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ARTICLE INFO ABSTRACT

Keywords: Achieving enhanced degradation efficiency of the legacy pesticidal persistent organic pollutants in a photo-
Photocatalyst catalysis coupling peroxymonosulfate activation (PC-PMS) system by boosting photogenerated carrier separa-
Peroxymonosulfate

tion, remains considerable challenges. Herein, we delved into the directional charge transfer modulation of built-
in electric field (BEF) within polyporous ultrathin carbon nitride nanotubes for strengthened PC-PMS mediated
pesticide degradation. The ultrathin polyporous tubular nanostructure, are critical in shortening the diffusion
pathways for the transport of photogenerated electron-hole pairs to the reaction interface, while simultaneously
ensuring the abundant contact sites for the reaction medium. Additionally, the heptazine units containing amino
groups served as oxidation centers under visible light, targeting the generation of reactive oxygen species of h™,
03, 10,. While the heptazine units containing cyano groups and boron dopants acted as reduction centers,
activating PMS and O, to produce SO3~, ¢OH and O3 ™. The efficient generation of the radical species contributed
to the ultrafast imidacloprid degradation in PC-PMS system. This study demonstrates that the combination of
morphology and BEF engineering is a promising strategy for enhanced degradation efficiency of pesticide pol-
lutants in the PC-PMS system.
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1. Introduction attractive choice for degrading refractory pollutants within the PC-PMS

system [5,6]. However, pristine g-C3N4 nanotubes commonly were

Imidacloprid (IMD) is one of the typical neonicotinoid pesticides
widely employed in agriculture for pest and disease control. However,
its high toxicity, long half-life, and propensity for bioaccumulation pose
substantial threats to aquatic ecosystems and organisms. In this context,
as an economical, eco-friendly, and efficient wastewater purification,
the photocatalysis coupling peroxymonosulfate activation (PC-PMS)
system is a promising approach to degrade and mineralize IMD pollut-
ants by generating highly radical species [1-4]. Among the photo-
catalysts suitable for this application, metal-free graphitic carbon nitride
(g-C3N4) nanotubes stands out due to its stable structure, scatter light
effectively and distinctive nanoconfinement effect, making it an
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synthesized from cyanuric acid-melamine supramolecular assembly,
feature thick tube walls, resulting in confined accessible surface area and
sluggish charge dynamics, and thus, in relatively low catalytic activity
[7]. Conversely, the ultrathin polyporous nature can provide a larger
specific surface area, more exposed active sites, and shorter the
perpendicular distance of photogenerated charges migrating towards
the interface. Consequently, the conversion of the pristine g-C3N4
nanotubes to the ultrathin polyporous nanotubes should exhibit a
significantly enhanced catalytic activity in PC-PMS system.

The high symmetry of heptazine structural units of g-C3Ny4 results in
insufficient internal driving force, and slow separation and
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transportation of photogenerated charge carriers, which is another
important influence for hindering their catalytic activity. The built-in
electric field (BEF) proved to be an effective strategy for driving the
rapid separation of photogenerated charge carriers and directing their
migration to independent active centers for enhanced redox efficiency
[8-10]. Both constructing interface heterojunctions and breaking the
symmetry of in-plane structural units are currently the most popular
approaches to construct BEF for g-C3N4. Unfortunately, the former
inevitably leads to recombination and energy loss of photogenerated
charge carriers in the contact interface, while the latter leads to random
or limited charge regions [11,12]. Recent researches have shown that
grafting amino (-NHy) groups within heptazine units can act as
hole-stabilizers and thus prolong the lifetime of the excited states in
g-C3Ny [13]. Furthermore, shen et al. revealed the synergy of cyano (-C
=N) groups and boron (B) dopants in heptazine rings can achieve
electrons enrichment [14]. Therefore, modifying -NH2 groups on hep-
tazine units as enrichment region of photogenerated holes, while
introducing —-C =N groups and B doping in another heptazine rings as
enrichment region of photogenerated electrons, should be able to
construct giant BEF.

Herein, we employed a stepwise thermal treatment to synthesize
ultrathin polyporous g-C3N4 nanotubes (NBCN), which are composed of
the heptazine units grafted with -NHy groups (N-heptazine) and the
heptazine units co-modified with -C =N groups and B dopants (CB-
heptazine). The ultrathin polyporous tubular nanostructure, which not
only decreases the diffusion pathways for the transport of photo-
generated electron-hole pairs to the reaction interface, but also ensures a
high surface area with abundant contact sites for the reaction medium.
Furthermore, the N-heptazine serves as the hole enrichment regions, and
the CB-heptazine serves as the electron enrichment region, jointly con-
structing a giant BEF. The BEF leads to redistribution of electron density
that restrains the recombination of photogenerated electron-hole pairs
and increases the catalytic activity. Under visible-light irradiation, the
component of N-heptazine served as oxidation centers, targeting the
generation of radical species of h*, 03", 102. While another component
of CB-heptazine acted as reduction centers, activating PMS and O, to
produce SO5~, eOH and O3 . Under constant attack from these radical
species, the NBCN photocatalyst achieves 100% degradation of IMD
within 20 min in PC-PMS system, which is 19 times than apparent
degradation rate constant of the pristine g-C3Ny4. This work offers a new
design idea for efficient g-C3N4-based photocatalysts for degradation of
pesticidal pollutants.

