risks to aquatic ecosystems and human health'?,
To ensure water safety, advanced oxidation processes (AOPs) have
been increasingly employed to eliminate emerging organic con-
taminants after the treatment via conventional biological process’.
Owing to the use of naturally abundant sunlight as the sole energy

input, the photocatalysis has been regarded as one of the most sus-
tainable, cost-effective and promising AOPs to remove organic pollu-
tants from water*®. Comparing with metal-based photocatalysts that
might potentially release metal ions into water and thus could produce
secondary contamination®, metal-free photocatalysts, particularly
carbon-based photocatalysts such as carbon dots’, carbon nanotubes®,
reduced graphene’, and graphitic carbon nitride' that would not
cause the potential contamination of metal ions during their usage
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have drawn great attentions for water decontamination. Among var-
ious carbon-based photocatalysts, COFs (one of the novel metal-free
photocatalysts) with customizable chemical structures and unique
architectures recently have shown great potentials for the elimination
of emerging organic contaminants in water owing to their capability to
generate reactive species (e.g., ‘0,7, ‘OH, and h") under sunlight
irradiation*2, However, the sluggish charge separation, inefficient
oxygen activation, and poor structure stability of COFs during the
reaction process yet constrain the photocatalytic efficiency and prac-
tical application™". Owing to the simple crystallization process and
controllable porosity, the imine-linked COFs exhibit promising appli-
cations in the field of photocatalysis, such as oxygen evolution
reaction®, hydrogen evolution reaction’, and hydrogen peroxide
photosynthesis”. Strategies such as heterojunction construction'®"?,
single-atom incorporation?’, and suitable active-site modification?
have been shown to effectively improve the photocatalytic perfor-
mance and stability of imine-linked COFs. However, these strategies
often require multiple synthesis steps, which are complex, time and
energy-consuming. Therefore, it is urgent to develop a facile and cost-
effective strategy to simultaneously improve the charge separation
efficiency, oxygen activation capacity, and stability of COFs for the
potential water decontamination in actual water, which yet remains a
great challenge.

Herein, by converting the reversible imine linkage into rigid
oxazole/thiazole linkage, the conventional imine-linked COFs (COF-
A) are successfully transformed into oxazole/thiazole-linked COFs
(COF-0O and COF-S) via a facile one-pot synthetic strategy (Fig. 1a).
Based on ultrafast spectroscopy experiments and theoretical cal-
culations, we find that linking COFs by oxazole/thiazole linkages
effectively modulates the exciton (e'-h" pair) dissociation beha-
viors on COFs by adjusting the m-conjugation and local charge
polarization of skeleton. Comparing with the reversible imine link-
age, the rigid oxazole/thiazole linkage in COFs also improves the
robustness of the skeleton and the structure stability of COFs.
Thiazole linkage in COF-S with optimal C 2p states effectively
increases the activities of neighboring benzene units to modulate
the O,-adsorption energy barrier, resulting in the extraordinary
degradation performance of paracetamol under visible-light irra-
diation. The degradation performance of COF-S in four real water
samples and the degradation/inactivation performance towards
different micropollutants (including other six organic con-
taminants, bacteria, and algae) are also explored. To further eval-
uate the feasibility of COF-S for practical application, the
degradation performance of paracetamol in continuous-flow reac-
tion system under visible-light irradiation, and in an enlarged
reactor with natural sunlight irradiation is also investigated.
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Fig. 1| Synthesis and structural characterizations. Preparation scheme of COF-A, COF-O, and COF-S (a). Experimental and simulated PXRD patterns of COF-A (b), COF-O
(c), and COF-S (d). FT-IR spectra (e) and “C solid-state NMR spectra (f) of three COFs. UV-Vis DRS spectra of three COFs (g), the inset is the corresponding Tauc plot.
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Results and discussion

