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ABSTRACT

The problem that the hollow part with macroporous size in the hollow tubular g-C3Ny is difficult to function in
photochemical reactions has been neglected for a long time. To address this issue, tubular g-CsN4 with
mesoporous-rich non-hollow ant nest-like filling (AN-TCN) was prepared by calcining supramolecular precursors
impregnated with hydrogen peroxide solution. The endogenous gas released from the wet rod-like supramo-
lecular precursor during thermal polymerization contributed to the construction of a mesoporous filling structure
inside the AN-TCN, which not only increased the reactive sites, but also enhanced the ability of visible light
response and facilitated the separation and transfer of photoinduced charges. Experiments and theoretical cal-
culations were conduct together to reveal the physicochemical characteristics of AN-TCN. The photocatalytic
capacity of AN-TCN-4.5 for tetracycline hydrochloride (TCH) reached to 86 % under visible radiation within 30
min. This study afforded a new thinking and strategy for morphology regulation and performance optimization
of g-C3N4-based photocatalyst.

1. Introduction

The environmental problems are closely connect with the life of
human beings and all kinds of animals and plants [1]. A healthy
ecological environment contributes to the sustainable development of
human society, so environmental protection and restoration cannot be
ignored during social development [2-4]. As a kind of effective thera-
peutic drugs, antibiotic has been widely applied in the fields of health-
care, breeding industry and stock farming and others. Then a large
amount of residual antibiotics enters the ecological environment
through excretion or metabolism, which may cause biological aberra-
tions and even produce resistance genes, which seriously threatening the
health of the ecosystem [5-7]. In order to solve this problem, it is
necessary to explore an effective method that can rapidly degrade an-
tibiotics to reduce their accumulation in the environment, and thus to
alleviate their threats to the ecosystem. Ascribing to photocatalysis is an
advanced oxidation technology that uses solar energy as a driving force,
its sustainability and low-cost characteristics make it an effective and
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considerable technology for environmental remediation [8]. The
development of photocatalysts with high catalytic performance, strong
stability and low cost is the key to advancing this technology to practical
applications.

As a metal-free semiconductor, graphitic carbon nitride (g-C3N4)
possesses an ideal band gap (about 2.6 ~ 2.9 eV), stable phys-
ical-chemical properties, cheap raw materials, and simple preparation
process etc., making it an ideal photocatalyst [9,10]. Nevertheless, due
to the low photo-generated carriers separation, weak visible light
responsiveness and limited specific surface area, the photocatalytic
performance of the initial g-CsN4 need to be further promoted [11].
Therefore many measures such as element doping [12,13], building
defects [14], constructing heterojunction [15,16], etc. have been con-
ducted to improve the photoelectric property of g-C3N4. Especially, in
the past five years, a large number of researches on composite g-C3Ny-
based photocatalysts have been spawned, including binary composites
[17], ternary composites [ 18], and even quaternary composites [19,20].
However, due to the poor stability and difficulty in the preparation of
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multi-component photocatalysts, its development is gradually
restricted. On the contrary, recently, synthesis of monomer g-C3N4 at-
tracts the attention of researchers again due to its simple preparation
process and high stability. For example, Zhou et al. prepared the
monomer g-C3N4 nanotubes grafted with hydroxyl groups on its surface
to promote the photocatalytic production of hydrogen peroxide [21].
Jiang et al. also obtained functionalized monolayer g-CsN4 with high
photocatalytic hydrogen production ability through low boiling point
solvent mediation [22].

In addition, some other methods such as the morphology, size and
crystallinity adjustment were also used to improve the physicochemical
properties of g-C3N4 [23]. To date, g-C3N4 with different dimensions
include the 0D quantum dots [24], 1D nanofibers and nanotubes [25],
2D nanosheets [26], and 3D nanospheres and nanoflower [27] have
been reported. Among these structures, benefiting from the character-
istics of hollowness, porousness and resistance to agglomeration, the 1D
tubular g-C3N4 exhibits an ideal specific surface area and exposes
numerous reaction sites, which is contributed to its excellent photo-
catalytic property [28]. Therefore, the study of tubular g-CsN4 has been
favored by many researchers. The main methods for synthesizing
tubular g-C3N4 include thermal polymerization [28,29], template
method [30], and self-assembly [31] etc., which were often conducted
in harsh conditions and cumbersome steps or even need the strong acid
or strong base mediation and multi-component adjustment, etc.
[25,31-33]. Furthermore, the tubular g-C3N4 obtained by the above
methods usually has a thick tube wall or a completely hollow structure,
which made it difficult to function due to the large pore diameter and
lacked specific surface area, resulting in a waste of internal space.
Consequently, building a mesoporous-rich structure in the tubular g-
C3N4 and improve the specific surface area and reactive sites is neces-
sary. A feasible method to increase the porosity was to release a large
amount of endogenous gas during the thermal polymerization process,
and subsequently promoted the construction of porous structure by the
impact force of gas escape. Therefore, it is conceivable that the prepa-
ration of porous tubular g-C3N4 can be achieved by inserting a gas-
releasing substance into the tubular g-CsN4 precursor prior to
calcination.