2. Experimental
2.1. Synthesis of TCN

1 g of melamine was dissolved in 60 mL of aqueous solution at a
dissolving temperature of 60 °C. Thereafter, the solution was transferred
to a Teflon liner to react at 180 °C for 12 h. The obtained supramolecular
precursor was filtered and washed several times and then dried at 50 °C.
After that, 1 g of the supramolecular precursor was placed in a porcelain
boat followed by pyrolysis at 550 °C for 4 h at a ramping rate of 5 °C
min~! under N, atmosphere in a tube furnace. The synthesized yellow
product was g-C3N4 nanotubes, naming the TCN. The preparation of
pristine g-CsN4 (PCN) is similar to TCN, melamine was pyrolyzed
directly in a tube furnace under the same conditions.

2.2. Synthesis of BCN

0.4 g of TCN and 80 mg of NaBH4 were mixed and grinded suffi-
ciently. The mixture was placed in a porcelain boat with cover and
calcined in tube furnace at 450 °C for 30 min at a ramp rate of 2.3 °C
min~! under N, atmosphere. The treated mixture was dispersed in 1 mol
L~! HCl solution and stirred vigorously for 5 min to fully remove the
residual NaBH,4 and the lower HCI concentration and shorter treatment
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time are not sufficient to change the pore volume of the samples. The
synthesized brown product was g-C3sN4 nanotubes with —-C =N groups
and B dopants, nominating as BCN.

2.3. Synthesis of NBCN, NCN and BNCN

200 mg of BCN was placed in porcelain boat without cover and py-
rolyzed in tube furnace at 495 °C for 1 h at a ramping rate of 5 °C min ™
under the NH3 atmosphere. The synthesized dark brown product was
thin-walled porous g-C3N4 nanotubes composed of N-heptazine and CB-
heptazine, the samples were further pyrolyzed under NH3 atmosphere
based on BCN samples thus named NBCN. The preparation of g-CsN4
nanotubes with -NHy groups was obtained by the pyrolysis of TCN
directly under ammonia atmosphere, named NCN. The synthesis of
BNCN was similar to that of NBCN, except that the order of the two
thermal treatments was reversed. 200 mg of NCN was mixed with 80 mg
NaBH4 followed by thermally reduced to obtain BNCN.

2.4. Sample characterizations

The scanning electron microscope (SEM) images and transmission
electron microscope (TEM) images were recorded on FEI Quanta 250
FEG instrument (Veeco, USA). The high-resolution transmission electron
microscopy (HRTEM) images were obtained on a JEM-2100 electron
microscope (JEOL, Japan). The phase structure of the prepared samples
was obtained by powder X-ray diffraction (XRD) measurements with
monochromatic Cu Ko radiation (A = 0.15418 nm) (Bruker D8
Advance). Fourier transform infrared (FTIR) spectra were recorded
using a Bruker spectrometer (spectrum 2000) over the frequency range
2000-450 cm ! at a resolution of 4 em™!. X-ray photoelectron spec-
troscopy (XPS) was recorded using a Thermo Scientific K-Alpha spec-
trometer with an Al Ka X-ray source and pass energy analyzer of 50 eV.
The Ny adsorption-desorption instrument (BET, Micromeritics APSP
2460) was used to analyze the specific surface area of the samples. Solid-
state 13C magic angle spinning (MAS) NMR measurements were ob-
tained by a solid-state NMR spectrometer (Bruker 400W). The C and N
element contents were determined on a Vario EL III elemental analyzer
(EA). Ultraviolet-visible diffuse reflectance spectrum (UV-Vis DRS) was
gained on a PerkinElmer Lambda 650S spectrometer. The photo-
luminescence (PL) spectra and time-resolved PL (TRPL) spectra were
acquired by using an using an Edinburgh FLS980 spectrophotometer,
whose excitation wavelength was set to 380 nm. AFM and KPFM are
tested at Bruker Dimension ICON. Electron paramagnetic resonance
(EPR) spectra were accepted on a Bruker EMXplus-6/1 spectrometer.
The reflectance spectra of all samples over the 200-800 nm range were
collected by a UV-visible spectrometer equipped with a Labsphere
diffuse reflectance accessory (UV-2550, Shimadzu, Japan) and BaSO; is
the reference standard. Elemental analysis (EA) was obtained by organic
elemental analyzer (Elementar UNICUBE, Germany).