Material characterizations

Via the condensation between benzo[l1,2-b:3,4-b":5,6-b”]trithiophene-
2,5,8-tricarbaldehyde (BTT, can achieve m-electron delocalization
along the conjugated skeleton owing to its benzotrithiophene
structure”) and benzene-1,4-diamine, the imine-linked COFs (named
as COF-A) are fabricated (Fig. 1a). The imine-linked COFs can be
transformed into thiazole-linked COFs (named as COF-S) by directly
adding sulfur (Sg) in the synthesized process of COF-A (Fig. 1a)”. The
oxazole-linked COFs (named as COF-O, as comparison rigid COFs) are
also synthesized by the substitution of benzene-1,4-diamine with 2,5-
diaminobenzene-1,4-diol**. The powder X-ray diffraction (PXRD) pat-
terns of COF-A, COF-O, and COF-S reveal that all three COFs contain
high crystalline structures owing to the existence of sharp diffraction
peaks (Fig. 1b—d). Specifically, COF-A exhibits the diffraction peaks at
3.41°, 5.84°, 9.13°, and 25.51° (Fig. 1b). Similar peaks at 3.45°, 5.99°,
9.34°, and 25.79° are observed in the PXRD pattern of COF-O (Fig. 1c)
and those at 3.43°, 5.95°, 9.28°, and 25.41° are present in the corre-
sponding PXRD pattern of COF-S (Fig. 1d). These peaks can be assigned
to (100), (110), (210), and (001) facets, respectively”. The experimental
PXRD pattern of all three COFs can be closely reproduced by Pawley
refinement and fit well with the PXRD patterns simulated by the eclipse
stacking (A-A stacking) model (Fig. 1b-d)*. The refined lattice para-
meters with low residual values (R, <5% and Ry, < 4%) for three COFs
are given in Supplementary Tables 1-3.

The stretching vibrations at 842 and 1595cm™ in the Fourier
transform-infrared (FT-IR) spectra of three COFs correspond to the C
-H and C=N bonds in the skeleton, respectively (Fig. 1e)*°. The pre-
sence of typical vibration of C-O-C at 1122 cm™ in COF-O indicates the
successful formation of the oxazole linkages in COF-O. While the
presence of strong stretch of C-S-C at 658 cm™ in COF-S shows that
the thiazole linkages have been formed in COF-S”. The signals at ~120,
~128, ~132, and ~141 ppm in solid state *C nuclear magnetic resonance
(NMR) spectra for all three COFs can be assigned to the carbon atoms
in the benzotrithiophene structure (Fig. 1f)*. Moreover, the stronger
carbon signal at 128 ppm in *C NMR spectra of both COF-O and COF-S
relative to that of COF-A can be assigned to carbon atoms of benzox-
azole and benzothiazole, respectively. This further confirms the suc-
cessful conversion of imine linkage in COF-A to oxazole linkage in COF-
O and thiazole linkage in COF-S, respectively. The X-ray photoelectron
spectroscopy (XPS) survey spectra clearly indicate that all three COFs
are composed of the elements of C, N, S, and O (Supplementary Fig. 1).
Specifically, the high-resolution O 1s spectra of three COFs can be
divided into two peaks at ~531.5 and -~533.1eV (Supplementary
Fig. 2a-c), which are ascribed to the O atoms in C=0 bond (from the
periphery of COFs) and C-O bond (from the -OH/H,O absorbed on
COFs), respectively?”. Comparing with COF-A and COF-S, the propor-
tion of the C-O peak in COF-O significantly increases due to the pre-
sence of the extra oxazole linkages in COF-O, which further confirms
the successful formation of the oxazole linkages in COF-O. The high-
resolution S 2p spectra of three COFs is deconvoluted into two peaks at
~163.8 and ~165.0 eV (Supplementary Fig. 2d-f), which are assigned to
the S 2ps/, and S 2py,, respectively®. All these characterization results
confirm the successful formation of the as-designed structure in
three COFs.

The Brunauer-Emmett-Teller (BET) specific surface areas of COF-
A, COF-O, and COF-S are 1800, 458, and 608 m*g™, respectively
(Supplementary Fig. 3a-c). The decreased surface area of rigid COFs
relative to the original ones can be ascribed to the blocking of pores in
COFs by oligomers or linkers during the synthesis process***". All three
COFs have rod-like morphology with an average diameter of ~60 nm
(Supplementary Fig. 4a—c). The high-resolution transmission electron
microscopy (HR-TEM) images show that the lattice fringe of all three
COFs can match well with their pore sizes, which confirms the high
crystallinity of these COFs (Supplementary Fig. 4a-c insets)”.

