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ABSTRACT

Polymeric carbon nitride (g-C3N4) exhibits only mediocre catalytic activity in photocatalytic environmental
remediation and energy conversion because of its limited light absorption and sluggish charge transfer. Herein,
we assembled novel, tubular carbon nitride (D-TCNyso) with nitrogen defects/boron dopants via a self-
supramolecular reaction and NaBH,4 thermal reduction approach. Advanced characterization results suggested
that introducing the nitrogen defects/boron dopants can effectively promote light trapping, charge separation,
and valance-band downshift. Density functional theory and electron spin resonance results further proved that
the fusion of cyano groups (nitrogen defects) into the framework of D-TCNys can facilitate oxygen adsorption to
form superoxide radicals. As a result, D-TCNys¢ exhibited dramatically improved photocatalytic hydrogen evo-
lution and photodegradation of tetracycline hydrochloride at a 4- and 9-fold enhancement compared to pristine
8-C3Ny, respectively. This integrated engineering strategy might provide a unique paradigm for the rational

design of novel photocatalysts for sustainable remediation and energy innovation.

1. Introduction

Environmental deterioration and energy shortages have long been
obstacles that retard the sustainable development of modern society
[1-3]. Therefore, it is urgent to explore efficient and sustainable tech-
nologies to decompose pollutants and generate clean and renewable
energy [4-6]. Solar-driven semiconductor photocatalysis has attracted
significant attention in the fields of photocatalytic degradation and
water splitting because of its green and sustainable nature [7-9]. The
feasibility and key to the success of this technology are heavily depen-
dent on the design of low-cost, robust, environmentally benign, and
highly efficient semiconductor materials. Among various investigated
photocatalysts, graphitic carbon nitride (g-C3Njy) is of particular interest
because of its simple synthesis, environmental friendliness, and chemi-
cal stability [10-15]. However, pristine g-C3Ny4 exhibits only mediocre
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performances in photocatalytic degradation and water splitting due to
its bulk morphology, limited active sites, low light absorbance, and
sluggish charge separation/transfer. These shortcomings dramatically
hinder its practical application [16-18].

To address the inherent issues of g-C3Ny, various strategies, such as
heteroatom doping [19], defect and interface engineering [20-22], and
morphology design [23,24], have been explored. Among these schemes,
the pyrolysis of self-assembled supramolecular precursors to obtain the
tubular-structure g-C3N4 (TCN) has attracted much attention because
the unique structure can endow excellent light-scattering ability, facil-
itate the directional transfer of carriers, and enlarge specific surface area
(SSA) [25-27]. For instance, Guo et al. [26] synthesized P-TCN via a
self-supramolecular and post-polymerization method with the aid of
phosphorous acid. The derived P-TCN exhibited extended light absorp-
tion, increased electrical conductivity, and elevated photocatalytic
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hydrogen production efficiency. In addition to phosphorous acid, our
group [28] found that phosphoric acid can also be used to tailor the
tubular structure of g-C3N4 via a self-supramolecular and
post-polymerization method. The TCN exhibited a larger SSA and
excellent photocatalytic hydrogen production performance. However,
insufficient light absorption beyond 600 nm and weak oxidation activity
remain as challenges for further improving the improper optical and
electronic structures of hollow TCN. Also, the contributions from the
phosphorous doping and the tubular morphology were not fully illus-
trated and differentiated.

Introducing defects/dopants seems to be an effective strategy for
modifying carbon nitride. The defects of carbon nitride are usually
distortions in the actual carbon nitride structure as compared to the
perfect carbon nitride structure. Point defects are the most common of
these, which can be formed by deviations from the normal arrangement
of the crystal structure due to changes in temperature and/or pressure
during the material synthesis process [29]. For example, a vacancy (C or
N), an interstitial particle, and a foreign atom are all point defects. The
most intuitive effect of defects on carbon nitride is to modulate the
electronic structure and to provide abundant active sites for molecular
adsorption and activation [30-32]. For instance, Yu et al. [33] prepared
defective g-C3N4 by a one-step, alkali-assisted, thermal polymerization
route, where they referred to the N vacancies as point defects. The
introduction of defects endowed the derived samples with a narrowed
band gap and promoted the separation efficiency of charge carriers.
However, the oxidation activity remained an issue due to the
un-deepened valence band (VB) position. To increase oxidation activity,
Zhao et al. [30] successfully introduced defects and B-dopants into the
g-C3N4 framework via a NaBHy-assisted post-thermal annealing
approach, where B doping introduced foreign atoms, which is another
type of point defect. The synergy of defects and B-dopants deepened the
VB level, thus significantly improving photocatalytic oxidation perfor-
mance. However, effective defects or dopants cannot be easily achieved
due to the difficulty of peeling off the layers in the bulk g-C3Ny4 [34]. A
recent study proved that the tubular structure of g-C3N4 possesses a large
interlayer distance and abundant functional groups (-NHz and -OH)
[35], making it readily available for the introduction of defects or
dopants.