2.5. Photocatalytic degradation test

The performance of the prepared photocatalysts for activating PMS
to degrade IMD was evaluated by using a 300 W xenon lamp (PLS-
SME300E H1, Beijing Perfectlight) with 420 nm cut-off filter. As a
procedure, 20 mg photocatalyst was dispersed in the reactor including
50 mL IMD aqueous solution (10 mg L), which was kept at a constant
temperature of 25 °C through a circulating cooling system. After
adsorption for 30 min in a dark environment, 60 mg PMS was added into
mixed solution and the light source was turned on. The distance between
the light source and the liquid surface is set at 15 cm. At given time
intervals, 1.5 mL aliquots were collected and then centrifuged and
filtered by 0.22 pm polyethersulfone filter membrane. The residual
concentration of IMD was analyzed via high performance liquid chro-
matograph (HPLC, Agilent 1260) with a UV detector at 270 nm and
equipped with C18 column. The dispersed photocatalyst was collected
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by suction filtration, washed four times with ethanol and water, and
then tested for reusability. In addition, free radical capture experiments
were conducted under the same conditions, during which TEMPO (5
mM), FFA (5 mM), TEOA (5 mM), MeOH (5 mM) and IPA (5 mM) were
added to the solution to capture ¢03, 10,5, h*, «OH and eSOz, eOH,
respectively.

3. Results and discussion
3.1. Morphology and structure characterization

The stepwise thermal treatment involves the calcination of a mixture
composed of g-C3N4 nanotubes and NaBH,4 in an inert atmosphere, fol-
lowed by NHs-mediated thermal exfoliation under an NH3 atmosphere
(Fig. 1a), Detailedly, the TCN and NaBH,4 were first subjected to thermal
reduction at 450 °C for 30 min under the Ny atmosphere to prepare BCN.
In this process, the active hydrogen and boron atom released from
NaBHj, react with the N and C atoms in the g-C3Ny skeleton, where the
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—NHj3 groups decomposes and the C-N-C bond breaks to introduce —-C
=N groups [14]. Afterward, BCN was calcined at 495 °C for 60 min
under the NH3 atmosphere to generate the NBCN. On the one hand, the
effect of NHs atmosphere makes the g-C3N4 nanotubes ultrathin and
porous and the newly introduced pore structure gives more exposed
edges, and on the other hand the intervention of NH3 introduces more
-NHy at the edges of the g-C3Ny4 [15].

TEM (Fig. 1) and SEM (Fig. S1) images confirmed the successful
preparation of the materials. TCN displayed a regular hexagonal tubular
nanostructure with thick tube walls (Fig. 1b). The BCN exhibits a tubular
morphology and wall thickness similar to TCN (Fig. 1c¢ and Fig. S1d).
After TCN is subjected to two steps of pyrolysis, the resultant NBCN was
prepared, which maintains a hexagonal hollow tubular structure with a
thin wall of about 41 nm (Fig. 1d and Fig. Sle). AFM similarly further
confirms the transition of NBCN to an ultrathin nanotube structure
(Fig. S2). A high-magnification TEM image clearly reveals the poly-
porous structure of NBCN, which presents abundant in-plane holes with
diameters ranging from tens to hundreds of nanometers (Fig. 1le).
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Fig. 1. (a) Schematic illustration of the synthesis process of NBCN; (b, ¢, d) TEM of TCN, BCN, and NBCN, respectively; (e) magnified TEM of NBCN, (f) N,
adsorption-desorption isotherms curves, (g) XRD patterns, and (h) FTIR spectra of four samples. (A colour version of this figure can be viewed online.)
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Energy-dispersive X-ray spectroscopy (EDS) mapping confirmed the
uniform distribution of C, N, and B elements as well as the tubular
nanostructure of NBCN (Fig. S3), confirming the successful B doping into
heptazine rings.

The volume change sequence of the different samples with the same
mass follows the order: TCN =~ BCN < NCN < NBCN (Fig. S11), which
implies that the sample volumetric expansion is driven by NHs-mediated
thermal exfoliation rather than NaBH,4 thermal reduction. The BET was
determined to be 153.19 m? g~! for NBCN, which is over 10 times than
that of TCN (14.61 m? g’l) (Fig. 1f). The pore size distribution analysis
in Fig. S1lindicated the presence of micropores and mesopores in NBCN.
These characterizations point to the unique ultrathin polyporous tubular
morphology of NBCN [16-18].

The X-ray diffraction (XRD) patterns in Fig. 1g revealed that all
samples exhibit characteristic (100) and (002) diffraction peaks at 13.1°
and 27.5°, indicating the presence of heptazine units in the conjugated
planes and a regular graphite-like interlayer stacking, respectively
[19-21]. Compared with TCN and BCN, NCN and NBCN showed wider
and weaker (100) and (002) peaks, suggesting their few-layer nature
after undergoing NHs-mediated thermal exfoliation [22].