Herein, inspired by the characteristics mentioned above, synthesis of
tubular g-C3Ny4 precursors and selection of gas releasing substrates are
the preconditions to synthesize monomer multi-mesoporous tubular g-
C3Ny. Fortunately, a simple and effective method for synthesizing
tubular precursors by supramolecular self-assembly of melamine and its
hydrolysates has been reported by our group [34]. Then although many
substances can release gases at high temperatures, such as carbonates,
nitrates, etc., these substances may produce greenhouse gases and even
toxic nitrogen-containing gases. Therefore, the hydrogen peroxide
(H202) solution that not only can be embedded in the precursor material
but also will not generate polluting gas was chosen as the substance for
endogenous gas releasing to generate a large amount of gas by the
decomposition of H,O, and vaporization of H,O molecules, which were
released from the inside out during the thermal polymerization process.

Melamine
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Subsequently, the precursor was shocked by the endogenous gas during
the thermal polymerization process and generated a mesoporous-rich
structure in the tubular g-C3N4 (Scheme 1). In addition, due to the
higher humidity of the tubular precursor after impregnation of HyO2
solution, the high degree of polymerization inside the precursor was
inhibited, thus to obtain an ant nest-like filled tubular g-C3N4 (AN-TCN)
with a layered stacked mesoporous-rich filling structure. This made up
for the defect that the internal structure of the completely hollow
tubular g-C3N4 was underutilized. The ant nest-like filling increased the
reactive sites of the prepared materials and improved the photochemical
performance for AN-TCN. In addition, the oxygen atom originated from
the decomposition of HyO2 during thermal polymerization would be
doped in a small amount in the g-C3N4 structure, which not only played
arole in adjusting the energy band, but also acted as an electron donor to
provide electrons to surrounding atoms and constructed a polarizing
electric field, thus facilitating the separation of photoinduced charges.
Therefore, the prepared AN-TCN showed a better degradation capacity
for tetracycline hydrochloride (TCH) than the initial CN and TCN.
Furthermore, in order to further explore the influence of oxygen atoms
on the electronic structure of AN-TCN, the DFT theoretical calculation
and a variety of characterization techniques were combined to system-
atically explain the reasons for improved photocatalytic properties.

This study developed a simple method of preparing the internally
filled tubular g-C3sN4 monomer photocatalyst with high specific surface
area and abundant reactive sites by calcining the supramolecular pre-
cursors impregnated with HyO solution and explained the reason for
the formation of internal mesoporous filling. Besides, this work solved
the problems of insufficient mesoporous structure and less reactive site
of tubular g-C3Ny4 and afforded a novel thought and reference for the
study of photocatalysis.

2. Experiment
2.1. Photocatalyst preparation

The supramolecular precursor was prepared firstly though a hydro-
thermal process. Detailly, 1.26 g melamine was put into 80 mL
distilled water and dissolved to obtain a clear solution at 80 °C for 30
min. Followed transfer the mixed solution to a 100 mL Teflon liner and
then hydrothermally heated in an autoclave for 10 h at 180 °C. After
cooling, white crystals were collected by vacuum filtration and dried at
60 °C overnight to obtain the dry supramolecular precursor. Then, 500
mg supramolecular precursor was impregnated by 1 mL H20 solution of
different mass fraction ratios (0, 1.5 %, 4.5 % and 9 %). Subsequently,
the impregnated supramolecular precursors were directly put into cru-
cibles with a lid and tightly wrapped by tin foil and polymerized at
550 °C in nitrogen atmosphere for 2 h at a heating rate of 5 °C min~! in
the tubular furnace (Scheme 1). The synthesized samples were named
AN-TCN-0, AN-TCN-1.5, AN-TCN-4.5 and AN-TCN-9, respectively. The
steps for preparation of untreated tubular g-C3N4 (TCN) was the same as
that of AN-TCN samples but without H,O5 solution impregnation.
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Scheme 1. Synthetic schematic diagram of AN-TCN.
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Besides, to contrast with supramolecular precursors, melamine was also
impregnated with 4.5 % H3O5 solution and then calcined under the same
conditions to obtain HOCN. As for the traditional bulk g-C3N4 (CN) and
porous bulk g-C3N4 (PCN), 3 g melamine and urea were thermally
polymerized respectively under the same conditions as AN-TCN.
Furthermore, the HDTCN-4.5 was obtained by impregnating 300 mg
prepared TCN sample with 2 mL of 4.5 % H30 solution and calcining
again.

2.2. Characterization and DFT calculations

The surface structure and morphology were observed though SEM
and TEM. The pore properties were tested though Brunauer-Emmett-
Teller (BET) method. The crystal structure was measured by an X-ray
diffractometer. The surface functional groups and surface chemical
states were detected by infrared spectrometer and X-ray photoelectron
spectrometer, respectively. Then the optical properties were measure
through an UV-vis spectrophotometer and fluorescence spectrometer.
The electrochemical performance was tested in a three-electrode system
and then a X-band Elexsys system spectrometer was used to investigate
the electron spin resonance (ESR) single. The intermediate product
identification and mineralization rate were detected by liquid
chromatography-tandem mass spectrometry (LC-MS) and Total Organic
Carbon Analyzer, respectively. DFT calculations were carried though the
CASTEP method. More details on characterization techniques and
theoretical calculation are documented in Supplementary Information.

2.3. Photocatalytic activity

The photocatalytic activity was appraised by degrading antibiotic,
taking TCH as an example. The degradation experiment was carried out
under a 300 W xenon lamp, and visible light was intercepted by a 420
nm cut-off filter. In detail, 20 mg of photocatalyst was put into 20 mL of
TCH solution with a concentration of 10 mg-L ! in a quartz glass reactor,
followed by ultrasonic dispersion for 1 min to obtain a uniform solution.
Next, the adsorption—-desorption experiment was performed for 0.5 h in
darkness to reach adsorption-desorption equilibrium. Subsequently, the
photocatalytic degradation process was conducted for another 0.5 h
under the visible light irradiation. Then 1 mL reaction solution was
taken at an interval of 3 min and passed it through a 0.45 pm membrane
filter to obtain a clarified solution. The content of TCH in the reaction
solution was detected by a UV-vis spectrophotometer at the wavelength
of 357 nm.

