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Achieving high specific surface area (HSSA) in graphitic carbon nitride (g-C5N4)

severely depolymerizes the molecular chain structure, resulting in sluggish
carrier kinetic behaviors and thus moderated water purification performance
in photocatalytic peroxymonosulfate (PMS) activation system. Herein, we
report a versatile shear-repair strategy for fabricating ultrathin porous g-C5N,
nanosheets with a thickness of 1.5 nm, HSSA (138.5 m? g), and highly poly-
merized molecular chains. This strategy accelerates exciton dissociation and
charge carrier separation, with the exciton binding energy decreasing from
65.7 to 47.5 meV. Crucially, the electron-donating pollutant and electron-
withdrawing PMS generate a microelectric field at the g-C3N, surface that
activates PMS to generate 'O, sustainably. Consequently, our catalyst exhibits
an exceptional imidacloprid (IMD) removal performance with a rate constant
of 0.405 min™ and remarkable PMS utilization efficiency (90% within 15 min).
Moreover, under real conditions of sunlight irradiation, we observe an out-
standing pollutants’ removal efficiency with a near-100% degradation rate over
20 days of continuous operation. Our work emphasizes the feasibility of
synergistic molecular-level structural engineering for refining carrier kinetic
behaviors in high-performance photocatalyst design.

M Check for updates

Polymeric graphitic carbon nitride (g-C3N;) presents a promising
candidate as a star photocatalyst owning to its robust stability, tunable
electronic structure and facile fabrication'?. Since the pioneering work
reported by Wang and co-workers in 2008°, g-CsN, has been widely
employed in various photocatalytic energy conversion and environ-
mental remediation fields in the following decades, especially
demonstrating enormous application prospects for removing persis-
tent pollutants in photocatalytic peroxymonosulfate (PC-PMS)

activation system* . Nevertheless, the pristine g-CsN, is plagued by
ultralow specific surface area and incompletely polymerized molecular
chains structure, leading to sluggish exciton dissociation and severe in-
plane photogenerated carriers recombination, which seriously
restricts the effective photocatalysis’®. Therefore, designing a g-C3N,
with a high specific surface area (HSSA) and highly polymerized
molecular chains to optimize carrier kinetic behaviors to address these
challenges is essential.
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Ultrathin porous g-C3N4 nanosheets with HSSA are desirable for
photocatalysis due to their larger active space for the matter diffusion
and conversion as well as shorter charge carriers’ transfer distance®.
Recently, various strategies have been reported for synthesizing
ultrathin porous g-C5N4 nanosheets, among which the shear of the
thermal active atmospheres is widely recognized as the most effective
method" ™. Since Liu and co-workers first proposed the cutting bulk
g-C3N, into ultrathin porous architecture in thermal air'**, numerous
researchers have subsequently attempted to prepare ultrathin porous
g-C3N, nanosheets using the shear of various thermal active atmo-
spheres like ammonia®®, hydrogen”, oxygen', and water vapor®,
resulting in nanostructured g-C3N, with exceptional photocatalytic
performance. However, this process inevitably exacerbates the
intrinsic incomplete polymerization of the heptazine-based molecular
chains by breaking the imine linkages®>?, leading to sluggish exciton
dissociation, arduous in-plane charge transfer, deep charge trapping
states and severe bulk electron-hole pair’'s recombination?. Recent
works have explored accelerating the in-plane charge transport of
g-C3N, by inducing more complete polymerization of the heptazine-
based molecular chains. For instance, Zhang et al. fragmented g-C3N,
into smaller pieces, followed by subjecting it to a directed healing
process to boost charge dynamics®. Li et al. constructed a highly
crystalline g-C3N, through a molten salt-assisted in-plane “stitching”
and interlayer “cutting” to achieve rapid charge transport and
separation®. Inspired by these works, we envisage that precisely
mending the incomplete polymerized molecular chains of ultrathin
porous g-C3N4 nanosheets maintaining HSSA would dramatically
improve the carrier kinetic behaviors to boost the photocatalytic PMS
activation.

Following the above hypothesis, ultrathin porous g-C3N4
nanosheets with HSSA and highly polymerized molecular chains were
fabricated by the versatile shear-repair strategy under thermally active
and subsequently inert atmospheres. The as-prepared photocatalyst
exhibited lower exciton dissociation energy, higher charge carrier
separation, and transport efficiency along the in-plane molecular
chains. Importantly, a microelectric field at the g-C5N, surface induced
by the potential difference between the electron-donating pollutant
and electron-withdrawing PMS was successfully constructed, which
further boosted the spatial separation of the photogenerated carriers
while efficiently activating PMS to sustainably generate 'O, for
degrading and mineralizing various persistent pollutants even under
harsh environmental conditions. Moreover, under real conditions of
sunlight irradiation, the photocatalyst consistently maintained near-
100% pollutant’ removal efficiency during 20 days of operation in
custom-built continuous photo-flow device. This work also empha-
sizes that the maintenance of highly polymerized molecular chains is
more crucial for optimizing carrier kinetic behaviors than simply
increasing the specific surface area of photocatalyst. These insights
push our way forward in the rational design of polymer
semiconductors.