The molecular structures of the four samples were revealed by FTIR
(Fig. 1h). All g-C3Ny4 samples exhibited a sharp peak at 812 cm™! that
corresponds to the out-of-plane bending mode of heptazine rings, while
the peaks in the 1100-1800 cm ™! region originate from the stretching
modes of aromatic C-N bond within the heptazine rings. Additionally,
many broad peaks around 3000-3500 cm ! corresponding to the various
-NHy bond and -OH band stretching vibrations. BCN displayed an
additional peak at 2170 cm ™! corresponding to the stretching vibration
of the —-C =N groups [23,24]. There is no sign of -C =N groups in NCN,
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which strongly supports our hypothesis that the -C =N groups do not
originate from NHs-mediated thermal exfoliation but NaBH,4 thermal
reduction. In contrast, and what is critical to this work’s objective, is the
confirmation that NBCN retained these -C =N groups, proving that
NH3-mediated thermal exfoliation did not destroy CB-heptazine.

XPS provided insights into the surface chemistry of the photo-
catalysts. The C 1s high-resolution XPS spectra of TCN in Fig. 2a
revealed the presence of sp? hybridized carbon (N-C=N), naked N =C/
C-NHy, and amorphous carbon (C-C/C=C), which were fitted into three
peaks at 288.1 eV, 286.2 eV, and 284.6 eV, respectively [25-27]. The
higher contribution of N =C/C-NHy at 286.35 eV in NBCN (15.14%)
with respect to TCN (4.47%), indicated the formation of abundant -NH,
groups and —C =N groups due to the synergy effects of NaBH, thermal
reduction and NHsz-mediated thermal exfoliation [28] (Fig. S5a). N 1s
high-resolution XPS spectra of the TCN in Fig. 2d show the presence of
C-N=C, N—(C)3, and —NHy peaks at 398.96 eV, 399.89 eV, and 401.59
eV, respectively. NCN showed a higher peak area ratio of C-N—C to
N-(C)3 than TCN (4.83 vs. 3.32) indicating the breaking of bridging
N-(C)3 and subsequent modification of -NHy groups [29] (Fig. S5b).
BCN displayed a smaller C-N—C to N-(C)3 ratio than TCN attributed to
nitrogen defects introduced by the loss of nitrogen in the C-N—C and the
formation of -C =N groups after TCN underwent NaBH4 thermal
reduction [5]. Meanwhile, NBCN showed a higher peak area ratio than
BCN, proving that the NHz-mediated thermal exfoliation did not destroy
CB-heptazine, but can modify -NHy groups to form N-heptazine by
breaking the bridging N-(C)s. The B 1s high-resolution XPS spectra of all
samples and solid-state 1'B CP-MAS-NMR spectrum of NBCN simulta-
neously demonstrate the successful doping of the B atom though
replacing the apex carbon atom in the heptazine rings undergoing
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Fig. 2. (a, d) The C 1s and N 1s high-resolution XPS spectra of four samples; (b) The B 1s high-resolution XPS spectra of four samples and (c) solid-state 118 cp-MAS-
NMR spectra of NBCN; (e) N/C element content ratio of all samples obtained by XPS survey and (f) EA; (g) Solid-state '3C NMR spectra of four samples. (A colour

version of this figure can be viewed online.)
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NaBHy4 thermal reduction [14,30] (Fig. 2b and c). In summary, our
analysis indicates that NaBH4 thermal reduction serves to construct
CB-heptazine, while NHz-mediated thermal exfoliation is responsible for
the formation of N-heptazine.

EA is an intuitive quantitative method to characterize the element
composition and content of the samples. Considering the trace doping of
B, its effect on the C/N elemental ratio can be neglected. As shown in
Fig. 2f, it is evident that the N/C element ratio is higher in NCN and
NBCN compared to TCN and BCN, respectively. This result strongly in-
dicates the successful modification of -NH, groups along the periphery
of heptazine rings, which is consistent with the XPS surface analysis
results (Fig. 2e and Fig. S4) [31-33].

Solid-state 13C CP-MAS-NMR spectra confirmed the molecular
structures of the samples. All samples present two peaks at 156.7 and
164.5 ppm corresponding to the characteristic C1 atoms in the C—NHy
and C2 atoms in the N—C-N in the heptazine rings, respectively
(Fig. 2g). The C2 to C1 peak intensity ratio showed significant changes.
For TCN and BCN this ratio increased markedly, indicating the im-
plantation of modified -NH; groups into the margins of heptazine rings
[26,34]. In contrast, BCN showed a noticeable decrease in the C2 to C1
peak intensity ratio due to the introduction of -C =N groups and B
dopants (Fig. S5d). Moreover, BCN displayed two new peaks at 171.6
and 122.8 ppm, corresponding to the neighboring less-intensity C4 peak
and the nearly disappeared C3 peak of -C =N groups, which is attrib-
uted to B dopants at the C2 positions and the breaking of the N—C-N
bonds at the C1 atoms (Fig. 2g) [14]. Remarkably, even after undergoing
NHj-mediated thermal exfoliation, the characteristic peaks of C3 and C4
are still present in NBCN. This provides strong evidence that NH3-me-
diated thermal exfoliation does not damage the CB-heptazine.