To the best of our knowledge, very few works have introduced de-
fects/dopants into TCN to boost both photocatalytic degradation and
hydrogen evolution. In this work, we demonstrated that N-defective, B-
doped, tubular carbon nitride (D-TCN4s0) can be synthesized via a
NaBHjy-assisted post-thermal approach. Here, the nitrogen defects are
vacancies, and B doping is used to introduce foreign atoms, forming two
types of point defects. Based on experimental results and density func-
tional theory (DFT) calculations, two major promoting factors of the
advanced catalysis of D-TCNys5p were unveiled: morphology and crystal
structure. The former established a unique hollow tube structure that
endowed an excellent light scattering ability, promoted the directional
transfer of carriers, and enlarged SSA. The latter optimized the elec-
tronic structure through defect engineering and heteroatom doping, as
well as facilitated oxygen absorption to form superoxide radicals. As a
result, such a configuration of D-TCNyso exhibited dramatically
improved photocatalytic degradation efficiency toward tetracycline
hydrochloride and hydrogen evolution.

2. Experimental
2.1. Synthesis of pure g-C3Ny
Typically, 5 g of melamine was placed into a crucible and calcined at

500 °C for 4 h at a heating rate of 2.3 °C min ™! in a muffle furnace. The
product was then ground into a fine powder.
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2.2. Synthesis of g-CsN4 microtubes (TCN)

First, 3 g of melamine (8 mmol) and 1 g of phosphoric acid (H3PO4)
were added to 70 mL of water with vigorous stirring for 30 min. The
solution was then transferred to a 100 mL autoclave with a Teflon liner
and reacted at 180 °C for 10 h. The generated supramolecular precursor
was washed with water until the phosphoric acid was completely
removed and then dried at 60 °C. Finally, the obtained supramolecular
precursor was polymerized at 500 °C for 4 h at a ramping rate of 2.3 °C
min~! in a muffle furnace. The resulting materials were named TCN, and
compositional information obtained from X-ray photoelectron spec-
troscopy (XPS) results is shown in Table S1.

2.3. Synthesis of nitrogen-defect-enriched and boron-doped TCN

The D-TCNy450 photocatalyst was synthesized via a thermal reaction
with NaBHy, as illustrated in Fig. 1a. First, 0.4 g of TCN was fully ground
with 80 mg of NaBH,4 (with a mass ratio of 5:1), and then, the mixture
was placed in a porcelain crucible. The mixture was calcinated at 400 °C,
450 °C, and 500 °C for 30 min under a N3 atmosphere at a ramping rate
of 2.3 °C min~'. Finally, the resulting powders were washed with HCI (1
mol/L) and water twice and then placed in a vacuum drying oven and
dried at 60 °C. The resulting products were D-TCNy4g9, D-TCN4s0, and D-
TCN5go, respectively.

Additional experimental details including materials, characteriza-
tion, parameters for DFT calculations, and the photocatalytic test pro-
cess can be found in the Supplementary Material.

3. Results and discussion
3.1. Characterization results

The structure and morphology of the prepared photocatalysts were
investigated by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Pure g-C3N4 displayed an agglomerated
solid structure (Fig. 1b and Fig. Sla), while TCN showed a tubular
structure with a diameter of approximately 2-3 um (Fig. S1b). The
tubular structure of TCN was also confirmed via TEM characterization
(Fig. 1c). After the reduction by NaBH4, the TEM and SEM images of D-
TCNyso exhibited nearly no changes (Fig. 1d and Fig. S1d), indicating
that the structure remained intact at a high temperature. SEM elemental
mapping (Fig. 1e) of D-TCNys( further showed that C, N, O, and B were
uniformly distributed, demonstrating that B atoms were successfully
inserted into the carbon nitride framework. After decreasing the
annealing temperature to 400 °C, the D-TCNy4oo sample exhibited a
relatively regular tubular structure with a diameter similar to that of D-
TCNyso (Fig. S1 ¢ and e). However, the structure of the D-TCN5(o sample
was incomplete and displayed a tendency to fall off, possibly because of
the structural imperfections caused by the high temperature.