3. Results and discussions
3.1. Synthesis mechanism of mesoporous structures

In order to understand the formation process of the mesoporous-rich
filling structure in AN-TCN, the morphological changes of the supra-
molecular precursors impregnated with 4.5 % H20 solution during
thermal polymerization were investigated. At a heating rate of 5 °C-
min~}, the changes of the samples and the degree of gas release were
observed when the calcination temperature rose to 80 °C, 100 °C,
150 °C, 200 °C, 250 °C, 300 °C, 350 °C, and 400 °C. As shown in Fig. S1,
after immersion with HyO5 solution, the supramolecular precursor was
in a paste state (Fig. S1a). When the calcination temperature reached 80
°C, no gas escaped and the sample remained paste state (Fig. S1b),
indicating that the H3O2 aqueous solution did not evaporate or
decompose at this time. As the temperature increased to 100 °C, a little
gas evolution was observed, and the impregnated supramolecular pre-
cursor remained a paste (Fig. S1c). When the temperature increased to
150 °C, the degree of gas release was enhanced, and the sample changed
from the original paste to a cream with less water (Fig. S1d). The gas
produced at this time not only contained the vaporized H50, but also
contains H>O and O generated by the decomposition of Hy02, which
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due to Hy0- could be rapidly decomposed at about 150 °C. Then, when
the calcination temperature reached 200 °C~250 °C, the gas was
released violently, and the shape of the creamy sample began to solidify
(Fig. Sle-f). And the pores on the surface of the cream was originating
from the rapid escape of gas. As the calcination temperature rose to
300 °C, the impregnated supramolecular precursors were solidified and
turned into a semi-dry powder, and gas evolution was significantly
reduced (Fig. S1g). At the calcination temperature of 350 °C, fuming
began to appear since the supramolecular precursors began to poly-
merize and gradually transform to g-C3Ny4 (Fig. S1h). At a higher poly-
merization temperature (400 °C), the supramolecular precursor
continued to thermally polymerize and strongly released fumes, which
might mainly compose of NH3 and CO,. At the same time, the sample
turned from white to slightly yellowish (Fig. S1i). Subsequently,
continued to heat to 550 °C and kept for two hours to obtain the pale
yellow AN-TCN (Fig. S1j). At this time, the surface and interior of the
sample were full of pores, which was due to the continuous escape of gas
from the interior during the whole calcination process. It should be
emphasized that the crucible containing the impregnated supramolec-
ular precursor was sealed with a lid during calcination, which restrained
the rapid escape of the released gas.

In addition, the mass loss of the impregnated supramolecular pre-
cursor during the calcination process with continuous temperature rise
was shown in Fig. S2a. Except that the interval between 80 °C and 100
°C was 20 °C, the interval between the other two adjacent points were 50
°C. The results show that before 100 °C, there was only a very small
amount of mass loss, which mainly corresponded to the evaporated
some water molecules. Mass loss increased sharply between 100 °C and
250 °C, which was consistent with the strong gas evolution observed in
Fig. S1, that was the rapid vaporization of water and the decomposition
of HyO». Subsequently, the residual water molecules and HoO5 continue
to evaporate and decompose at 250 ~ 300 °C. After that, the supra-
molecular precursors gradually became dry and began thermal poly-
merization with slow mass loss at 300 ~ 350 °C, which was determined
in Fig. S2b, that the mass of the impregnated sample at 300 °C (0.9768 g)
was less than the initial supramolecular precursors (1.0002 g). During
the rapid heating process, the released O, that failed to escape in time in
the relatively closed crucible would participate in the thermal poly-
merization process of the supramolecular precursor.

From the above observations, it could be seen that under the con-
dition of rapid temperature rise, the gas generated by the vaporization
and decomposition of H,O9 aqueous solution before 300 °C would be
release continuously. And the released gas would not escape the crucible
immediately due to the relatively airtight environment of the lidded
crucible and thus to continuously flew and shuttled between the su-
pramolecular precursors. During this process, the supramolecular layers
in the supramolecular precursors would be impacted by vigorously
moving gas, thereby promoting the construction of porous structures.

Furthermore, in order to explore the effect of H,O2 aqueous solution
and gas evolution on the structure of supramolecular precursors, SEM
images of the pristine precursors, water-impregnated precursors, and
H»0; solution-impregnated precursors at different calcination temper-
atures were observed. As shown in Figure S3a-c, after calcination at 100
°C for 2 h, all the precursors maintained a high degree of structural
integrity, indicating that HoO2 would not break the structure of the
supramolecular precursors. Meanwhile, the slow release of gas at this
temperature did not affect the structure of the precursors. After being
treated at 200 °C, the original precursors still maintained a high degree
of structural integrity, while the water-impregnated precursors and the
H,0, solution-impregnated precursors were slightly damaged due to the
rapid release of gas (Fig. S3d ~ f). Subsequently, at 300°C, the initial
precursors (Fig. S3g) still maintained a complete rod-like structure,
while the degree of deformation of the precursors impregnated with
H20, solution (Fig. S3i) was greater than that of the precursors
impregnated with water (Fig. S3h), which was caused by the violent
evaporation and decomposition of HoO5 solution at 200-300 °C.
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3.2. Morphology and pore characteristics