UV-DRS results in Fig. 3a evidence the optical absorption properties
of our four samples [25,35,36]. Notably, the brown BCN shows a sig-
nificant red shift in its light absorption edge compared to the yellow
TCN. In contrast, the light absorption edge of beige NCN is blue-shifted
relative to that of TCN, which we attribute to quantum confinement
effect by the polyporous and ultrathin tubular architecture. Moreover,
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the dark brown NBCN has a broader and stronger light absorption edge
compared to other samples. This enhanced absorption can be attributed
to the synergistic effects between the quantum confinement effects
caused by the porous and ultrathin tubular nanoarchitecture, and the
construction of BEF [37]. These findings confirm that NBCN efficiently
harvests visible light, making it well-suited for subsequent catalytic re-
actions. The band structures of the four samples were obtained based on
Tauc curves and valence band XPS spectra, see details in Fig. S6.
Obviously, the synergistic effect of B dopants/—C =N groups and ul-
trathin tubular structure effectively optimizes the electronic band
structure and promotes the effective absorption of visible light, which is
beneficial to improve photocatalytic efficiency [30,38].

We conducted photoelectrochemical experiments to investigate the
separation and migration behavior of photogenerated electron-hole
pairs [39,40]. In multiple cycles under switching visible-light illumi-
nation, NBCN exhibits the highest photocurrent signal intensity, indi-
cating the most efficient separation of photogenerated electron-hole
pairs (Fig. 3b) [41-44]. Considering the excellent visible-light absorp-
tion of NBCN, we conducted photocurrent tests at different wavelengths.
The results shown in Fig. S7, reveal that NBCN exhibits a photocurrent
response even under a wide spectral range of visible light. Furthermore,
we observed that the photocurrent intensity of NBCN decreased sharply
with the addition of PMS under visible light (Fig. S8). This decrease
indicates the inhibition of photogenerated electrons and holes recom-
bination in the presence of PMS. This is due to PMS acting as an electron
acceptor that rapidly traps photogenerated electrons, contributing to the
enhanced photocatalytic activity [45]. NBCN exhibits the smallest arc
radius of all samples as deduced from electrochemical impedance
spectra (EIS) in Fig. 3c. This observation suggests enhanced conductivity
and photocarrier mobility in NBCN, further supporting its superior
photocatalytic performance [46,47]. The electrochemically active sur-
face area (ECSA) based on the results of double layer capacitance (Cqj)
tested by cyclic voltammetry (CV) (Fig. S9). Compared to TCN, NBCN
have a larger slope of fitting potential versus current density curves at
different scan rates, suggesting that NBCN with a bigger ECSA can
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provide more active sites for photocatalytic reaction [48,49].

We further investigated the separation and migration properties of
photogenerated electron-hole pairs by steady-state PL emission spectra
[50,51], as shown in Fig. 3d. Compared to TCN, NCN and BCN, NBCN
exhibits a weak PL emission peak indicating excellent separation and
migration of photogenerated electron-hole pairs. This is attributed to the
synergistic effect of the polyporous and ultrathin tubular architecture as
well as giant BEF [5,52]. Meanwhile, the PL emission peak of NBCN and
NCN all showed a significant blue shift relative to TCN and BCN. This
shift is attributed to the reduced conjugation length and strong quantum
confinement effect caused by the polyporous and ultrathin properties

b

TCN
(Light)
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after NHz-mediated thermal exfoliation. The TRPL spectra show that the
emission lifetime of NBCN is much shorter than TCN, NCN and BCN
(Fig. 3e). This shortened average lifetime of photogenerated
electron-hole pairs is attributed to the promotion of exciton dissociation
caused by the giant BEF [20,53].

EPR spectra shown in Fig. 3f indicated that all four samples present a
single Lorentzian line located at a g value of around 2.003. The EPR
signal was much higher for BCN and NCN compared to TCN and was
highest for NBCN. This increased EPR intensity in NBCN implies an in-
crease of unsaturated sites. Thus, it is favorable for the generation of
photo-induced carriers, which would directly participate in the
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generation of reactive oxygen species to degrade pollutants in the PC-
PMS system (Fig. 3f) [14,54-56].

The surface potential of the synthesized catalysts was measured by in
situ irradiated kelvin probe force microscopy (KPFM) to elucidate the
formation of the BEF. The surface potentials distribution was tested
under dark and light conditions, respectively. As shown in Fig. 4c, the
TCN potential difference decreased from 2.62 pV to 1.29 pV, which in-
dicates that the charge response of the TCN weakened under illuminated
conditions [57]. Meanwhile, the surface potential of the NBCN is lower
than that of the substrate under dark conditions, with a difference of
0.44 pV. But under light conditions, the surface potential of NBCN was
obviously increased with a potential difference of 1.02 pV, suggesting
that a strong built-in electric field exists between the molecular units of
NBCN (Fig. 4f).