X-ray diffraction (XRD) patterns of the synthesized samples (Fig. 2a)
showed two domain peaks at 27.3° and 13.1°, which corresponded to
the interlayer stacking and repeated, in-plane, heptazine structural
units, respectively [36]. As the calcination temperature increased, the
13.1° peak intensity of sample D-TCN gradually weakened. In particular,
the peak of D-TCNsqo almost disappeared, indicating that the ordered
structure in the material was severely damaged [33]. This phenomenon
was also verified by SEM images of D-TCN. The SSA and pore structure
of g-C3Ny, TCN, and D-TCN were studied by using N5 sorption isotherms,
as shown in (Fig. 2b and c). A type-IV isotherm of the H3 hysteresis loop
was observed for all the photocatalysts, indicating the existence of a
mesoporous structure in the materials. The corresponding specific area
(SSA), pore size, and pore volume data are shown in Table S2, which
show that the SSA of D-TCNyso was the largest among all the samples
(18.3 m? g_l). As a comparison, the SSAs of pure g-C3N4 and TCN were
5.4and 15.1 m2 g7}, respectively. The elevated SSA of D-TCN4so may be
due to the relatively complete hollow tubular structure, which promotes
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Fig. 1. (a) Synthesis procedure of D-TCNyso. TEM images of (b) g-C3Ny, (c¢) TCN, and (d) D-TCNyso. (e) SEM images and corresponding elemental mappings for

D-TCNyso.
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Fig. 2. (a) XRD, (b) N, sorption isotherms, (c) pore size distributions, and (d) FT-IR spectra of the derived samples.

mass transfer and improves photocatalytic performance.

The chemical structure of the photocatalysts was analyzed via
Fourier transform infrared (FT-IR) spectra, as shown in Fig. 2d. The
absorption peaks at 810 cm ™ for all the samples were attributed to the

s-triazine ring [37], whereas the absorption in the region of
1200-1700 cm ! was related to the aromatic C-N heterocycles [38]. In
addition, multiple broad bands between 3150 and 3600 cm™! corre-
sponded to the vibrational absorptions of N-H and -OH groups [39]. It
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was clearly observed that the intensity of the N-H stretching peak of
D-TCN gradually decreased when the heating temperature increased
from 400 °C to 500 °C, while a new peak located at 2182 cm™! corre-
sponding to the N=C asymmetric stretching vibration appeared [33,
40]. These results clearly showed that the thermal polymerization of
TCN by NaBH4 reduced the concentration of -NHjy groups and generated
cyano (N=C-) functional groups in the D-TCN sample, giving D-TCN two
different nitrogen defects (i.e., reduced -NH; and introduced N=C-)
[30]. The successful introduction of nitrogen defects (N=C-) indicated
that the materials with hollow tubular structures were prone to intro-
ducing defects [34]. In addition, the concentration of nitrogen defects
did not increase with the elevation of thermal polymerization temper-
ature. This was verified by the C/N ratio of D-TCN in the elemental
analysis results (Table S3). NaBHy, as a strong reducing agent, generates
active hydrogen during thermal reactions [32], which chemically in-
teracts with the C and N atoms in the g-C3sN4 framework to generate
ammonia and alkane gases [41]. Among them, the amino group (-NH3)
is decomposed, and the cyano group (N=C-) is introduced by the broken
C—N—C bond (Fig. S2). In addition, this process is accompanied by the
successful doping of B atoms at carbon sites to form B—N bonds.