Comparing with COF-A, both COF-O and COF-S exhibit superior che-
mical stability under harsh conditions (in 1mol L™ HCI or in 1mol L™
NaOH solution for 12 h) (Supplementary Fig. 5). This indicates that
linking COFs by rigid thiazole/oxazole linkages can enhance their
chemical stability**2. Moreover, COF-S still contains excellent chemi-
cal stability even after being soaked either in1 mol L HCl or in 1mol L™
NaOH solution for 24 h, which suggests the potential stability of COF-S
during its usage. The UV-vis diffuse reflectance spectroscopy (DRS)
shows that all three COFs have a wide absorption band in the visible-
light region (Fig. 1g), indicating their strong visible-light harvesting
properties. The corresponding bandgaps for COF-A, COF-O, and COF-S
are calculated to be 2.27, 2.08, and 2.19 eV, respectively (Fig. 1g inset).
All three COFs exhibit positive slopes in the Mott-Schottky plots
(Supplementary Fig. 6a), which suggests that they are n-type
semiconductors®. Furthermore, the flat-band potentials (Eg,) of COF-
A, COF-O, and COF-S are determined to be -0.46,—-0.41, and —0.35 V vs.
NHE, respectively. According to the XPS valence-band spectra (Sup-
plementary Fig. 6b), the valence-band positions (Eyg) of COF-A, COF-O,
and COF-S are estimated to be 1.68, 1.50, and 1.72V vs. NHE, respec-
tively, which suggests that h* photogenerated by three COFs has
strong oxidation potential***, The conduction band positions (Ecg) of
three COFs are deduced to be -0.59, —0.58, and -0.47V vs. NHE,
respectively, which indicates that e” photogenerated at these locations
has a high reduction potential to produce ‘O, (0,/-O,7, —-0.33V vs.
NHE) (Supplementary Fig. 6¢)*. Clearly, the photogenerated carriers in
all three COFs have suitable redox potentials to produce reactive
species for the elimination of micropollutants.

The electrostatic potential (ESP) analysis shows that the positive
potential region of three COFs is mainly distributed on the benzo-
trithiophene structure, while the negative potential region is localized
on the N atoms of imine/oxazole/thiazole linkage (Fig. 2a-c). This
suggests that the local charge polarization in all three COFs causes the
spatial separation of positive and negative charges®. Moreover, the
ESP area counts of three COFs follows the order of COF-S
(2090) > COF-O (1977) > COF-A (580) (Supplementary Fig. 7). This
demonstrates that linking COFs by rigid thiazole/oxazole linkages can
improve m-conjugation and polarity for charge separation. Owing to
the smallest differences of electronegativity between S and C atoms
among three COFs as well as the presence of empty d orbital in thiazole
linkages of COF-S*”*, the thiazole-linked COF-S has the greatest -
conjugation and highest polarity for charge separation among all three
COFs. The dipole moments of the repeating unit for three COFs are
further calculated to be 2.12 (COF-A), 2.28 (COF-0), and 2.31 Debye
(COF-S) (Supplementary Fig. 8), which is consistent with the trend of
polarity for charge separation in three COFs. In addition, the S, value
(the overlap integral of hole-electron distribution) in the excited state
of three COFs follows the order of COF-S (0.45 arb. u.) < COF-O (0.46
arb. u.) <COF-A (0.50 arb. u.) (Supplementary Fig. 8). This also con-
firms that linking COFs by rigid thiazole/oxazole linkages is favorable
for m-conjugation and polarity for charge separation with best -
conjugation and local charge separation property for COF-S".

The transient photocurrent of all three COFs follows the order of
COF-A (-3.1pAcm?)<COF-O (-5.6 pAcm™?) <COF-S (-7.9pAcm™)
(Fig. 2d), which demonstrates that linking COFs by rigid thiazole/
oxazole linkages can improve the charge separation efficiency. The
semicircle diameter in the high-frequency region of electrochemical
impedance spectra (EIS) for all three COFs follows the order of COF-
A > COF-0 > COF-S (Fig. 2e). This further suggests that despite all three
COFs have excellent electronic conductivity and supercapacitive
characteristics, linking COFs by rigid thiazole/oxazole linkages yet can
reduce the charge transfer resistance and enhance the conductivity of
COFs*. Moreover, in two rigid COFs, COF-S has superior charge
separation efficiency and lower internal charge transfer resistance
relative to COF-O*.. The photoluminescence (PL) intensity of COF-A is
higher than two rigid COFs (with the lowest intensity for COF-S)
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Fig. 2 | Charge separation and transfer mechanism. Electrostatic potential (ESP)
of COF-A (a), COF-O (b), and COF-S (c). Photocurrent responses of three COFs (d).
EIS measurement of three COFs (e), the inset is the corresponding impedance

fitting at high-frequency region. Temperature-dependent PL spectra of three COFs
(f). TA spectra of COF-A (g), COF-O (h), and COF-S (i).

(Supplementary Fig. 9a), which indicates that linkage of COFs with
rigid thiazole/oxazole linkages can suppress charge recombination.
The average lifetimes (tp,) of PL decay curves are calculated to be 1.06,
0.76, and 0.38 ns for COF-A, COF-O, and COF-S, respectively (Supple-
mentary Fig. 9b). The reduced delayed fluorescence lifetime suggests
the more effective charge transport dynamics in COFs, which further
demonstrates that linking COFs by rigid thiazole/oxazole linkages can
promote nonradiative rate and charge transfer efficiency with the best
performance for thiazole-linked COF-S*2. These results clearly exhibit
that the charge separation efficiency of all three COFs follows the order
of COF-A < COF-O <COF-S, which is consistent with the trend of m-
conjugation and polarity in three COFs.