In order to further reflect the presence of giant BEF, the surface
electrostatic potential of materials was analyzed by theoretical calcu-
lations. The electrostatic potential distribution of NBCN changes
considerably, which becomes extremely asymmetric compared to TCN
(Fig. 4g). Considering the strong electron-withdrawing property of both
—C =N groups and the regulation of localized charge distribution by B
dopants, the negative electrostatic potential is mainly distributed on the
CB-heptazine, while the positive electrostatic potential is mostly
concentrated at the N-heptazine because of the ability of -NH; groups to
enrich photogenerated holes. The result forcefully demonstrates the
formation of a giant BEF between the adjacent heptazine rings in the
NBCN, which can significantly promote photoinduced exciton formation
and spatial separation of charges [58,59].

3.2. Degradation properties for IMD

To evaluate the catalytic properties of the different samples, we
conducted photocatalytic degradation experiments of IMD using
different samples under visible light. As shown in Fig. S22, only 0.4% of
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IMD was adsorbed by NBCN under 3 h of dark conditions, and the effect
of adsorption of IMD was not significant compared to other samples,
suggesting that the decrease in IMD concentration is not caused by
adsorption, but by photocatalysis. Fig. 5a shows almost no photo-
degradation in the absence of sample. Notably, NBCN exhibited the
highest photocatalytic degradation activity among all samples (Fig. 5a).
The degradation rate constant (K) for NBCN was measured at 0.026
min~!, which is 10.4, 3.5, 2.2, and 2.0 times higher than that of pristine
g-CsN4 (PCN), TCN, NCN, and BCN, respectively (Fig. 5b). When
compared to reported photocatalysts, NBCN still demonstrated better
photocatalytic performance for IMD degradation (see Table S3). How-
ever, it is worth noting that the photocatalytic degradation efficiency of
IMD using NBCN, while impressive, is still relatively low, requiring up to
90 min to achieve 91% degradation of IMD, which may not be ideal for
practical applications.

To further improve the removal efficiency of IMD, we performed
degradation experiments using different samples in a PC-PMS system
under illumination. As shown in Fig. S23a, when NBCN and PMS
coexisted without illumination, only 16% of IMD was removed within
20 min. In contrast, PMS alone achieved only 18% IMD removal within
the same time under visible light, indicating the poor reactivity of PMS
activation by either visible light or NBCN alone. When both visible light
and PMS were present, the NBCN in the PC-PMS system can achieve
100% IMD removal in 20 min with a K value of 0.21 min . This rate
constant is significantly higher among all other samples, being as much
as 19.1, 7.0, 4.2, and 3.0 times that of PCN, TCN, NCN, and BCN,
respectively (Fig. 5¢ and d). The PC-PMS system has a K value for IMD
degradation that is 7.78 times higher than the photocatalytic system
alone. These results demonstrate that there is a strong the synergistic
effect between NBCN and PMS under irradiation, greatly enhancing the
efficiency of IMD degradation. Moreover, NBCN exhibited a higher
removal ability of IMD than BNCN prepared by NHs-mediated thermal
exfoliation and subsequent NaBH4 thermal reduction. It may be
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attributed to the post-processing sequence influences the specific surface
area of materials The decrease in specific surface area may be attributed
to the secondary polymerization of amino-rich NCN during the subse-
quent pyrolysis with NaBHy4 (Fig. S12). This finding indicates that the
highest activity of g-C3N4 nanotubes can only be achieved by first per-
forming NaBH, thermal reduction followed by NHs-mediated thermal
exfoliation. When compared to reported photocatalysts, NBCN still
demonstrates superior IMD degradation activity in the PC-PMS system
under illumination (see Table S4).

To demonstrate the potential of NBCN in utilizing wide-range visible
light, we performed IMD degradation experiments in a wide-spectrum-
driven PC-PMS system. As shown in Figs. S13-17, NBCN was capable
of completely removing IMD within only 5 min in the PC-PMS system
under illumination ranging from 780 nm down to 380 nm. Its degra-
dation rate constant K was 7 times higher than that of TCN. Even when
the system was exposed to A > 510 nm visible light, IMD removal still
reached 29% within 60 min, which is much higher than TCN.

The stability and reusability of catalysts are crucial factors in their
evaluation. Therefore, we tested the recyclability of NBCN over 10
consecutive cycles. As presented in Fig. Se, even after 10 cycles the IMD
degradation rate remains at 89%. This result indicates that NBCN has
good stability and reusability as a catalyst [60]. In addition, the XRD,
FTIR and XPS characteristic peak positions of the used NBCN are similar
to those of the fresh sample, and TEM and SEM images of the used NBCN
show that the sample still preserves its original polyporous and ultrathin
tubular architecture. These findings provide further evidence of the
excellent recyclability of NBCN in the PC-PMS system (Fig. 5f and
Fig. S18).