The chemical environment of C 1s, N 1s, and B 1s was further studied
via X-ray photoelectron spectroscopy (XPS). As shown in Fig. 3a, two
peaks in the C 1s spectrum are concentrated at 284.6 and 288.1 eV,
which are assigned to sp? C-C and sp? NC=N, respectively [42]. In the N
1 s spectrum (Fig. 3b), the peaks located at 398.4, 399.8, and 401.1 eV
correspond to CN—C, N-(C)3, and C-N-H, respectively [43]. In addition,
the XPS B 1s spectra (Fig. 3c) show that the B atoms from NaBH4 were
successfully doped into the unit cell of the D-TCN samples. The B 1s peak
gradually increased as the calcination temperature increased, indicating
that more B dopants were introduced into the D-TCN samples. The
introduction of an appropriate amount of B dopants is beneficial to
improving the catalytic performance of the material. The XPS B 1s
spectrum of the D-TCN samples showed a peak at 191.4 eV, which was
attributed to the B—N—C bond [44-46]. Furthermore, 1B solid-state
NMR (Fig. 3d) showed two peaks at —-4.52 and 13.75ppm for
D-TCNygg, D-TCNysp, and D-TCNsqg, which corresponded to the apex
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position (B1) and corner position (B2) in the skeleton structure,
respectively. This suggested that there were two C atom types of
different chemical environments in the molecular structure of g-C3Ny4
that can be replaced by B atoms [30,47]. Taking all of the possible lo-
cations of the doped B into consideration, DFT calculations were per-
formed to conclude that the B2 position was the only site that was
consistent with experimental bonding information, which yielded a
reasonable band gap [30]. Meanwhile, the B2 position can cause local-
ized charge accumulation to facilitate electron transfer. In contrast, even
if the peak intensity at the B1 position was higher, it did not have much
effect on the band gap or the localized charge distribution. Therefore,
the signals of D-TCN400 and D-TCNsqg at the B2 position were relatively
weak, which may result in a poor photocatalytic performance. Fig. S3
shows the 13C NMR spectra of the samples. The peaks at 157.6 and
166.3 ppm for all the samples were attributed to the C (1) and C (2)
atoms in the melem unit, respectively [48]. This directly proved that the
g-C3Ny, TCN, and D-TCNyso photocatalysts were composed of heptazine
units.

After the defects/dopants were successfully introduced into the
microstructure, the optical absorption of the sample changed dramati-
cally. As shown in Fig. 4a and b, compared with g-C3N4 and TCN, the D-
TCNyso photocatalyst exhibited a significant red-shift at the photo-
absorption edge, and the corresponding band gap was also significantly
reduced. The red-shift phenomenon was ascribed to the combined effect
of the morphology of the hollow tubular structure and defects/dopants
in the sample [30]. Furthermore, the repeated reflection of incident light
and the increase in defects in the hollow tubular structures can broaden
the light absorption of the semiconducting material [28,49]. In addition,
the band gaps of g-C3Ny4, TCN, D-TCN4gg, D-TCNys0, and D-TCN5oo were
estimated by the Kubelka-Munk function [17,50] to be 2.75, 2.76, 2.59,
2.69, and 2.40 eV, respectively (Fig. 4b), indicating that the presence of
defects/dopants can reduce the band gap. To the best of our knowledge,
the VB position can be measured by ultraviolet photoelectron spec-
troscopy (UPS). However, UPS is usually used to test conductors or
semiconductors with excellent conductivity. For materials with poor
conductivity, e.g., carbon nitride, the obtained Fermi energy level and
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VB value measured by the UPS are less accurate. In contrast, the XPS-VB
technique is much more reliable than UPS for determining the VB values
of g-C3Ny-related materials [51,52]. Therefore, XPS-VB spectroscopy
(Fig. 4c) was performed to determine the VB edge potential of the
photocatalyst, and the VB values of g-C3N4, TCN, D-TCN4g9, D-TCN4s0,
and D-TCNsgp were 1.86, 1.95, 2.23, 2.08, and 2.31 V, respectively.
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Therefore, combined with the calculated band gap, the band structures
of the photocatalysts were derived, as shown in Fig. 4d, and the band
gap of g-C3N4 in this study was well consistent with that found in
literature (Table S4). It can be seen that, compared with g-C3N4 and
TCN, the D-TCN samples had a deeper VB edge, which is beneficial to the
improvement of oxidation performance. Meanwhile, although the
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Fig. 5. (a) PL spectra, (b) EPR, (c) time-resolved photoluminescence, and (d) EIS of the prepared photocatalysts.
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downshift of the conduction band (CB) edge and shrinking of the band
gap may lead to weakened reduction ability, the effective charge
transfer and improved light absorption of the D-TCN samples will
eventually achieve an enhanced photocatalytic performance.