Results

Materials synthesis and characterizations

A schematic diagram illustrates the fabrication of the photocatalysts
and the corresponding molecular-level structural regulation (Fig. 1a).
First, the bulk g-C3N, with incomplete polymerization structure (CN)
originated from the thermal polymerization of urea was stripped into
ultrathin porous nanosheets possessing HSSA (ACN) by the shear of
thermal NH;z atmosphere. Computational simulations showed that NH;
molecules preferentially adsorb and react with imine linkages con-
necting adjacent heptazine units (Fig. 1b, c). This reaction broken the
heptazine chains, led to the generation of abundant amino groups and
exacerbated the incomplete polymerization of g-C3N4. However, the
higher formation energy (E,) of nitrogen atoms in imine linkages than
in amino groups (Fig. 1d), indicated a tendency for amino groups to

convert back into imine linkages through repolymerization”. Conse-
quently, the broken heptazine chains in ACN can be further precisely
mended by thermal repolymerization among amino groups, yielding
ultrathin porous g-C3N4 nanosheets with HSSA and highly polymerized
heptazine chains (NACN). Furthermore, the rationality of the experi-
mental design was demonstrated by reversing the order of the shear
and repair steps. Briefly, the bulk g-CsN4 with highly polymerized
heptazine chains (NCN) was synthesized via directly mending CN by
thermal repolymerization under N, atmosphere. Subsequently, the
ANCN was obtained by cutting NCN in thermal NH3 atmosphere (see
Methods).

The morphology and structure of these catalysts were elucidated
using scanning electron microscopy (SEM) (SEM, Supplementary
Fig. 1), high-resolution transmission electron microscopy (HRTEM)
(HRTEM, Supplementary Fig. 2), and atomic force microscopy (AFM)
(AFM) images (Fig. 1e). These analyses revealed the layered structure of
bulk CN with a thickness of about 4.7 nm. After subjecting CN to the
shear of the thermal NH; atmosphere, the resulting ACN was con-
verted into ultrathin porous nanosheets with a thickness of 2.1 nm. The
subsequent thermal repolymerization process yielded NACN, which
inherited the ultrathin porous properties of ACN, and the thickness
was maintained at 1.5 nm. Interestingly, there were only minor changes
in morphology and thickness of NCN subjected to direct thermal
repolymerization (see NCN in Fig. 1e). Subsequent treatment of NCN in
a thermal NH; atmosphere produced ANCN with similar morphology
and thickness to NACN. Meanwhile, the volume change sequence of
the samples with the same mass followed the order: CN=NCN <
ACN=ANCN = NACN (Supplementary Fig. 1f). These results implied
that the morphological changes and volume expansion of the pre-
pared samples primarily arose from the shear of thermal NH; atmo-
sphere rather than the repair of thermal repolymerization. The specific
surface area and pore structure of the catalysts were investigated by N,
adsorption-desorption measurements. As presented in Fig. 1f and
Supplementary Table 1, the Brunauer-Emmett-Teller surface area were
determined to be 128.46, 138.51, and 134.57 m? g* for ACN, NACN, and
ANCN, respectively, which were around two-fold than that of CN
(62.59 m?g ™) and NCN (71.30 m? g%). The pore size distribution results
in Fig. 1g and Supplementary Table 1 indicated that the pore volume of
ACN (0.43cm’g™), NACN (0.41cm®g™), and ANCN (0.38 cm*g™) were
larger than those of CN (0.18 cm®g™) and NCN (0.25 cm®g™), suggest-
ing the shear process introduced larger pore volume and richer pore
structure in g-C3N,*.

Above results collectively confirmed that the shear of the thermal
NH; atmosphere and the repair of thermal repolymerization con-
tributed differently to the catalysts’ properties. The former primarily
imparted ultrathin porous properties to g-C3N, but exacerbated
incomplete polymerization of heptazine chains by cutting imine lin-
kages, while the latter mainly mended the broken heptazine chains at
the molecular level.

Molecular-level structure characterizations

We conducted a detailed characterization of the catalysts obtained to
investigate the molecular level structural changes induced by the shear
and repair. The similar X-ray diffraction (XRD) patterns and Fourier
transform infrared (FTIR) spectra (Fig. 2a, b) indicated that the basic
structure of melon-type g-C3N, was well preserved in prepared
samples”., The X-ray photoelectron spectroscopy (XPS) and ele-
mental analysis (EA) (Fig. 2c and Supplementary Tables 2, 3) revealed
that the C/N atomic ratio of CN was higher than that of ACN and ANCN
but lower than NACN and NCN. Notably, we also detected the NH; in
exhaust gases in the thermal repair process (Supplementary Fig. 4).
These indicated that the shear process introduced more nitrogen
atoms into the g-C3N, framework due to the formation of ample amino
groups. In contrast, the repair process led to partial nitrogen atoms
loss through the repolymerization among amino groups to release
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Fig. 1| Synthetic illustration and morphology characterizations. a Schematic
illustration of the synthesis process of photocatalysts; b Adsorption energy of NH5;
¢ The energy change of the NHj3 reaction process; d The formation energy of

nitrogen atoms at different sites; e AFM images of prepared samples; f N,
adsorption-desorption isotherms curves, and g pore size distribution curves of
prepared samples. Source data are provided as a Source Data file.