To further demonstrate the practical application potential of NBCN
in the PC-PMS system, we conducted large-scale experiments under
actual outdoor sunlight using 5 L of tap water containing 10 mg L™?
IMD, 0.04 g/L NBCN, and 0.24 g/L PMS. Remarkably, we achieved a
91% degradation of IMD in just 180 min of sunlight exposure. (Figs. S20
and 21). This highlights the potential practical applications of NBCN in
real-world scenarios. Fig. S25 reflects the evolution of IMD and
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intermediates by comparing the chromatograms of different degrada-
tion times in PC-PMS system. The chromatogram for TCN at 0 min shows
the only high intensity peak corresponding to the characteristic peak of
IMD. There were obvious characteristic peaks of other intermediates at
30 min, and with the extension of time, the area of the characteristic
peak of IMD decreased. However, the characteristic peaks of the other
intermediates were still present and did not have a significant
decreasing trend (Fig. S25a). The characteristic peaks of IMD for NBCN
completely disappeared at 30 min, and the characteristic peak areas of
the intermediates showed a trend of increasing and then decreasing with
the degradation time. The characteristic peaks of all intermediates
almost completely disappeared at 120 min, which indicated that the PC-
PMS system using NBCN achieved complete mineralization of IMD at
120 min (Fig. S25b). Considering the significant impact of reaction
conditions on the IMD degradation process, we conducted a thorough
investigation of the effect of different reaction conditions. These
included the dose of catalyst and PMS, IMD concentration, initial pH
value, temperature, inorganic anions, organic substances, and different
actual water samples. Detailed data analysis and discussion based on
these multiparametric experiments are presented in the Supporting In-
formation on pages 30-33.

3.3. Study on the catalytic mechanism

In order to identify the main radical species responsible for IMD
degradation in the PC-PMS system under visible light using NBCN as the
photocatalyst, the impact of different trapping agents on the degrada-
tion process (Fig. 6a). The results showed that TEMPO, FFA, and TEOA
significantly inhibited the degradation of IMD, with inhibition rates of
98.5%, 97.9%, and 82.6%, respectively. This suggests that ¢O3, 10,, and
h" play a major role in the degradation process. On the other hand,
MeOH and IPA showed lower inhibition rates of 61.6% and 32.7%,
respectively, indicating that ¢OH, and eSOy played a secondary role in
the degradation of IMD (Fig. 6b). To further understand the mechani-
zation of PMS activation, the dissolved O3 in the PC-PMS system was
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Fig. 6. (a, b) Effect of scavengers on IMD degradation, and (c-e) spin-trapping EPR spectra; (f) The possible photocatalytic mechanisms in the PC-PMS system. (A
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eliminated by introducing an argon gas [1,61]. The results shown in
Fig. S26 indicated that the removal of IMD is only slightly inhibited after
the introduction of argon gas into the PC-PMS system. However, the
removal of IMD was dramatically inhibited after the introduction of
argon into the photocatalysis system. This result indicates that ¢O3 and
10, mainly originate from the activation and transformation of PMS
rather than dissolved O, and the slight inhibition of IMD removal in the
PC-PMS system can be attributed to photocatalysis.

The EPR spectra were used to further confirm the types of radical
species in the PC-PMS system. The EPR spectra in Fig. 6¢ were obtained
from a deionized water system with DMPO as a spin trapping agent.
Under dark conditions, characteristic peaks of 5,5-dimetphylpyrroline-
(2)-oxyl-(1) (DMPOX) with an intensity ratio of 1:2:1:2:1:2:1 are
observed, which can be attributed to the direct oxidation of DMPO by
eOH and ¢SO [62-64]. Importantly, under illumination, the peak in-
tensity of DMPOX is significantly enhanced because more ¢OH and ¢SOz
are produced by the activation of PMS. However, the intensity of the
characteristic peak of DMPOX in the MeOH system is weakened, likely
due to the quenching effect of MeOH on the two free radicals, which also
confirms the appearance of ¢OH and ¢SO4. As shown in Fig. 6d, the
characteristic signal of DMPO-eO; does not appear in the dark,
NBCN/dark, and NBCN/PMS/dark conditions. In contrast, a distinct
characteristic signal of DMPO-eO3 appears under the NBCN/light con-
dition, and this signal peak is stronger under the NBCN/PMS/light
condition. This observation is attributed to the high concentration of
0, generated by the synergistic effect of photocatalysis and PMS
activation (Fig. 6d) [52,65-67]. Fig. 6e presents a triplet signal char-
acteristic of TEMP-'0, with approximately equal intensity, indicating
the formation of 'O, in the NBCN/light condition. Moreover, the
strongest signal peaks of TEMP-'0, emerge in the NBCN/PMS/light
condition, indicating a higher concentration of 0, generated by PMS
activation. In summary, these findings show that the coupling of pho-
tocatalysis and PMS activation is the key approach to effectively
generate radical species, which play essential roles in the degradation of
IMD.