To further evaluate the impact of linkage with different -
conjugation and polarity in COFs on the exciton (e—h" pair) dissocia-
tion behaviors, the exciton binding energy () was estimated from the
temperature-dependent PL measurements*’. The Ey, of all three COFs is
in the order of COF-A (113.9 meV)>COF-O (30.2meV)>COF-S
(25.4 meV) (Fig. 2f). This suggests that thiazole/oxazole linkage is
favorable for exciton dissociation with the highest dissociation effi-
ciency for COF-S with thiazole linkage. The broad and negative
absorbance changes in the femtosecond time-resolved transient
absorption (fs-TA) spectroscopy of three COFs (Fig. 2g-i) can be
attributed to the photoinduced excited-state absorption on ultrafast
time scales**. The lifetime (tr,) of photoinduced exciton follows the

order of COF-A (14.2 ps) < COF-O (29.3 ps) < COF-S (30.3 ps) (Supple-
mentary Fig. 10), which suggests that thiazole/oxazole linkage can
improve the lifetime of excited charges in COFs and is beneficial for the
dissociation of excitons®. Moreover, comparing with COF-O with
oxazole linkage, COF-S with thiazole linkage has longer-lived excited
charges*®. Clearly, the excitons in both thiazole-linked COF-S and
oxazole-linked COF-O can more efficiently dissociate to free charges
than COF-A without rigid linkage. Meanwhile, in two rigid COFs, the
excitons dissociation in thiazole-linked COF-S is more effective relative
to oxazole-linked COF-O. The charge separation efficiency of three
COFs obtained from TA decay kinetics thus also follows the order of
COF-A < COF-O < COF-S, which is consistent with the result acquired
from PL decay curves”. This further indicates that COF-S, with the best
m-conjugation and local charge polarization, can generate more free
charges and the subsequent reactive species for the elimination of
micropollutants than COF-A and COF-O.

Photocatalytic degradation performance

The degradation performance of three COFs towards a model emer-
ging organic pollutant (paracetamol, also known as acetyl-para-
aminophenol (APAP)) under visible-light irradiation was investigated
(Fig. 3a and Supplementary Fig. 11). Without the addition of any pho-
tocatalyst, 5 mg L™ paracetamol can hardly be removed under visible-
light irradiation. P25 and g-C3N4, two typical photocatalysts, have
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Fig. 3 | Photocatalytic performance and degradation pathways. Photocatalytic
performance for paracetamol degradation by three COFs (a). Comparison of
photocatalytic degradation performance towards paracetamol by different pho-
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negligible adsorption capability toward paracetamol, while COF-A,
COF-0, and COF-S can adsorb 7.1, 16.4, and 1.9% of paracetamol after
30 min adsorption process, respectively. 4.3 and 4.4% of paracetamol
can be removed by P25 and g-C3N,4 in 7 min under visible-light irra-
diation, respectively. Although increasing reaction duration can
increase paracetamol removal efficiencies by these two typical pho-
tocatalysts, only 48.0 and 55.7% of paracetamol yet are removed by P25
and g-C3N, even after 180 min reaction duration under visible-light
irradiation (Supplementary Fig. 12a). Comparing with both P25 and
g-C3N4, COF-A has better paracetamol photocatalytic performance
with 81.7% removal efficiency within 7 min reaction duration (Fig. 3a)
and 98.2% removal efficiency after 30 min reaction under visible-light
irradiation (Supplementary Fig. 12a).

Interestingly, even within 7 min reaction duration, 98.7% of
paracetamol can be removed by COF-S under visible-light irradia-
tion, which indicates that linking COFs by rigid thiazole can greatly
improve the paracetamol removal performance. However, only
18.6% paracetamol is removed by COF-O in the first 7 min reaction

duration (1.8% paracetamol is photodegraded). The paracetamol
removal efficiency by COF-O reaches 95.9% after 180 min reaction
duration under visible-light irradiation (Supplementary Fig. 12a).
This indicates although the paracetamol removal performance of
COF-0 is lower than COF-A and COF-S, which yet is still better than
those of two typical photocatalysts (P25 and g-C3N4). The photo-
catalytic removal performance toward another emerging organic
contaminant (tetracycline, TC) by different photocatalysts also
follows the order of COF-S>COF-A>COF-O > typical photo-
catalysts (P25 and g-C3N,) (Supplementary Fig. 12b). Clearly, three
COFs have better photocatalytic performance towards typical
emerging organic contaminants than both P25 and g-C3N,. Among
three fabricated COFs, COF-S contains the best photocatalytic
removal performance towards typical emerging organic con-
taminants. Moreover, COF-S also shows superior photocatalytic
removal capability towards model emerging organic contaminant
(paracetamol) than other reported photocatalysts (Fig. 3b and
Supplementary Table 4).
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Photocatalytic mechanisms