NHs. In the C 15 spectra, there were two peaks at 288.2 and 284.8 eV
(Fig. 2d, Supplementary Table 4), corresponding to sp? hybridized
carbon (N-C=N) and amorphous carbon (C-C/C=C), respectively®.
The N 1s spectra (Fig. 2e) were deconvoluted into four peaks at
401.3 eV (tertiary nitrogen, N-(C);), 400.5eV (imine group, 2C-NH),
399.5eV (amino group, C-NH,) and 398.6 eV (sp>-coordinated nitro-
gen, C-N=C), respectively®. Significantly, the C-N = C/N-(C); compo-
nent ratio of all samples remained nearly unchanged (Supplementary
Table 5), indicating that neither the shear nor the repair processes
compromised the completeness of heptazine units. Additionally, a
lower component ratio of 2C-NH/N-(C); was observed in ACN (1.04)
and ANCN (1.05) compared to CN (1.15), while NCN (1.19) and NACN
(1.18) showed higher ratios than CN. These results confirmed that the
shear process generated abundant amino groups by breaking imine
linkages, while the repair process mended these linkages by the
repolymerization among amino groups. Furthermore, solid-state *C
NMR spectra (Fig. 2f, Supplementary Table 6) showed two prominent
peaks at 155.8 and 164.5 ppm, corresponding to the N-C=N (C2) and
the C-NH, (C1), respectively*. The C1/C2 ratio of CN (2.378) was lower
than ACN (2.424) and ANCN (2.396), but higher than NCN (2.373) and
NACN (2.314), further confirming the roles of shear and repair engi-
neering of the molecular structure®.

X-ray absorption near-edge structure spectroscopy was used to
further elucidate the chemical state and coordination environment
changes induced by the shear and repair processes. With looking into

the C K-edge spectra (Fig. 2g), three peaks at 285.9, 288.5 (Cl), and
294.6 eV (C2) were derived from the structural defects, in-plane m*
N-C=Nand ¢* N - C - N coordination, respectively**. Compared with
CN counterpart, the peak intensities of C1 and C2 in ACN were sig-
nificantly weaker, which was attributed to the in-plane structural dis-
organization arose by the broken molecular chains”. This was
consistent with the shear process broken the imine linkages to gen-
erate copious amino groups, resulting in a large amount of in-plane
structural defects. Notably, the absorption edge of NACN was similar
to that of CN, suggesting the surface structure defects in ACN were
mended via the repolymerization process among amino groups by
forming new imine linkages.

In the N K-edge spectra (Fig. 2h), two peaks at 402.8 and 405.9 eV
corresponded to the N1 site of the C — N = C coordination structure and
the N3 site of imine linkages (C-N-C), respectively. The N2 site at
404.8 eV was due to the N 1s > r* transition of graphitic nitrogen in the
N-(C); coordination®. The intensity of the N3 peak in ACN was sig-
nificantly lower than that of CN, directly demonstrating that the shear
of thermal NH;3 atmosphere disruption of imine linkages. Moreover,
the intensities of all three peaks of NACN were higher than those of CN
and ACN. This was consistent with XPS and NMR results, confirming
that the thermal repolymerization mended broken imine linkages to
form intact heptazine chains of g-C3N, with fewer defects®. Such intact
heptazine chains could create efficient charge transfer channels for
rapid charge transport in NACN, minimizing their recombination*.
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Fig. 2 | Structural characterizations of all catalysts. a XRD patterns and b FT-IR
spectra of prepared samples; ¢ C/N ratio from XPS and EA; d XPS spectra of C1sand
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To further identify and quantify the variations in structural
defects induced by cutting and mending of imine linkages, positron
annihilation lifetime spectroscopy (PALS) was executed to analyze the
species and defect concentration in the prepared samples*. As shown
in Fig. 2i and Supplementary Table 7, three lifetime components Ty, 15,
and 13 were obtained from the PALS analysis. The shortest t; was
assigned to small-size defects exiting in the bulk, while the longest 15
was assigned to the positron annihilation in the pores. Both these two
defects are generally beneficial for charge carrier kinetic*’. The T,
component originated from larger surface defects, which commonly
acts as recombination centers for in-plane charges*. Additionally, the
relative intensities of these lifetime components (I) represented the
concentration of the corresponding defects*. The I, and I; intensities
followed the order: CN < ACN < NACN, indicating a higher content of
small-size defects and pore structures in NACN. Moreover, the I, of
NACN was lower than that of ACN, proving the repair process can
mend surface structure defects by forming new imine linkages. These
systematic characterizations confirmed the successful synthesis of the
NACN photocatalyst with HSSA and highly polymerized molecular
chains via shear and repair engineering.