In addition to the increased light capture, the hollow-tubular
morphology and defect engineering can also promote the transfer rate
of charge carriers, which can be confirmed by photoluminescence (PL),
room-temperature electron paramagnetic resonance (EPR), and time-
resolved photoluminescence (TRPL). As shown in Fig. 5a, after the
introduction of boron dopants and nitrogen defects, the PL signal of D-
TCN4gp, D-TCN4sp, and D-TCNsgg dropped sharply, and the rapid
quenching of PL suggested that the combination of the hollow tubular
structure and defect engineering retarded the recombination rate of
electron-hole pairs. Contrary to the trend of PL, the EPR signal of D-
TCNys¢ was stronger than that of g-C3N4 and TCN (Fig. 5b), indicating
that more unpaired electrons existed in the D-TCN450 photocatalyst. In
order to obtain the characteristics of photogenerated carriers, the life-
time of prepared photocatalysts was measured by TRPL. As shown in
Fig. 5¢ and Table S5, 17 and T represent the free excitation recombi-
nation and non-radiative recombination time of charge -carriers,
respectively [53]. The average lifetimes can be obtained according to

Alal? 4 A2 ang the lifetimes of g-CsNg, TCN,

the formula (t 7 C

and D-TCNys5¢ were calculated to be 6.20, 5.28, and 4.67 ns, respec-
tively. The average fluorescence lifetime of D-TCNys5¢ was the shortest
among all the samples, indicating that the transfer and separation effi-
ciency of charge carriers had been improved. This further confirmed the
fact that defects/dopants play a positive role in improving the separation
efficiency of charge carriers [54-56].

Electrochemical impedance spectroscopy (EIS) and photocurrents of
g-C3Ny4, TCN, and D-TCNys5¢ were tested under visible light to further
estimate the separation/transfer efficiency of charge carriers. The EIS
results shown in Fig. 5d revealed that D-TCNys( exhibited the smallest
arc radius of all the samples, indicating that it had the smallest resistance
and the best charge transfer efficiency. Moreover, the photocurrent in-
tensity of D-TCNy4so was also higher than that of the other samples under
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visible light irradiation (Fig. S4). The above results indicated that the
combination of defects/dopants can improve the separation efficiency of
electrons and holes in D-TCNys.

3.2. Photocatalytic activity

Before irradiation, adsorption-desorption experiments were per-
formed in the dark for 60 min to study the effects of adsorption on
photodegradation. After 20 min of adsorption, all photocatalysts
reached an adsorption-desorption equilibrium (Fig. S5). Fig. 6a shows
the performances of the prepared photocatalysts after the photocatalytic
degradation of TC pollutants under visible light irradiations. Within
80 min of visible light irradiation, the degradation reactivity of g-C3N4
was relatively slow, and the removal efficiency was only 19.5%. In
contrast, the degradation performance of D-TCN4s50 was significantly
improved, and the degradation efficiencies of TC reached 68.2% within
80 min. The superior activity of D-TCNys was attributed to the effective
charge transfer and improved light absorption caused by the microtu-
bule structure and defects/dopants. Compared with g-C3N4 and TCN, D-
TCNyso had a deeper VB edge, which is beneficial to the oxidation
performance. Although the downshift of the CB edge and the shrinking
of the band gap of D-TCN4s5¢ may lead to a weakened reduction ability,
the photo-excited holes were the main active species that played a major
role in the photocatalytic degradation process. The detailed mechanism
for the elevated photocatalytic performance of D-TCN4s5o was further
verified by the ESR, DFT, and quenching experiments, as will be dis-
cussed later. Meanwhile, oxygen molecules were activated by electronic
coupling with cyano groups during the photo-excitation stage [571],
indicating that the introduction of cyano groups can also improve the
photocatalytic degradation performance. In general, the VB potential of
D-TCNys9 was more positive with a stronger oxidation ability, while
D-TCNy4gp and D-TCNsgp had poor photocatalytic degradation effi-
ciencies, possibly due to the smaller SSA. Furthermore, the apparent rate
constant (k) value (k = 0.024) of D-TCNys( after TC degradation (Fig. 6b
and c) was relatively high, about 9.3 times and 2.4 times that of g-C3Ny4
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Fig. 6. (a) Photocatalytic degradation of TC (25 mg of photocatalyst, the TC solution concentration was 10 mg L1, and an Xe lamp with a 420 nm cut-off filter), (b)
the first-order-curve fittings of the derived photocatalysts, (c) reusability of D-TCN4s0, and (d) Hy evolution efficiency of the prepared photocatalysts (25 mg of
photocatalyst, 25 mL aqueous solution containing 2.5 mL of triethanolamine (TEOA) and 3.0 wt% Pt, and an Xe lamp with a 420 nm cut-off filter).
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and TCN, respectively (Fig. 6b). The results showed that at a calcination
temperature of 450 °C, the microtubule structure and the defects/do-
pants greatly enhanced the charge transport and increased the SSA,
leading to the improved degradation rate of TC pollutants. The D-TCNy5¢
photocatalyst was subject to four cycles of degradation experiments to
examine its stability and reusability (Fig. 6¢). After four consecutive
cycles, the degradation activity of D-TCN4so maintained a high photo-
catalytic performance, confirming an excellent stability.