To reveal the mechanisms driving the different photocatalytic per-
formances of three COFs toward typical emerging organic con-
taminants, scavenger experiments and electron-spin resonance (ESR)
spectra were conducted. The removal performance by COF-S is neg-
ligibly impacted in the presence of IPA (as a scavenger for -OH) or D,O
(for improving the lifetime of '0,)*® (Supplementary Fig. 13). Accord-
ingly, both DMPO--OH (Supplementary Fig. 14a) and TEMP-'0, (Sup-
plementary Fig. 14b) signals of COF-S reaction system are absent under
visible-light irradiation. These results confirm the negligible con-
tribution of both OH radicals and '0, to paracetamol removal by COF-
S. When EDTA-2Na (scavenger for photogenerated /") is added into the
reaction system, the paracetamol degradation performance of COF-S
is slightly inhibited (Supplementary Fig. 13), which indicates that
photogenerated h* has some contributions to the paracetamol
degradation. Remarkably, only 2.8% paracetamol can be degraded
within 7 min after the addition of p-BQ (scavenger for -O,™ radical) into
the photocatalytic system, which suggests that -O, radicals play
important roles in the degradation of paracetamol by COF-S. The
increased ESR signal of DMPO--O,” with increasing irradiation duration
under visible-light irradiation confirms the generation of -0, radicals
in the reaction system (Supplementary Fig. 14c). Note that TEMPO
signals are present in reaction system under dark conditions, while the
corresponding signal intensity is decreased under visible-light irra-
diation (Supplementary Fig. 15a). Moreover, the signal intensity of
TEMP (the reduction product of TEMPO) increases with increasing
irradiation duration, which is consistent with the decreased signal
intensity of TEMPO with increasing irradiation duration in LC-MS
analysis (Supplementary Fig. 15b, c). This suggests the presence of a
reaction between TEMPO and photogenerated e (to form spin-free
TEMP) in the photocatalytic system (Supplementary Fig. 15¢ inset).
Clearly, in the reaction system, the dissolved molecular oxygen can be
captured by photogenerated e to form -O," radicals under light irra-
diation for the following paracetamol degradation*’. The above results
show that both the photogenerated A" and -O, radicals (with a more
significant effect) play important roles during the degradation process
of paracetamol by COF-S. Since negligible paracetamol is removed by
COF-S under dark conditions without irradiation, the paracetamol
degradation achieved under visible-light irradiation thus is unlikely to
occur within the pores or the interlayer of COF-S. Instead, paracetamol
degradation resulted from the attack by free radicals (-O,”) mainly
occurs in the bulk solution, while that by A" locates on the surface of
COF-$°*', The scavenger experiments for COF-A (Supplementary
Fig. 16) and COF-O (Supplementary Fig. 17) also show that both pho-
togenerated h* and -O, radicals have contribution to paracetamol
degradation in reaction systems of both COF-A and COF-O.

The relative contribution of h* to paracetamol degradation by
COF-A, COF-O, and COF-S is calculated to be 22.0, 39.3, and 18.7%,
respectively, while that of -O,™ radicals to paracetamol degradation by
COF-A, COF-0O, and COF-S is 78.0, 60.7, and 81.3%, respectively. The
relatively large contributions of -O,” radicals (formed by reaction
between dissolved molecular oxygen and photogenerated e’) to
paracetamol degradation in three COFs reaction systems imply that
the activation of dissolved oxygen plays an important role in the
reaction process. The significant decreases of paracetamol degrada-
tion efficiency obtained in reaction systems of all three COFs with
purging N, to remove dissolved oxygen confirm the vital role of O,
during paracetamol degradation process (Supplementary Fig. 18). The
0O,-TPD experiments show that the adsorption capacity of three COFs
towards O, is in the order of COF-S > COF-A > COF-O (Fig. 3c), which
confirms that COF-S can relatively easier adsorb O, than COF-A and
COF-O%. NBT probe experiments demonstrate that the amount of -0,
radicals generated in the COF-S system within 7 min of visible-light
irradiation is the largest (11.9 pmol L), which is followed by COF-A
(5.9 umol L™) and then by COF-O (2.0 pmol L™) (Fig. 3d). This result

indicates that comparing with COF-A and COF-O, the enhanced O,
activation on COF-S is one of the important reasons driving to the
excellent degradation performance of COF-S.