Modulation of carrier kinetic behaviors

UV-Vis diffuse reflectance spectra of the samples (Fig. 3a) showed the
optical absorption band edges of photocatalysts had only minor dif-
ferences, indicating they had comparable optical absorption
capabilities*. Additionally, the energy band structures of the samples
were also determined (Supplementary Fig. 5). To understand the
exciton dissociation kinetics, we conducted temperature-dependent
photoluminescence (PL) spectroscopy. Excitons, formed due to the
strong Coulomb interactions between electrons and holes, can limit
charge separation, with the exciton binding energy (E,) representing
the energy required to dissociate excitons into free carriers. Therefore,
weakening the exciton effect to promote carrier generation was crucial
for optimizing charge separation and enhancing photocatalysis*. As
observed in Supplementary Fig. 6, the PL intensity gradually decreased
with the increasing temperature from 80 to 300 K, corresponding to a
thermally activated nonradiative recombination process*’. The E, was
calculated using nonlinear fitting and the Arrhenius equation (see
Supplementary Discussion 5). As shown in Fig. 3b—d, the E;, of ACN was
lower than that of CN, indicating that the HSSA reduced the probability
of the exciton recombination due to the shortened carrier diffusion
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distance. In contrast, the E, of NACN was further decreased to
47.6 meV, which was attributed to the combination of HSSA and highly
polymerized molecular chains facilitated the dissociation of excitons
into free carriers.

Understanding how photogenerated carriers migrate to the cat-
alyst surface is essential for modulating carrier kinetic behaviors.
Therefore, the three-dimensional electrostatic potential of the samples
was investigated by theoretical calculation. Specifically, the x and y
directions were set as parallel and perpendicular to the heptazine-
based molecular chains, respectively, and the z direction was per-
pendicular to the basal plane across the van der Waals force-mediated
interlayers. As shown in Supplementary Fig. 7, the electrostatic
potential in the y and z directions changed only slightly and was sig-
nificantly higher than in the x direction (Fig. 3e-g). This indicated that
photogenerated carriers preferentially transported along the x direc-
tion, parallel to the molecular chains. Furthermore, the electrostatic
potential of ACN in the x direction was much higher than CN, directly
demonstrating that the breakage of imine linkages resulted in frus-
trating structural defects that hinder charge transport along the
molecular chains. In contrast, the electrostatic potential in the x
direction decreased from 0.88 eV for ACN to 0.16 eV for NACN. This
indicated that the repolymerization-driven repair of broken imine
linkages facilitated the transport of photogenerated carriers to the
photocatalyst surface along the molecular chains.

To further evaluate the carrier kinetic behaviors, we investigated
the separation and migration efficiency of photogenerated carriers
using steady-state PL spectroscopy*®. As illustrated in Fig. 3h, ACN and
ANCN showed a dramatic increase in PL emission compared to CN and
NCN. This increase was attributed to the broken imine linkages, which
aggravated the intrinsic radiative recombination of photogenerated
charges. Moreover, NACN exhibited a weaker PL emission than ACN,
indicating that repairing the broken imine linkages through repoly-
merization improved the charge separation process. This improve-
ment in charge separation was further supported by
photoelectrochemical measurements. NACN showed the largest
instantaneous photocurrent density (Fig. 3i), the smallest electro-
chemical impedance radius (Supplementary Fig. 9), and the strongest
electron spin resonance (ESR) signal (Fig. 3j). These results indicated
the most efficient separation and migration efficiency of photo-
generated carriers in NACN*~°, Furthermore, cyclic voltammetry was
performed to determine the electrochemically active surface area
(ECSA) based on the double-layer capacitance (Cg4j). Notably, NACN
showed the largest ECSA (Supplementary Fig. 10) due to the HSSA and
highly polymerized molecular chains, suggesting that NACN possessed
the highest density of photocatalytic active sites®.

To visualize the accumulation of photogenerated carriers reach-
ing the catalyst surface, we employed Kelvin probe force microscopy
to probe the surface potential variations of the samples before and
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after light illumination®. As shown in Supplementary Fig. 11, all sam-
ples showed an increased surface potential after light illumination,
confirming the migration of photogenerated carriers from the pho-
tocatalyst bulk to the surface®. Impressively, the surface potential of
ACN increased slightly after light illumination (from 18.7 to 20.1mV)
compared to CN (from 14.6 to 16.2 mV). This can be attributed to the
competing effect of the shear process. Although the HSSA of ACN
shortened the photogenerated carriers’ migration distance, the
structural defects formed by the breakage of the imine linkages
increased charge recombination. These competing effects resulted in
the unsatisfactory efficiency of photogenerated carriers’ separation
and migration for ACN. Notably, the surface potential of NACN
increased more significantly (from 20.4 to 24.8 mv) than ACN due to
the repair of broken imine linkages through repolymerization. By
combining HSSA with highly polymerized molecular chains, NACN
effectively promoted the migration and accumulation of photo-
generated carriers at the catalyst surface.