The morphology and structure of the obtained samples were
observed though SEM and TEM. The traditional CN displayed a typically
agglomerated bulk structure (Fig. 1a-b) and the pure TCN equipped with
a regular hollow tube with a diameter of approximately 1 ~ 3 pm
(Fig. 1c-d and Fig S4a). Differently, the inside of AN-TCN had an obvious
filling of porous and orderly stacked lamellar structure, similar to the
“ant nest” (Fig. le-f and Fig S4b-c), which might transform the original
macroporous hollow tubular structure with diameter about 1 ~ 3 pm
into a connected ant nest-like mesoporous-rich filling center, thereby
increasing the specific surface area and reactive site and leading to the
improvement of photocatalytic performance. The TEM elemental map-
ping indicated that in addition to C and N elements, O elements were
also uniformly distributed in the AN-TCN, which might originate from
the adsorbed oxygen species, or the O atoms doped in AN-TCN, which
was supplied by the decomposition of HyO, molecules in the impreg-
nated supramolecular precursors during thermal polymerization
(Fig. 1g).

To further verify the multi-mesoporous properties of AN-TCN, ni-
trogen adsorption isotherms about mesoporous were conducted
(Fig. 2a). The type IV isothermal desorption curve and the type H3
hysteresis loop demonstrated that AN-TCN-4.5 was mainly contained
mesoporous structure. And the curve of BJH pore size distribution (inset
(a) in Fig. 2a) also showed the pore diameter was mainly distributed in
the mesoporous region (2 ~ 50 nm), again indicating that the synthe-
sized AN-TCN-4.5 mainly equipped with mesoporous structure. Besides,
from the inset (b) in Fig. 2a, it could be seen that the pore volume of AN-
TCN-4.5 was as high as 0.64 cm® g, which was 7.9 and 2.5 times of CN
and TCN, respectively. And the AN-TCN-4.5 also possessed a large
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specific surface area of 93.9 m? g1, which was 9.4 and 2.6 times that of
CN and TCN, respectively. This result demonstrating that the ant nest-
like filling center was composed of mesoporous structures, which
increased the pore volume and specific surface area of AN-TCN-4.5,
namely, providing more reactive sites, thus contributing to the
improvement of the photocatalytic reaction efficiency. In addition, in
order to demonstrate that the excellent photocatalytic and optoelec-
tronic properties of AN-TCN benefited not only from its abundant
mesoporous structure, but also from its unique filling structure, a bulk
PCN with a porous structure was synthesized. As shown in Fig. S5, PCN
and AN-TCN-4.5 had similar specific surface area and pore volume,
which were 78.1 m? g1 and 0.35 cm® g 71, respectively. And the specific
surface area and pore volume of AN-TCN-4.5 were only 1.2 and 1.83
times that of PCN.

3.3. Crystal structure and surface characteristic

The crystal structure of prepared samples was investigated by XRD
(Fig. 2b). Two typical diffraction peaks of AN-TCN-4.5 at 12.97° and
27.75° corresponding to the transversely extended (100) crystal planes
and longitudinally stacked (002) crystal planes of g-C3Ny, respectively.
In comparison with the CN and TCN, the intensity of the two diffraction
peaks of AN-TCN-4.5 were both decreased, which ascribed to the porous
and loose structure inside the AN-TCN-4.5 inhibited the extension and
crystallization of heptazine units on these two crystal planes. Then in
order to explore the effects of HyO5 solution on the hollow tubular g-
C3Ny, the XRD of HDTCN-0.45 obtained by calcining the impregnated
TCN with the 4.5 % H30; solution was also measured. Compared with
TCN, there was no obvious difference in HDTCN-0.45 except for a slight
decrease in the diffraction peak intensity of the (1 00) crystal plane. This

Fig. 1. SEM images of (a) CN, (c) TCN, (e) AN-TCN-4.5 and TEM images of (b) CN, (d) TCN, (f) AN-TCN-4.5; the elemental mapping of AN-TCN-4.5 (g).
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Fig. 2. N, adsorption—desorption isotherms, pore size distribution, specific surface area and pore volume (a) of CN, TCN and AN-TCN-4.5; the XRD (b) and FTIR (c)

of the CN, TCN, AN-TCN-4.5 and HDTCN-4.5.

indicated that HoOy could destroy the ordered extension of heptazine
ring during thermal polymerization but could not destroy the crystal
structure of synthesized g-C3N4. Meanwhile, it also suggested that su-
pramolecular structures formed by hydrogen bond self-assembly were
more susceptible to HoO5 molecules, thus leading to the formation of ant
nest-like porous structure.

In order to investigate the surface functional groups of the prepared
samples, FTIR spectroscopy was performed. Displayed as Fig. 2c, all the
samples demonstrated a similar characteristic peak around at 806 cm™?,
1080 ~ 1680 cm ™}, and 3150 ~ 3180 cm ™, representing the breathing
mode of the triazine units, stretching mode of aromatic C—N hetero-
cycles, and the stretching mode of residual amino group (N—H and N-
Hjy) and O-—H interactions of absorbed H30, respectively [35]. The peak
around 887 cm ™! was caused by the characteristic bending vibration of

the extended conjugated networks with heptazine ring units [36-38].
This indicated that the prepared materials contained a well-defined g-
C3Ny4 structure. The absorption strength of AN-TCN samples at
3150-3180 cm ! was greater than that of CN and TCN, indicating that
AN-TCN contained more amino groups, which was attributed to the fact
that the gas generated by Hy0, and H20 broke through the network
structure of g-C3gN4 during thermal polymerization [39]. Therefore,
mesoporous structure was constructed and more reactive sites were
exposed, which was benefited to the improvement of catalytic
efficiency.