The photocatalytic performance of the prepared photocatalysts was
further investigated by water splitting experiments under visible light
illumination. As shown in Fig. 6d, D-TCN4so exhibited a higher
hydrogen production capacity, with an average hydrogen production
rate of 789.2 pmol h™! g7, which was 4.2 times and 1.7 times higher
than those of g-C3N4 and TCN, respectively. When the amount of Hy was
normalized to the solid surface area (Fig. S6), the hydrogen production
capacity of D-TCN4so was still the highest at 43.1 pmol h! m’z, which
was 1.3 times and 1.4 times higher than that of g-C3N4 and TCN,
respectively. Although D-TCNys( exhibited less-deep CB positions than
g-C3N4 and TCN, a facilitated charge transport, increased SSA, and
improved light absorption/scattering made it more efficient than g-C3Ny4
and TCN in hydrogen production activity. In general, the introduction of
defects and heteroatoms into the tubular structure improved both the
hydrogen production and degradation efficiency.
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To investigate the photocatalytic degradation mechanism, electron
spin resonance (ESR) and quenching experiments were performed. All
ESR experiments were performed in both dark and visible-light-
irradiation conditions, with 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
as a trapping agent to stabilize radicals. In the presence of 25 mg of
photocatalyst and 10 mg L™ TC, methanol solution and aqueous solu-
tion were selected for the detection of -O5~ and -OH, respectively [51].
As shown in (Fig. S7 a and b), the D-TCNy5( photocatalyst exhibited no
-OH or -Oy7signals in either water or methanol in the dark. However, two
typical signals arising from DMPO- -O2~ and DMPO- -OH were observed
from four characteristic peaks, with peak ratios of 1:1:1:1 (from -O3")
and 1:2:2:1 (from -OH) after 5 and 10 min under visible-light irradiation
for D-TCNyso [58,59]. These results indicated that -OH and -0y were
two active components in the degradation process. It can be observed
that D-TCNys5¢ exhibited stronger -Oy” and -OH signals than those of
D-TCNygp and D-TCNsqp (Fig. 7a and b) within 10 min of visible-light
irradiation, indicating that D-TCN4s9 had the most defects (cyano
groups), which was conducive to the improvement of oxidation per-
formance. In addition, D-TCNys( showed significantly stronger ESR -Oy~
signals than those of g-C3N4 and TCN within 10 min of visible-light
irradiation (Fig. S8), which indicated that the introduction of cyano
groups promoted O5 absorption and -O,” generation [51,57,60].