Femtosecond transient absorption spectroscopy (fs-TAS) (fs-TAS,
excited by 330 nm pump light) was applied to ulteriorly track the
relaxation pathway of photogenerated carriers. As depicted in
Fig. 3k-m, all samples immediately displayed a negative signal after
pump excitation, followed by a positive signal appeared at 470 nm.
The negative signal was assigned to the ground state bleaching, which
reflected the population of photoexcited carriers at the conduction
band (CB) edge™. The positive signal was attributed to excited-state
absorption (ESA)*. Moreover, the ESA signal of NACN was stronger
than that of CN and ACN, indicating a higher population of excited-
state carriers in NACN°®. Furthermore, all samples’ transient absorp-
tion (TA) intensity decreased with increasing probe time (Supple-
mentary Fig. 12), reflecting the relaxation process of CB electrons to
trap at different depths. Simultaneously, the kinetic traces detected at
the maximum fs-TA absorption around 640 nm were fitted to analyze
the relaxation kinetics of excited-state carriers. The kinetics fitting
results for CN revealed three decay lifetimes with 1, =13.7 ps (33.7%),
T, =123.9 ps (27.9%), and 15 =1058 ps (38.4%) (Fig. 3n), corresponding
to shallow trapping states, deep trapping states, and the recombina-
tion of free photogenerated electrons and holes, respectively”’. Nota-
bly, ACN exhibited a significantly prolonged 13 (2380 ps) with an
increased contribution of 46.7% compared to CN (Fig. 30), indicating
the breakage of molecular chains exacerbated the recombination of
photogenerated electrons and holes. In contrast, the NACN exhibited
the longest lifetimes for 1; (253.1 ps, 24.4%) and 1, (361.1 ps, 38.7%), and
the smallest contribution of 13 (3522 ps, 36.9%) (Fig. 3p). These results
suggested that the combination of HSSA and highly polymerized
molecular chains in NACN could induce long-lived shallow charge
trapping, boost the photoelectron density and improve photocatalytic
performance.

Evaluation of pollutants’ removal activity

The accumulation of persistent pollutants, such as the neonicotinoid
pesticide IMD, in natural water bodies severely threatens ecosystems
and human health®®**, To evaluate the prepared samples’ photo-
catalytic performance, we investigated their ability to degrade IMD
and other refractory pollutants. Initially, we elucidated the sources of
pollutants degradation driving forces in the PC-PMS system by per-
forming IMD removal experiments in different catalytic systems. As
illustrated in Supplementary Fig. 13, all samples showed negligible IMD
adsorption (<2%) in 120 min without PMS and visible light. After the
addition of PMS, NACN removed only 4% of IMD in 9 min under dark
conditions (Fig. 4a). PMS alone cannot be directly activated by visible
light while the NACN achieved 58% IMD removal with 9 min in the
photocatalytic system. Notably, the NACN reached near-100% IMD
removal within 9 min in the PC-PMS system, highlighting the effective
photocatalytic PMS activation. The optimal concentrations of photo-
catalyst and PMS were set at 0.6 and 12gL™, respectively

(Supplementary Fig. 14). Additionally, all IMD degradation followed
pseudo-first-order kinetics (lnC—C0 = — k,pst), where C, Co, and ks are
the instantaneous and initial concentration of pollutants, as well as the
degradation apparent rate constant, respectively. Subsequently, in
order to optimize the synthesis conditions of photocatalysts, we
evaluated the catalytic activity of ACN and NACN prepared through
NH3 shear and subsequent thermal repair at different calcination
temperatures, respectively. As shown in Supplementary Fig. 15, the
relationship between k,,s and the calcination temperatures was
agreement with the volcano diagram, thus the optimal synthesis
temperatures were determined to be 490 °C for NH; shear and 560 °C
for thermal repair.

Based on the optimized experimental conditions, we further
evaluated the photocatalytic activity of the prepared samples to elu-
cidate the contribution of HSSA and highly polymerized molecular
chains. As observed in Fig. 4b, c, pristine CN showed less than 60%
removal of IMD in 9 min, with a k., of 0.056 min™’. The catalytic
activity of ACN that featured HSSA but with broken molecular chain
structure was only slightly enhanced. Impressively, the NACN, with
both HSSA and highly polymerized molecular chains, displayed the
best IMD removal ability, achieving the largest k,s of 0.405min™, as
7.2 times higher than CN. Interestingly, while ANCN had a specific
surface area comparable to that of NACN, its ks (0.068) was sig-
nificantly lower. This implied that the highly polymerized molecular
chains contributed more significantly to the photocatalytic activity
compared to HSSA alone. As also perfectly substantiated by the higher
IMD degradability of NCN only with highly polymerized molecular
chains than ANCN. Meanwhile, the five photocatalysts’ PMS con-
sumption rates followed the same trend as their IMD degradation
activity. NACN achieved a remarkable 90% PMS activation in 15 min
(Fig. 4d). Moreover, the ks of IMD removal for NACN surpassed
almost all reported photocatalysts (Fig. 4e and Supplementary
Tables 8, 9). These results indicated that the synergistic effect of HSSA
and highly polymerized molecular chains drastically boosted the car-
rier kinetic behaviors, leading to sufficiently activated PMS to sus-
tainably generate reactive oxygen species for efficiently removing
persistent pollutants.

The practical application of photocatalysts for water treatment
critically depends on their interference resistance and reusability.
Thus, we investigated the pollutant degradation performance of NACN
under various harsh environmental conditions. In an initial examina-
tion, the NACN exhibited better IMD removal under acidic conditions
than under alkaline conditions (Supplementary Fig. 16a), because «SO,
was likely to react with hydroxide to generate «OH, which processed a
lower oxidation potential and shorter lifetime therefore impairing the
IMD removal®®. A similar trend was observed in the presence of co-
existing ions (Supplementary Fig. 16b). Alkaline anions, such as HCO;
and CO§‘, inhibited IMD degradation. In contrast, the presence of
acidic anions like SO?{ slightly promoted the degradation of IMD,
while the enhancement of CI~ and NO; was much more significant.
Reportedly, CI™ can directly react with «<SO; and *OH to convert into
«Cl, «Cl,, HCIO, and CIO~, which could efficiently oxidize various
refractory pollutants®.