The surface chemical state of the as-synthesized samples was inves-
tigated by XPS and the result was firstly corrected through the standard
C peak that was 284.8 eV. The survey spectra showed that all the sam-
ples were mainly formed by C, N, and O elements (Fig. 3a). The O 1s

Fig. 3. XPS spectra of CN, TCN and AN-TCN-4.5: survey (a), C1 s (b), N1 s (c), O 1 s of AN-TCN-4.5(d).
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might come from the absorbed oxygen-containing species such as HyO
and CO5 molecules [38,40]. Fig. 3b exhibited the high-resolution XPS
spectra of C 1s, the peak at 284.8 eV represented the sp? hybridized
carbon in C—C bonds. The peaks around 288.1 eV and 286.6 eV origi-
nated from the C atom in N—=C-N heterocycle and C—O bond, respec-
tively. Then the peaks at binging energy of 293.5 eV were corresponded
to the m-excitation. In comparison with CN and TCN, the peak area rate
of N—=C-N in AN-TCN-4.5 was slight decreased, meaning that part of
N=—C-N bonds were destroyed. Meanwhile, the increased proportion of
C—O bonds might derive from the breakdown of the N-C=N heterocy-
cles or bridge N-(C)3 bonds and to generate C—O (Table S1) [41,42]. In
order to further understand the structural changes of AN-TCN-4.5, the
high-resolution XPS spectra of N 1s was also analyzed. Shown as Fig. 3c,
the peaks around 398.6 eV, 400 eV and 401.1 eV corresponded to the sp2
hybridized nitrogen in the C-N—C, sp® hybridized nitrogen in the N-(C)3
and nitrogen atom in C-NHy groups, respectively. And the peak around
404.4 eV represented n-excitation [38]. The proportions of each group
were calculated as Table S2, which showed that the content of N-(C)3 in
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AN-TCN-4.5 and TCN were comparable, while the ratio of C-N—C in AN-
TCN-4.5 was less than that in TCN. This was consistent with the results
in Table S1, indicating that the bridged N-(C)3 remained intact while the
C-N=C bond of AN-TCN-4.5 was changed. Then in order to further
determine the cause of the change of C-N—C bond, the surface chemical
state of Ol1s was also tested. The O 1s peak at 531.16 eV and 533.25 eV
were corresponded to the N—C—O and C—O—C bond, respectively
[43,44]. And the peak at 532.15 eV corresponded to the absorbed H,O
molecule (Fig. 3d). On the basis of the above XPS results, the oxygen
atoms were dopped in the AN-TCN-4.5 by substituting N atoms in C-
N—C and connected with sp? hybrid carbon atoms was confirmed,
which was consistent with previous studies [41,44,45]. Moreover, the
larger peak area ratio of C—O/N—C-N in AN-TCN-4.5 in Table S1 also
reflected this result. Then the increased proportion of C-NHy in AN-TCN-
4.5 originated from the porous structure of AN-TCN, which would
expose more edge N atoms.

According to the results of XPS, DFT was applied to simulate the
electronic properties of g-C3N4 before and after oxygen doping. A 2 x 2

Fig. 4. The calculation models of CN (a) and AN-TCN-4.5 (b) after geometry optimization; the work function of CN (c) and AN-TCN-4.5 (d); the band gap structure

and partial density of states (PDOS) of CN (e) and AN-TCN-4.5 (f).
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x 1 supercell was used as the simulation model. Fig. 4a-b and Fig. S7a-b
showed the structural optimization model of g-C3N4 before and after
oxygen doping. And Fig. S7c-d showed that the bond length was
changed after oxygen doping. Fig. 4c-d indicated that the work functions
of CN and AN-TCN were 4.77 eV and 3.14 eV, respectively. The smaller
work function of AN-TCN indicating that the binding force of the elec-
tron escaping from the potential well to the surface of AN-TCN was
reduced, thereby the separation and migration of photogenerated elec-
trons was promoted. The band structure distribution and partial density
of states (PDOS) shown as Fig. 4e-f and Fig. S8 indicated that doping of
oxygen atom would change the electronic structure of g-C3N4. The
valence band (VB) of CN and AN-TCN were mainly contributed by N 2p
orbital and the conduction band (CB) were composed by both N 2p and C
2p orbital. In addition, O 2p contributed a little to the VB of AN-TCN. In
addition, doping of oxygen atom also caused the change of band gap
structure. The narrower band gap energy of oxygen-doped AN-TCN
(2.40 eV) than that of undoped CN (2.86 eV) enabled a higher visible
light utilization. Furthermore, the differential charge densities revealed
a charge transfer between the doped oxygen atom and the surrounding
atoms (Fig. S9a-b). The electron cloud density of carbon atoms around
the doped oxygen atoms was decreased, leading to the generation of a
new internal electric field, which benefiting to the transport and sepa-
ration of photogenerated electrons [46].