The O, activation process by three COFs was further revealed by
density functional theory (DFT) calculation. The partial density of
states (PDOS) shows that the conduction band bottom in three COFs
located on the phenyl and azole ring consists of C 2p and N 2p states
(with extra O 2p states for COF-O and S 3p states for COF-S) (Fig. 3e).
Comparing with COF-A, the C 2p states in COF-O and COF-S move
toward a more positive region. Moreover, C 2p states of COF-S locate
between those of COF-A and COF-O. The more positive C 2p states can
easily induce the formation of unstable chemical bond between COFs
and O, molecules, while the more negative C 2p states likely causes the
formation of inert chemical bond between COFs and O, molecules
(unfavorable for the O, activation either)®. Therefore, comparing with
COF-A and COF-O, a moderate location of C 2p in COF-S can effectively
modulate the activities of neighboring benzene units to boost the
oxygen activation capacity®. The adsorption energy of O, on COF-A,
COF-O, and COF-S is calculated to be —0.48, —-0.15, and -0.64 ¢V,
respectively (Fig. 3f). This confirms that O, is prone to be adsorbed
onto thiazole-linked COF-S, which follows by imine-linked COF-A and
then oxazole-linked COF-O. Moreover, similar to those of COF-A
(0.69 eV) and COF-O (0.68 eV), the desorption energy barrier of -O,” on
COF-S (0.65eV) is also less than 0.75 eV (below this value, the energy
barrier can be surmountable at room temperature) (Supplementary
Fig. 19)**. This implies that ‘O, radicals generated on the surfaces of
COF-S, as well as those COF-A and COF-O, can easily diffuse into
solution to attack paracetamol and leads to its degradation. Clearly, in
addition to the excellent charge separation efficiency, thiazole-linked
COF-S also has superior O, adsorption property and the extraordinary
-0, radicals generation as well as desorption capabilities, resulting in
the efficient paracetamol degradation performance. In contrast, owing
to the lowest O, adsorption capability and the weakest subsequent -O,”
radicals generation performance, COF-O exhibits low paracetamol
degradation capability regardless of its high charge separation per-
formance and -O,™ radicals desorption capability.

COF-S exhibits overall negative zeta potentials at the experi-
mental pH condition (pH 7) (Supplementary Fig. 20), while para-
cetamol contained regions of positive potentials located on 1C, 4C,
16C, and 13N atoms (Fig. 3g inset). The paracetamol molecular thus can
be first pulled to surfaces of COF-S via attractive electrostatic force and
then by van der Waals interaction (Fig. 3g)*>. The HOMO and LUMO
distribution of paracetamol, mainly located on the phenyl ring and
amine group can be easily attacked by the reactive species (-0, radi-
cals and h") (Fig. 3h). The proton abstraction and C-N bond cleavage
resulted from h* and -0, radicals attack contribute to the degradation
of paracetamol by COF-S (Supplementary Tables 5, 6)*. Firstly, the
most reactive 5 C atom (f° = 0.083) of paracetamol is sp*hybridization,
including three o orbitals and one mt orbital (Fig. 3i)*’". The electron with
higher reactivity in the 5C atom tends to be captured by -O,™ radical to
yield byproduct P1, which can be further attacked to form byproduct
P2 (Fig. 3i, j). Byproduct P2 can be oxidized into byproduct P3 and
further oxidized to form a ring-opening product P4 and P5%. On the
other hand, the direct cleavage of the C-N bond for 13N (f°=0.042) in
paracetamol can also generate product P6, or form another primary
byproduct P7°°. The byproduct P6 can also be oxidized by O, radicals
to convert into byproducts P4 and P5. Moreover, the byproduct P6
contained an amino group that can be readily attacked by -O, radicals
to generate byproduct P8 and further oxidized into byproduct P3%,
The estimated mutagenicity toxicities of the byproducts P3-P8 gen-
erated during the paracetamol degradation process are all mutageni-
city negative (with lower mutagenicity for final product P4 and P7
relative to paracetamol) (Supplementary Fig. 21), suggesting the low
ecological risks of photocatalytic paracetamol degradation by COF-S*°.
The proposed degradation mechanisms of paracetamol by COF-S are
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respectively, while the spheres colored light blue and light purple represent the
photogenerated electrons and holes, respectively.

presented in Fig. 4. Thiazole-linked COF-S with superior charge
separation efficiency, and O, adsorption property can generate more
-0, radicals as well as A" under light irradiation, which subsequently
attack paracetamol and lead to its degradation.