The addition of natural organic matter (NOM) to the PC-PMS
system significantly impacted the degradation dynamics (Supple-
mentary Fig. 16c), as the NOM generally contains phenolic hydroxyl
and carboxyl groups, which can interact with the photocatalyst and
occupy active sites to hinder IMD removal®’. Despite these potential
interferences, NACN maintained excellent IMD removal from tap water
and lake water (Supplementary Fig. 16d), with the water parameters
shown in Supplementary Table 10. Importantly, the photocatalyst
showed robust reusability with only a 5% decline of catalytic activity
after ten cycles of operation (Fig. 4f). This slight decrease was possibly
due to the partial loss of catalyst during the recovery process®. As
depicted in Supplementary Fig. 17, the FTIR, XRD, and XPS spectra of
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Fig. 4 | Evaluation of degradation performance of photocatalysts. a IMD
degradation curves in various systems; b Kinetic curves of IMD removal by different
photocatalysts and ¢ corresponding rate constants K,ps in PC-PMS system. d PMS
decomposition curves. The error bars represent the standard deviation derived
from three repeated experiments. Reaction condition: [catalyst] = 0.06 g L™, [PMS]
=12gL™, [IMD] = 10 mg L™, initial pH= 6.97 (if not adjusted), T =298 K;

e Comparison of the normalized ks of different reported works (The data are
presented in Supplementary Tables 8, 9); f Cycling stability of the NACN under

A\ =420 nm visible light; g IMD removal efficiency in 20-day continuous flow reac-
tion over NACN (Inset: The schematic diagram of custom-built continuous photo-
flow device). Source data are provided as a Source Data file.

the catalysts before and after use remained nearly unchanged (Sup-
plementary Fig. 17a-d), and no characteristic peaks of IMD appeared in
the used catalyst, indicating the excellent structural stability of the
catalyst and no IMD remained on the catalyst surface. Furthermore, the
energy dispersive X-ray spectroscopy elemental mapping and EA
results confirmed the comparable proportion of C and N elements in
the catalysts before and after use (Supplementary Fig. 17e-g), sug-
gesting no organic products were aggregated on the catalyst surface
after the photoreaction. Subsequently, we used 2,6-di-tert-butyl-4-
methylphenol (BHT) as polymerization inhibitor to suppress poly-
merization reactions®““°. As shown in Supplementary Fig. 17h, the BHT
did not impede the IMD degradation, which excluded the IMD poly-
merization processes potentially occurring on the catalyst surface. The
thermal gravimetric analysis revealed a similar pyrolysis process of the
catalysts before and after use (Supplementary Fig. 17i), further sup-
porting the absence of IMD residues or polymerization products on
the catalyst surface. Based on these findings, we had sufficiently

demonstrated that the removal of IMD was not achieved through the
pollutant polymerization transfer pathway but through the conven-
tional degradation and mineralization pathway.

To assess the long-term performance of NACN under real world
conditions, we used a custom-built continuous photo-flow device for
pollutants degradation under outdoor sunlight (Supplementary
Fig. 18a). The IMD removal of NACN in the PC-PMS system remained
consistently close to 100% throughout a continuous operating period
of 20 days (total sunlight exposure time: 120 h), while PMS alone could
not degrade IMD under sunlight (Fig. 4g). To visualize the pollutant
removal process, we replaced IMD in the flow device by colored dyes
as pollutants including rhodamine B and methyl orange. As shown in
Supplementary Figs. 18b, c, and Supplementary Movies, the effluent
from the device was colorless, demonstrating the great potential and
durability of NACN for various pollutants removal in practical appli-
cations. Besides IMD and the dyes, NACN also achieved ultrahigh
removal of other persistent pollutants, including phenol, thiacloprid,
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Fig. 5 | Universality of photocatalysts and pollutants mineralization.

a-c Degradation curves of five pollutants for CN, ACN and NACN, respectively;

d The corresponding ks values; e-g CN degradation curves after the first step of
thermal shear treatment with air, water steam and hydrogen, respectively. The
error bars represent the standard deviation derived from three repeated experi-
ments; h The HPLC chromatograms of IMD and its intermediates; i TOC removal in
IMD degradation process; j The degradation pathway analysis of IMD in the PC-PMS

system, and toxic evolution of intermediates in the two degradation pathways
evaluated by ECOSAR (LCso/ECso: half-lethal/effective concentration; Not harmful:
LCs0/ECso >100 mg L™; Harmful: 100 mg L™ > LC5¢/ECso > 10 mg L™; Toxic:

10 mg L™ > LCs0/ECso > 1 mg L™%; Very Toxic: LCso/ECso < 1mg L™ LCso: Half lethal
concentration; ECso: Half effective concentration). The four different shades of red
below each intermediate represent their acute and chronic toxicity to fish and
daphnia, from left to right. Source data are provided as a Source Data file.

thiamethoxam, and nitenpyram (Fig. 5a-d). Even for the recalcitrant
and highly toxic pollutant phenol, the corresponding ks of NACN still
exceeded most of the reported catalysts (Supplementary Fig. 19 and
Supplementary Table 11).