3.4. Photoelectric characteristics

The optical property of the prepared samples was measured by
UV-vis diffuse reflectance spectrum firstly. Shown as Fig. 5a, the light
absorption intensity of AN-TCN in the visible region first increased and
then decreased with the increase of H,O5 concentration, and AN-TCN-
4.5 had the highest visible light absorption capacity among the pre-
pared samples. Besides, the porous bulk PCN exhibited slightly higher
absorption capacity of visible light than CN due to its porous structure,
and all the prepared AN-TCN samples possessed stronger visible light
absorption than the bulk CN and PCN due to their more mesoporous
structures, which demonstrated the excellent light utilization perfor-
mance of AN-TCN. The abundant mesoporous structure in AN-TCN-4.5
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and PCN was beneficial to the diffuse reflection of incident light, so
that the incident light could be absorbed multiple times and thus to
achieve higher light absorption capacity [47]. According to the Kubelka-
Munk function (Eq. (1)), the energy gap of the synthesized samples was
calculated [48]:

ahv = A(hv — E,)""* m

a is the absorption coefficient, h represents Planck constant, v cor-
responds to the frequency of incident light and A is a constant. Eg rep-
resents the band gap energy of the synthesized samples. The value of n is
be determined by the type of semiconductor, n is 1 for direct bandgap
semiconductor and 4 for indirect bandgap semiconductor [49]. Due to g-
C3Ny is direct bandgap semiconductor, therefore n equal to 1 was
selected to calculate the band gap of the synthesized samples [50]. The
band gap energy of CN, TCN and AN-TCN-4.5 were calculated to be 2.66
eV, 2.43 eV and 2.48 eV (inset in Fig. 5a), respectively, which were well
agreement with the results of DFT calculation. With the increase of the
concentration of HyO» solution, the band gap energy of AN-TCN samples
increased gradually, indicating that HyO, treatment could indeed
change the electronic structure of g-C3N4. And the HDTCN-4.5 showed a
lower band gap energy than that of CN, TCN and AN-TCN might due to
the thinner tube walls after two thermal polymerization treatments
[47]. Then PCN and CN had similar band gap widths, which might be
due to their bulk structures.

Subsequently, in order to obtain the distribution of energy band
structure, the Mott-Schottky curves was carried out to evaluate the CB of
prepared samples. The result showed that the flat band potentials of CN,
TCN and AN-TCN-4.5 were —0.74 V, —0.74 V and —0.89 V (vs. SCE),
respectively, indicating that the synthesized samples were n-type semi-
conductors (Fig. 5b). Then the flat band potentials of CN, TCN and AN-
TCN-4.5 were calculated to —0.50 V, —0.50 V and 0.64 V (vs. NHE),
respectively, which were approximately equal to their conduction band
minimum (Ecpy). According to the Eq. (2):

Evem = Ecpm + E, (2)

The valence band minimum (Eygy) of CN, TCN and AN-TCN-4.5

Fig. 5. UV-vis DRS and band gap energy of CN, PCN, TCN, AN-TCN, HDTCN-4.5 (a); the Mott-Schottky curves of CN, TCN, AN-TCN-4.5 (b); Eg and the potential of
Ecpm and Eypy distribution of CN, TCN, AN-TCN (c); photoluminescence emission spectra (PL) of CN, PCN, TCN, AN-TCN, HDTCN-4.5 (d); photocurrent response
spectra of CN, PCN, TCN, AN-TCN, HDTCN-4.5 (e); and Nyquist plots in a three electrodes system with 0.2 M NaSO, electrolyte of CN, PCN, TCN, AN-TCN, HDTCN-

4.5(H).
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were calculated to 2.14 V, 1.94 V and 1.85 V (vs. NHE), respectively.
Then the Fermi level (Ef) could be speculated according to the difference
between Eygy and XPS valence bands (Exps.yg) (Fig. S6) (Eq. (3)).

E; = Evpm — Eve-xps 3

That was, the Ef of CN, TCN, AN-TCN-4.5 were matched to 0.38 eV,
0.34 eV, and 0.25 eV, respectively. Subsequently, the work function (®)
was obtained by Eq. (4):

D = Evgewum — Ef (€3]

Since the potential difference between the vacuum level (Eyacyum)
and the normal hydrogen electrode is 0.45 eV, the calculated work
functions of CN, TCN, AN-TCN-4.5 were 4.88 eV, 4.84 eV and 4.75 eV
(vs. NHE), respectively [51], which showed the same trend as the result
of DFT calculation, that AN-TCN has a smaller work function. Then the
distribution of band structure was displayed as Fig. 5c. The narrow en-
ergy band gap of AN-TCN-4.5 enhanced its visible light response ability,
meanwhile a more negative conduction band potential was beneficial to
generate more superoxide radicals (-Oz), thereby improving the kinetics
of the photocatalytic reaction. In addition, the smaller work function
mean that less energy was required for electrons in AN-TCN to move
from its interior to the surface, indicating that the photogenerated
electrons in AN-TCN-4.5 were more easily migrated, thereby improving
the photocatalytic performance. The difference between the DFT cal-
culations and the experimental data might originate from the inability of
the used model to distinguish the morphology difference between CN
and AN-TCN.