Universality, reusability, and application feasibility

Under different water chemistry conditions at a wide initial solution pH
range (from 3 to 11) (Fig. 5a), with a broad ionic strength range (from O
to 50 mM NaCl) (Fig. 5b), with coexisting various types of anions (CI",
CO05*, NO5", and SO,*) (Fig. 5¢) and with copresence of natural organic
matter (NOM, O to 5mgL™ humic acid) (Fig. 5d), COF-S can still
effectively degrade paracetamol under visible-light irradiation. Even in
four real water samples including tap water (TW), lake water (LW), river
water (RW), and seawater (SW), more than 98% of paracetamol can be
degraded within 30 min (Fig. 5e). These results confirm the potential
application of COF-S for the elimination of paracetamol under com-
plex water matrix and in actual water samples. In addition to para-
cetamol and tetracycline, COF-S can also effectively eliminate other
organic contaminants such as bisphenol A (BPA), diclofenac (DCF),
ciprofloxacin (CIP), sulfadiazine (SDZ) and naproxen (NPX) under
visible-light irradiation (Fig. 5f). Moreover, COF-S can also efficiently
inactivate antibiotic-resistant bacteria (ARB, Escherichia coli, E. coli S-
17) containing gentamycin resistance genes (gmrA) (Supplementary
Fig. 22a) and harmful algae Microcystis aeruginosa (M. aeruginosa)
(Supplementary Fig. 22b). These results demonstrate that COF-S not
only contains excellent emerging organic contaminant photo-
degradation capability, but also has efficient microbe inactivation
property, confirming the universal water decontamination capability
of COF-S.

Comparing with that of fresh ones, XRD patterns, FT-IR spec-
tra, SEM morphology, and BET surface areas of COF-S after five
reused experiments do not change dramatically, suggesting the
relative photo-stability of COF-S under visible-light irradiation

(Supplementary Fig. 23a-d). Moreover, COF-S not only exhibits
more excellent chemical stability under harsh conditions (either in
1molL™ HCIl or 1molL™ NaOH solution for 24 h) than COF-A
(Supplementary Fig. 5), but also maintains higher stability (Sup-
plementary Fig. 23) and superior paracetamol degradation effi-
ciency during the overall five reused experiments compared with
COF-A (Fig. 5g). To ease its recovery and reuse, COF-S can be
immobilized onto a continuous-flow reactor (Fig. 5h and Supple-
mentary Fig. 24) and an enlarged reactor (Fig. 5i inset). Over 92% of
paracetamol can be consecutively degraded by COF-S in the
continuous-flow reactor system throughout the whole 20 h reac-
tion process (Fig. 5h). The excellent photocatalytic paracetamol
degradation performance during the whole reaction process indi-
cates that the feasibility of COF-S for the successive degradation of
paracetamol. Despite the sunlight intensity fluctuation (Supple-
mentary Fig. 25), efficient paracetamol degradation performance
in five consecutive reused experiments in an enlarged reactor
(50cmx30cmx5cm) of 2L working volume with immobilized
COF-S (200 mg) under natural sunlight irradiation is achieved
(Fig. 5i). This demonstrates the excellent stability and high pho-
tocatalytic efficiency of COF-S towards typical emerging organic
pollutant under natural sunlight irradiation. The above results
clearly show that COF-S has great potentials for the practical
applications to eliminate micropollutants in water through an
energy-saving and cost-effective way.

In summary, we propose a simple strategy for the design of
rigid COFs by converting the reversible imine linkages into rigid
thiazole linkages for the elimination of micropollutants in water. We
find that linking COFs by rigid thiazole rings significantly adjusts the
m-conjugation and local charge polarization of the skeleton to
facilitate the exciton dissociation of COFs. The increased robust-
ness of skeletons in rigid linkages also improves the structure sta-
bility of COFs. More importantly, the thiazole linkages in COF-S with
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Fig. 5 | Feasibility investigation for practical applications. Photocatalytic per-
formance for paracetamol degradation by COF-S at different initial solution pH (a),
with different ionic strengths (b), coexisting anions (c), coexisting of humic acid
(d), and in different real water samples (e). Photocatalytic degradation perfor-
mance of COF-S towards five other emerging contaminants (f). Reusability of COF-A
and COF-S towards paracetamol degradation under visible-light irradiation (g).

Degradation performance of paracetamol by immobilized COF-S in a continuous-
flow reactor under visible-light irradiation for 20 h (h) and in an enlarged reactor of
2 L under natural sunlight irradiation in 5 days (i), the insets are the corresponding
digital image of the photocatalytic degradation experiment using different reac-
tors. Error bars represent the standard deviation and are calculated on the basis of
two independent experiments.

optimal C 2p states effectively increase the activities of neighboring
benzene units to directly modulate the O,-adsorption energy bar-
rier, resulting in highly efficient O, activation. The efficient para-
cetamol degradation by COF-S is achieved in a complex water
matrix and in four actual waters. The high degradation efficiencies
of the other six emerging contaminants, together with the inacti-
vation of ARB and harmful algae confirms the universal pollutant
elimination capability of COF-S. Besides, COF-S can be immobilized
in continuous-flow reactor and in enlarged reactor under natural
sunlight irradiation to efficiently eliminate paracetamol, which
provides an energy-saving and cost-effective way for the practical
application of COF-S to remove micropollutants in water. Overall,
this work not only gives insights into the design of rigid COFs by
thiazole linkage for the efficient photocatalytic removal of micro-
pollutants from water, but also paves the way for the practical
application of COFs photocatalysts in water decontamination.