The proposed catalytic mechanism based on the experimental results
can be summarized as follows. In the PC-PMS system, both photo-
catalysis and PMS activation are the main reactions. NBCN is excited
under illumination, producing photogenerated electrons (e~) and holes
(h™) pairs travel to N-heptazine and CB-heptazine to separate and
enrich, respectively. The e~ and h™ mainly participates in follow re-
actions. First, the e reacts with dissolved O, to generate eO5 (Eq. (1)),
as the reduction potential of O,/e03 is lower than the CB potential of
NBCN. Second, PMS (HSOs) receives e~ and is activated to generate
SO4 and eOH, as described by Eq. (2) and Eq. (3), respectively [3].
Additionally, the h™ reacts with PMS (HSO3) to produce SO2 (Eq. (4)) or
directly degrade pollutants. Thereafter, SO subsequently undergoes
self-decay to produce 105, or reacts with H' to produce the intermediate
HO3, which further decomposes to produce ¢05 (Egs. (5)-(7)) [63,68].
Additionally, the #O5 can also be directly oxidized by holes to 10, (Eq.
(8)) [3]. This proposed mechanism explains how both photocatalysts
and PMS activation generate various radical species (Fig. 6f).

0, + & — o037 @)
HSO5 + ¢ — eOH + SO%~ 2
HSO5 + e~ — OH™ -+ ¢SO 3
HSO5 + h* — SO% + H @)
250% — 2507 + !0, (5)
SO% + H" — SO3 + e¢HO; (6)
eHO; — H + «03 ()
«0; +ht= 10, 8)
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DFT calculations were used to analyze the regioselectivity of free
radical attacks on IMD, which can provide valuable theoretical insights
into predicting the degradation pathway of IMD. In this work, the Fukui
index (%) was calculated based on natural population analysis (NPA)
charge, where higher f° values indicate susceptibility to free radical
attacks [69,70]. Generally, the HOMO orbitals represent electrons that
are more readily available for escape and are vulnerable to free radical
attack, and the HOMO orbit of IMD is concentrated near the imidazole
ring (Figs. S28a and b) [71-73]. Corresponding to the condensed Fukui
function and atomic coloring diagram of different values of f°, the strong
f° values of the 15 N, and 8 N atoms on the imidazole ring implicate that
they are the most likely for radical species attack (Figs. S28d-f).

To elucidate the degradation pathways of IMD, intermediates were
identified using liquid chromatography-mass spectrometry. The mass
spectrometry information for the degradation intermediates is provided
in Table S5 and Fig. S29. As shown in Scheme 1, the degradation process
is divided into three main pathways (D1, D2, and D3). In the D1
pathway, the parent compound IMD (P1) undergoes dehydrogenation
and hydroxylation to form P2, which is then further hydroxylated to
produce P4 [74]. Afterward, P4 is oxidized to P5, and another pathway
converts P4 into P6 by removing -N-NO; [75]. In this process, P5 and P6
undergo N-dealkylation of the amine under the attack of radicals,
leading to the formation of P7, P8, P9, and P10. This result is consistent
with the fact that the 8 N atom on the imidazole ring with a high Fukui
functional index (0.068) is susceptible to attack by free radicals [3]. In
the D2 pathway, IMD is subjected to hydroxylation and oxidation to
form P3, which is further decomposed into smaller molecular products,
eventually converting to COy and H3O. In the D3 pathway, IMD is
converted directly into P7, P8, P9, and P10 under the attack of radical
species. The high f° of 19 0, 20 O, and 8 N in the -N-NO, group corre-
sponds to their high susceptibility to attack by radical species, sup-
porting the possibility of the D3 pathway.

The ECOSAR program was used to evaluate the acute and chronic
toxicity of IMD and its by-products to fish and plankton (daphnia). The
concentrations of acute and chronic toxicity are classified as extremely
toxic, toxic, harmful, and harmless (Scheme 1; Tables S6 and 7) [76,77].
In the PC-PMS system, IMD, P2, and P3 show relatively high acute and
chronic toxicity. However, as the degree of oxidation and cleavage of the
by-products continue to increase, the acute and chronic toxicity of other
by-products noticeably decreases. In summary, the final by-products of
IMD degradation are eco-friendly and cause much less harm to the
ecosystem than the parent compound.

4. Conclusion

This study successfully synthesized a polyporous ultrathin g-CsN4
nanotubes composed of N-heptazine and CB-heptazine through a facile
stepwise thermal treatment process. This new photocatalyst exhibits
100% degradation of IMD within 20 min in PC-PMS system, along with
excellent stability and reusability, which is superior to most reported
catalysts. The improved catalytic activity of NBCN can be attributed to
the ultrathin polyporous tubular nanostructure, which not only inhibits
the interior recombination of photogenerated electron-hole pairs, but
also ensures the abundant contact sites for the reaction medium. Addi-
tionally, the formation of BEF between N-heptazine and CB-heptazine
restrains the recombination of photogenerated charge carriers, and
enhanced spatial isolation of oxidation and reduction dual centers to
produce the radical species, which further contributed to its boosted
photocatalytic activity. This work demonstrates a promising strategy for
the rational morphological engineering and BEF design of g-C3N4 pho-
tocatalysts, leading to the highly efficient degradation of refractory
contaminants in a PC-PMS system.
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