In addition, the PL spectroscopy was performed to measure the
recombination efficiency of photogenerated carrier at an excitation
wavelength of 320 nm (Fig. 5d). The results showed that the emission
intensity of the samples was AN-TCN-4.5 < HDTCN-4.5 < TCN < PCN <
CN, indicating that the recombination efficiency of photoinduced
electron-hole pairs was AN-TCN-4.5 < HDTCN-4.5 < TCN < PCN < CN.
Compared with CN, the photocarrier recombination efficiency of PCN
was lower, and AN-TCN-4.5 also displayed the same phenomenon
compared with TCN, which proved the important role of porous struc-
ture in inhibiting e-h™ recombination. Besides, the emission intensity of
the porous AN-TCN-4.5 was significantly lower than that of the porous
PCN, proving that not only the tubular structure could effectively sup-
press the recombination of photoinduced carriers, but also the porous
ant nest-like filling structure inside AN-TCN-4.5 and oxygen doping
would further reduce the recombination of photogenerated carriers. The
reasons might be attributed to the following: (1) the tubular structure
promoted the directional flow of photogenerated electron while sup-
pressing the recombination of photoinduced electron-hole pairs [34];
(2) the orderly stacked mesoporous-rich ant nest-like filling structure
inside AN-TCN-4.5 shortened the distance of electron transfer from the
inside of the crystal to the surface [52]; (3) the lone pair electrons of the
doped oxygen atom was delocalized to the oxygen-doped aromatic
system resulted in an increasing of the charge density and mobility; (4)
the change of C—N bond length caused by oxygen doping resulted in a
lattice strain and electron polarization effect, which would form an in-
ternal electric field favorable to the separation of electron-hole pairs
[53].

Furthermore, photochemical tests were further performed to inves-
tigate the behavior of photogenerated carriers of the prepared samples.
The results show that AN-TCN-4.5 has the higher transient photocurrent
response intensity than the unfilled TCN, bulk CN, HTDCN-4.5 and even
porous PCN (Fig. 5e), indicating the faster photoinduced charge transfer
rate and longer lifetime of AN-TCN-4.5. Meanwhile, the EIS Nyquist plot
(Fig. 5f) also showed that AN-TCN-4.5 had the smaller radius compared
with CN, PCN, TCN and HDTCN-4.5, meaning that AN-TCN-4.5 has the
lower interface resistance, which was favorable for the transfer of
photoinduced charges.

The above photochemical test results proved that the multi-
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mesoporous structure and well-defined band structure of AN-TCN-4.5
promoted its excellent photoelectric performance. At the same time,
attributing to the ordered lamellar stacked ant nest-like filling structure
and a small amount of oxygen doping, AN-TCN-4.5 had a fast transfer
rate and a low recombination efficiency of photogenerated carriers,
which further guaranteed its outstanding photocatalytic performance.

3.5. Photocatalysis experiment

The actual photocatalytic capability of the synthesized samples was
assessed mainly by degradation of TCH. Three parallel experiments were
performed for each group of degradability tests, and the data errors at
each time point were shown by error bars. Before irradiation, the
adsorption—desorption experiments were carried out in darkness for 0.5
h to reach adsorption equilibrium. The photocatalytic activity for TCH
degradation of the prepared samples under visible light irradiations was
shown as Fig. 6a. After 30 min of visible light irradiation, 59.1 % of TCH
was degraded by CN, which was significantly lower than the degrada-
tion efficiency of TCN (76.2 %) and AN-TCN-4.5 (86 %). And the result
of TOC showed that AN-TCN-4.5 (55 %) had a higher mineralize ability
to TCH than CN (44 %) and TCN (47 %) under visible light irradiation
for 30 min (Fig. S10). The photocatalytic efficiency of the AN-TCN
samples first increased and then decreased with the increase of the
concentration of HyO5 used to treat the precursors. This might be due to
the too much H>02 would lead to excess pores and defects, which played
a role of electron-hole pairs recombination center, thereby inhibiting its
photocatalytic efficiency [54]. In addition, the degradation results also
showed that TCN, AN-TCN and HDTCN-4.5 with tubular morphology all
exhibited higher photocatalytic efficiency than the bulk CN, PCN and
HOCN, which again proved the excellent photocatalytic performance of
the tubular structure. Moreover, the photodegradation rate constant of
different photocatalysts for TCH were achieved by fitting the first-order
kinetic equation: -In (C/Cg) = kt. As shown in Fig. 6b, the rate constants
of AN-TCN-4.5 were 4.78, 1.26, 1.68 times that of CN, PCN and TCN
respectively, indicating that the existence of porous ant nest-like filling
structure effectively improved the photocatalytic efficiency of AN-TCN-
4.5. To investigate the general applicability of the prepared samples to
organic pollutants, the degradation ability of AN-TCN for four other
organic pollutants was tested. As shown in Fig. S11, AN-TCN-5 displayed
strong adsorption effect on rhodamine B (RhB) and methylene blue
(MB), which was benefited from the porous structure of AN-TCN-5. In
addition, the opposite electrical properties between pollutants and AN-
TCN-4.5 were also another important factor for their efficient adsorption
(Table S3 and Table S5). Then the degradation efficiencies of AN-TCN-
4.5 for ciprofloxacin (CIP), p-nitrophenol (PNP), RhB and MB reached
55 %, 31 %, 99.6 % and 99.99 % within 1 h, respectively. Although AN-
TCN-4.5 showed an unsatisfactory ability to photodegrade CIP and PNP,
it had strong photodegradation ability to dyes, which again demon-
strated the strong photocatalytic effect of AN-TCN-4.5. In addition, the
ability of AN-TCN-4.5 to degrade TCH was compared with other g-C3Ny-
based photocatalysts (Table S4), and the results showed that AN-TCN-
4.5 had promising photocatalytic performance.