Methods

Synthesis of COF-A

Imine-linked COF-A was synthesized based on the Schiff-base
reaction via a solvothermal method. Specifically, a mixture of BTT

(132.2 mg, 0.4 mmol), benzene-1,4-diamine (64.9 mg, 0.6 mmol),
mesitylene (6 mL), 1,4-dioxane (4 mL), and acetic acid (HAc, 1 mL,
6 M) was added into a 20 mL Teflon lining and then treated by
ultrasonication for 20 min, which was then sealed in an autoclave
and put into an oven and heated at 120 °C for 3 days. The precipitate
was isolated by filtration and washed with acetone three times. After
drying at 60 °C under air for 12 h, the final product was obtained
(163 mg, 83% yield).

Synthesis of COF-S

Thiazole-linked COF-S was synthesized by a facile one-pot synth-
esis strategy**. Specifically, a mixture of BTT (132.2 mg, 0.4 mmol),
benzene-1,4-diamine (64.9 mg, 0.6 mmol), sulfur (Sg, 115.2mg,
3.6 mmol), dimethyl sulfoxide (0.5mL), ortho-dichlorobenzene
(4.5 mL), ethanol (5.0 mL) and HAc (0.8 mL, 6 M) was added into a
20 mL Teflon lining and then treated by ultrasonication for 20 min,
which was then sealed in an autoclave and put into an oven and
heated at 120 °C for 3 days. The precipitate was isolated by filtra-
tion and washed with acetone three times. After drying at 60 °C
under air for 12h, the final product was obtained (152 mg,
49% yield).
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Synthesis of COF-O

Oxazole-linked COF-O was synthesized by a facile one-pot synth-
esis strategy”. Specifically, a mixture of BTT (132.2 mg, 0.4 mmol),
2,5-diaminobenzene-1,4-diol (127.8 mg, 0.6 mmol), N-methyl-2-
pyrrolidone (NMP, 5 mL), and mesitylene (5 mL), was added into a
20 mL Teflon lining and then treated by ultrasonication for 20 min,
which was then sealed in an autoclave and put into an oven and
heated at 185°C for 5 days. The precipitate was isolated by filtration
and washed with acetone three times. After drying at 60 °C under
air for 12 h, the final product was obtained (192 mg, 74% yield).

Catalyst characterization

PXRD (X-Pert3, PANalytical, Netherlands), C NMR (AVANCE III,
Bruker, Switzerland), FT-IR (Nicolet is50, Thermo Fisher, USA), XPS
(Axis Ultra, Kratos, UK), SEM (S-4800, HITACHI, Japan), and TEM
(Tecnai F30, FEI, USA) were employed to reveal the chemical and
structural information of three COFs. UV-vis DRS (UV3600PLUS,
Shimadzu, Japan), steady state PL spectra, time-resolved PL decay
curve, temperature-dependent PL spectra (FLS980, Edinburgh, UK),
TA spectrometer (Helios, Ultrafast System, USA), ESR analysis
(Bruker EMX, Bruker, Switzerland), and EIS (CHI760E, Chenhua,
China) were performed to investigate the mechanisms of the
fabricated COFs.

Photocatalytic experiments

The photocatalytic degradation performance of micropollutants by all
three COFs was first examined in a double-walled reactor with 60 mL of
SmgL? paracetamol solution and 12mg of COFs (Supplementary
Fig. 26). The reaction suspension was irradiated by using a 300 W
Xenon lamp (A>420nm, 100 + ImWcm™?). The temperature was
fixed at 25.0 +0.2°C by circulating water system during the photo-
catalytic experiments. The reaction suspension was extracted and fil-
tered for micropollutant measurement at specific time intervals. The
effects of different water matrix, including initial solution pH, ionic
strengths, coexisting anions, and natural organic matter on photo-
catalytic degradation of paracetamol by COF-S are systematically
examined. The degradation capability of COF-S in real water samples,
including tap, river, lake, and sea water are also explored. The repeat
photocatalytic performance towards paracetamol degradation in the
enlarged reactor outdoors with natural sunlight irradiation were per-
formed on 5 sunny days (November 2023) in the campus of Peking
University (116°E, 40°N), China.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Supplementary
Information and Source Data file. Source data are provided with
this paper.
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