Thees results collectively demonstrated the photocatalyst had
excellent interference resistance, reusability, and broad applicability
of NACN for the efficient removal of various persistent pollutants
under realistic conditions, highlighting its potential for sustainable
environmental remediation.

To emphasize the universality of the shear and repair strategy for
modulating carrier kinetic behaviors in g-C3N4 and thus further
affecting the photocatalytic performance, NH; was replaced by other
active atmospheres, including air (Fig. 5e), water steam (Fig. 5f), and
hydrogen (Fig. 5g) in the first step of thermal shear. As expected,
samples prepared only by thermal shear exhibited only slightly
enhanced or even reduced photocatalytic activity. Inspirationally, after

the subsequent thermal repair step, these samples displayed sig-
nificantly improved degradation performance. Furthermore, when N,
was replaced by inert argon atmosphere in the second step of thermal
repair for ACN, the obtained sample had IMD degradability compar-
able to NACN (Supplementary Fig. 20). These results confirmed that
the function of shearing and repairing the imine linkages was not
limited to specific active and inert atmospheres.

Investigation of degradation mechanism

Achieving the complete mineralization and detoxification of persistent
pollutants are crucial for practical water purification applications.
High-performance liquid chromatography (HPLC) analysis revealed
that the characteristic peak of IMD disappeared after 30 min, with the
appearance of several intermediates. The characteristic peaks of all
intermediates completely disappeared after 2 h (Fig. 5h). Moreover,
NACN eliminated almost 90% of the total organic carbon in 4 h (Fig. 5i).
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This indicated that the degradation and mineralization of IMD occur-
red in parallel in the PC-PMS system, ultimately leading to completely
mineralized into CO, and H,O. Furthermore, the intermediates and
possible pathways for IMD degradation were further investigated by
ultrahigh performance liquid chromatography-mass spectrometry.
Two possible IMD degradation pathways were proposed in Fig. 5j (see
Supplementary Fig. 21 and Table 12). Simultaneously, the develop-
mental toxicity of most intermediates derived from IMD estimated by
the ECOSAR software was significantly reduced during the degradation
process (see Supplementary Table 13), indicating that the degradation
pathways of IMD were environmentally friendly and compatible.

To elucidate the mechanism behind the high degradation and
mineralization efficiency of our photocatalyst, we conducted scaven-
ging experiments using a series of sacrificial agents. Isopropanol (IPA),
methanol (MeOH), triethanolamine (TEOA), furfuryl alcohol (FFA), and
tetramethylpiperidine-nitrogen oxide (TEMPO) were employed to
quench hydroxyl radicals (+OH), sulfate radicals (+SO;), holes (h"),
superoxide radicals (-0 ), and singlet oxygen (‘O,), respectively. Only
a slight suppression effect was observed with the addition of IPA and
MeOH (Fig. 6a, b), suggesting the conventional *OH and SO, radicals
did not play a crucial role in the degradation progress®. In contrast,
the addition of TEOA, TEMPO and FFA significantly suppressed IMD
removal, indicating the h*, <05, and '0, were the main active species
involved in IMD degradation. The strongest inhibiting effect observed
with TEMPO confirmed the predominant role of 'O, in the PC-PMS
system.

ESR technology was subsequently utilized to directly detected the
above active species generated during the degradation processes.
When using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tet-
ramethyl-4-piperidone (TEMP) as trapping agents, the ESR signals of
+0; (Fig. 6¢) and '0, (Fig. 6d) were observed under light irradiation
and significantly enhanced with the addition of PMS. Furthermore, we
also observed a gradual weakening of the h™ signal in the PC-PMS
system (Fig. 6e). This indicated that 'O, was obtained by oxidation of
«0; by h™, which was a charge transfer process®. Additionally, the
signals of *OH and SO, were also observed in the PC-PMS system
(Fig. 6f). These results were consistent with the reported generation of
10, through the activation of «SO; and the situ conversion of *OH®. A
detailed discussion of the conversion pathways for active species was
given in Supplementary Discussion 12. These results indicated that the
synergistic action of PMS and the photocatalyst generated multiple
active species, which were ultimately converted to 'O, for supporting
the highly efficient degradation of persistent pollutants.

To further understand the efficient '0, generation mechanism, we
investigated the charge transfer process among the pollutant, photo-
catalyst and PMS by combining experimental results and DFT calcu-
lations. As illustrated in Fig. 6g, the amperometry i—t curves of the
electrochemical system with NACN-immobilized working electrode
showed a sudden current drop upon PMS addition and a partial cur-
rent rebound upon adding IMD. These observations indicated that IMD
acted as an electron donor and PMS as an electron acceptor in the PC-
PMS system®. Moreover, the ESR signal of the photocatalyst decreased
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with the addition of PMS and increased with the addition of IMD
(Fig. 6h). These results further supported the strong electron transfer
among the electron-donating IMD, NACN photocatalyst and electron-
withdrawing PMS.