To fully understand the mechanism of photocatalytic oxidation
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Fig. 7. ESR spectra of (a) DMPO- -O,™ and (b) DMPO- -OH of D-TCN4g9, D-TCNys0, and D-TCNsqo under 10 min of visible light irradiation; optimized O, adsorption
for (c) O2/g-C3N4 and (d) O,/D-TCNysp; () TC removal rate in the presence of different quenchers; and (f) proposed reaction mechanism of photocatalytic
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performance enhancement, especially the critical role of cyano groups in
the adsorption of oxygen, DFT calculations were employed. The opti-
mized primary lattice cells of g-C3N4 and D-TCNys, obtained from DFT
calculations, are shown in Fig. S9. Subsequently, by optimizing the
adsorption configuration of Oy molecules on the photocatalyst surface,
the structures of Oy/g-C3N4 and O2/D-TCNyso were obtained (Fig. 7c
and d), and adsorption energies E,qs were calculated. Compared with g-
C3Ny (-0.07 eV), the E,q5 of O for D-TCNys9 was —0.21 eV, indicating
that it was easier for the oxygen atoms to be adsorbed onto the latter
than the former. Furthermore, the bond length of oxygen molecules
increased from 1.246 A when adsorbed onto g-C3Ny to 1.248 A when
adsorbed onto D-TCN4s0, meaning that the latter case was more favor-
able for generating superoxide radicals. The results showed that for D-
TCNysp, the cyano group played a primary role in promoting oxygen
adsorption and radical-generation capacity. Hence, the adsorbed oxygen
formed abundant superoxide radicals through photo-generated
electrons.

We further explored the photocatalytic mechanism in the degrada-
tion process through quenching experiments. In general, holes (h™"),
hydroxyl radicals (-OH), and superoxide radicals (-O2") were the main
active species in the photocatalytic oxidation process [61], and TEOA
and isopropanol (IPA) were used as the h* scavenger [62] and -OH
scavenger [63], respectively. Furthermore, N was used as an -Og”
scavenger in the solution. The addition of nitrogen gas helped to remove
the oxygen molecules and inhibit the capture of electrons in the CB of
oxygen to generate -Oy” [58,64]. As shown in Fig. 7e, when IPA and Ny
were added, the photodegradation rates of TC were 60.7% and 36%,
respectively. However, the photodegradation rate was only 4.6% after
TEOA was added to the reaction system, which greatly reduced the
photocatalytic oxidation performance. The results proved that the
photo-excited hole was the major active species, while -O,~ and -OH only
played minor roles during the photocatalytic oxidation of TC.

Based on the above ESR and quenching experiments, a preliminary
mechanism of the photocatalytic degradation of TC was proposed, as
shown in Fig. 7f. Under visible light (A > 420 nm) irradiation, the
photoinduced electron-hole pairs in the interior of D-TCNyso were
quickly transferred to the surface. Thereafter, the electrons were excited
and migrated towards the CB, while the holes remained in the VB. The
CB position of D-TCN45¢ (-0.61 V) was more negative than the standard
redox potential of O5/-05” (<0.33 V) [65]; so, the hcg' from D-TCNys
can reduce oxygen to produce -Oy”. Meanwhile, the electrons at the CB
position can reduce protons to form Hj in the presence of Pt. The VB
potential of D-TCNy4s¢ (2.08 V) was more positive than the standard
redox potential of OH/-OH (1.99 V) [66,67]; so, the holes can oxidize
water to form -OH. At the same time, the holes on the VB have strong
oxidizing ability, which can produce -OH and directly degrade pollut-
ants. Although the two active components of -O5™ and -OH can partici-
pate in photodegradation, the holes were the main active species for the
photocatalytic degradation of TC.

4. Conclusions

In summary, we synthesized a nitrogen-defective, boron-doped,
tubular g-CsN4 photocatalyst through self-supramolecular reaction and
NaBH,4 thermal reduction approaches. The fusion of cyano groups (ni-
trogen defects) and boron dopants into the framework of tubular carbon
nitride can facilitate oxygen absorption to form superoxide radicals and
deepen the VB position. Additionally, the synergy of nitrogen defects/
boron dopants and tubular structures can effectively promote light
capture and accelerate charge transfer. Both DFT and ESR results indi-
cated that the cyano group played a primary role in promoting oxygen
adsorption and radical generation capacity. Consequently, D-TCNyso
exhibited dramatically improved photocatalytic degradation efficiency
toward tetracycline hydrochloride and hydrogen evolution, which were
9 and 4 times greater than those of g-C3Ny4, respectively. The quenching
experiments proved that holes were the main active species for

Applied Catalysis B: Environmental 303 (2022) 120932

photodegradation. Hence, the observed outstanding performance of D-
TCNysp can be attributed to the combination of heteroatom doping,
defect engineering, and morphological design. This work proposes a
method of introducing defects/dopants into a tubular structure to help
develop a variety of catalysts with excellent optical and electronic
structures for efficient photocatalytic degradation and hydrogen
production.
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