DFT calculations were conducted to visualize the electron transfer
mechanism among the IMD, NACN, and PMS. As observed in Fig. 6i, the
LUMO of NACN (-2.18 eV) was closer in energy to the LUMO of IMD
(-1.63eV) than to the LUMO of PMS (-4.80eV). This implied that
electrons can be easily transferred from the LUMO of IMD to the LUMO
of NACN and then to PMS, facilitating its activation. Based on these
experimental and theoretical results, we proposed that the potential
difference between the electron-donating pollutant and the electron-
withdrawing PMS induced the generation of a microelectric field on
the g-C5N, surface. This microelectric field promoted the effective
spatial separation of photogenerated carriers, significantly boosting
photocatalytic PMS activation to sustainably generate 'O, for the effi-
cient removal of various pollutants.

Discussion

In summary, we successfully synthesized ultrathin porous g-C3N4
nanosheets with HSSA and highly polymerized molecular chains using
a versatile shear-repair strategy, which synergistically optimized the
carrier kinetic behaviors, accelerating exciton dissociation and the
subsequent separation and transfer of photogenerated carriers along
the molecular chains. A critical point was the emergence of a micro-
electric field induced by the potential difference between the electron-
donating pollutant and the electron-withdrawing PMS on the catalyst
surface, which further boosted the spatial separation of photo-
generated carriers, thereby favoring PMS activation to sustainably
release '0, for efficiently degrading and mineralizing various persis-
tent pollutants even under harsh environmental conditions. This
engineered photocatalyst exhibited superior stability, consistently
maintaining near-100% pollutants’ removal efficiency under real con-
ditions of sunlight for 20 days of operation in a custom-built con-
tinuous photo-flow device. This work demonstrates the importance of
balancing specific surface area and polymerization degree to engineer
carrier kinetic behaviors, guiding the rational design of polymer-based
photoelectric materials for sustainable environmental remediation
and energy applications.

Methods
Chemicals and reagents
Detailed information is provided in the Supplementary information.

Preparation of CN

The CN catalyst was fabricated using thermal polymerization. Typi-
cally, 20.000 g of urea (CH4N,0) was placed in a 50 mL crucible with a
lid and transferred to a muffle furnace. Then, the reagent was heated to
550°C at a heating rate of 5°C min™ and stabilized for 4 h. After
cooling to room temperature, 1.162 g (percent yields: 5.81%) yellow
sample was obtained and used for subsequent experiments.

Preparation of ACN

0.500 g of CN powder was uniformly dispersed in an open crucible and
placed in a tube furnace. The samples were calcined at different tem-
peratures at a heating rate of 5 °C min™ for 1 h under NH; atmosphere.
The resulting samples were labeled as ACN-x (x=470, 490, and 510,
corresponding to calcination temperatures of 470, 490, and 510 °C,
respectively). After cooling to room temperature, 0.185g (percent
yields: 37%) white sample (ACN) was obtained and used for subsequent
experiments. In this work, ACN refers to ACN-490.

Preparation of NACN
0.200 g of ACN was placed in an open crucible and transferred to a
tube furnace. The samples were calcined at different temperatures at a

heating rate of 5°C min™ for 2 h under N, atmosphere. The obtained
samples were named NACN-x (x = 540, 560, and 580, corresponding to
calcination temperatures of 540, 560, and 580 °C, respectively). After
cooling to room temperature, 0.192 g (percent yields: 96%) gray sam-
ple (NACN) was obtained and used for subsequent experiments. In this
work, NACN refers to NACN-560.

Preparation of NCN and ANCN

NCN was obtained by directly calcining CN (0.200 g) at 560 °C for 2 h
under N, atmosphere (0.195 g (percent yields: 97.5%) of sample avail-
able). Subsequently, 0.500 g NCN was calcined at 490 °C in an NH;
atmosphere for 1h to obtain ANCN (0.191g (percent yields: 95.5%) of
sample available). NCN and ANCN were used as control samples to
evaluate the effect of different pyrolysis atmosphere orders on the
structure and performance of catalysts.

Catalytic performance evaluation

All degradation experiments were carried out in a 50 mL reactor
equipped with. a Xenon lamp (CEL-HXF300, Beijing Zhongjiao
Jinyuan). The reactor was maintained at 25+2°C using circulating
water and stirred during the experiments. Before irradiation, 30 mg of
catalyst was first dispersed into 50 mL of IMD solution (10 ppm) and
stirred (600 rpm) for 30 min in the dark to ensure adsorption-
desorption equilibrium. Subsequently, 60 mg of PMS was rapidly
added to the reactor while the Xenon lamp was turned on to initiate
the reaction. Every 3 min, collected 1 mL suspension sample, filtered it
with a 0.22 um aqueous filter membrane, and immediately analyzed by
HPLC (HPLC, Waters CAN ICES-1). The residual IMD was determined by
HPLC at 270 nm using phosphoric acid and ultrapure water (1:1000
vol. ratio) as mobile phase.

Data availability
All study data are included in the article and Supplementary Informa-
tion. Source data are provided with this paper.
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