Subsequently, the degradation capacity of AN-TCN-4.5 under
different pollutant concentrations was observed. As shown in Fig. 6c, as
the increase of pollutant concentration from 5 mg L! to 30 mg L}, the
degradation ability of AN-TCN-4.5 to TCH gradually decreased, which
ascribing to the increased concentration of pollutants leaded to a rela-
tive decrease in the number of reaction active sites under the condition
of quantitative catalyst. In addition, the effects of different pH envi-
ronments and different common anions on the degradation of TCH by
AN-TCN-4.5 were also investigated. The results showed that despite the
pH did not affect the catalytic performance of AN-TCN-4.5 significantly,
the alkaline conditions would inhibit the final degradation effect
(Fig. 6d), which was due to the fact that the surface of AN-TCN-4.5 was
negatively charged under alkaline conditions (Table S5), while the
tetracycline molecules gradually became neutral or negative charge
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Fig. 6. TCH degradation rates by using CN, PCN, TCN, AN-TCN, HOCN and HDTCN-4.5 (a); the reaction rate constant of TCH degradation by using CN, TCN, PCN,
AN-TCN, HOCN and HDTCN-4.5 (b); the effect of different concentrations of TCH (c), solution pH (d) and anionic electrolyte (e) on photocatalytic degradation of
TCH by using AN-TCN-4.5; the reusing experiments of photocatalytic degradation of TCH over AN-TCN-4.5 (f).

through deprotonation, resulting in electrostatic repulsion between the
photocatalyst and the pollutant, which ultimately affected its photo-
catalytic efficiency [55]. Then Fig. 6e showed that HCO3, SO, NO3 and
Cl” ions all had no obvious effect on the photocatalytic performance of
AN-TCN-4.5. However, in the presence of HCO3, the photocatalytic re-
action exhibited an increased reaction rate in the first 3 min and then
reached equilibrium. This may be due to that HCO3 increased the pH of
the reaction system, making the degradation reaction similar to that in
the alkaline environment shown as Fig. 6d. In addition, HCO3 could
react with hole to generate HCO3 (Eq. (5)), which would promote the
separation of electron-hole pairs and ensure the continuous progress of
the catalytic reaction through HCO3 at the same time.

HCO; + h* —HCO; )

Nevertheless, due to the rapid depletion of holes and the low
oxidation ability of HCO3, it was difficult for the pollutant intermediates
generated in the early stage to be further degraded, resulting in the
obvious inhibition of the reaction efficiency in the later stage [56].

The lifetime of the photocatalyst was always reduced due to its weak
resistance to the reaction environment and photocorrosion. To under-
stand the stability of AN-TCN-4.5, five cycle reusing experiments were
performed. Fig. 6f showed that the degradation efficiency of AN-TCN-
4.5 was still not significantly reduced after five rounds reused, indi-
cating the high photocatalytic stability of AN-TCN-4.5. Then, the
structure change of the recycled sample was characterized by XRD and
SEM, and it was found that the recycled AN-TCN-4.5 still showed two
characteristic peaks of g-C3N4, and the peak intensity of the (002)
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crystal plane was increased (Fig. S12a), which might be due to the
mechanical stirring destroyed the outer tube wall of AN-TCN-4.5 and
exposed its inner stacked lamellar ant nest-like filling structure
(Fig. S12b). The exposed filling structure with thicker thickness
enhanced the diffraction peak intensity of the (002) crystal plane.

3.6. Photocatalytic mechanism

In order to investigate the photocatalytic mechanism for TCH
degradation, free radical quenching experiment was implemented to
investigate the active species present during the process of TCH degra-
dation. In detail, 10 mM 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
oxyl (TEMPOL), ethylenediamine tetraacetic acid disodium (EDTA-2Na)
and isopropyl alcohol (IPA) were applied for quenching -O3, h" and -OH,
respectively. Fig. 7a showed that the existence of IPA had almost no
influence on the degradation efficiency of TCH, while after the intro-
duction of TEMPOL and EDTA-2Na, the degradation efficiency was
reduced to 19 % and 66 %, which indicated that the main active species
for TCH degradation were -O3 and h* were. This result was related to the
band gap structure of AN-TCN-4.5, namely, the CB potential of AN-TCN-
4.5 was more negative than the potential of generating -O3 (-0.33 V),
while the potential of the VB was lower than the potential of generating
-OH (+1.99 V). Therefore the -O3 could be generate but not -OH by AN-
TCN-4.5, and the main active species were -O3 and h'™ could be
concluded. Subsequently, the contribution ratios of these active species
were analyzed according to the Egs. (6)-(7) [57]:
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Kapp represents the apparent rate constant for TCH degradation,
which is calculated from the quasi-first-order kinetic model; K; (I rep-
resents -O3, h™ or -OH") corresponds to the rate constant for the pho-
tocatalytic degradation of TCH in the existence of -O3, h*, and -OH,
respectively; K;j (i represents TEMPOL, EDTA-2Na or IPA) is the rate
constants of the photodegradation of TCH in the existence of the cor-
responding radical scavenger (Fig. 7b). Ry represents the contribution
rate of I active species. The quencher i (TEMPOL, EDTA-2Na, IPA) is
corresponding to the I active specie (-Oz, -OH, h*). As shown in Fig. 7c,
the rate constants were 0.0049, 0.0326 and 0.1013 min~! respectively
when TEMPOL, EDTA-2Na and IPA were present during the degradation
process. According to the Eq. (7), the contribution rate of -Ogz, h' and
-OH were 96.11 %, 74.14 % and 19.70 %, respectively. The above results
indicated that both -O3 and h™ played a crucial part in the degradation
of TCH. It is worth noting that, the total contribution over 100 % might
be ascribed to the complex chemical reaction of active species involved
in photocatalytic process [57].

In addition, the ESR experiments were also further carried out to
investigate the existence of free radicals. The ESR signal of DMPO--O3
and DMPO--OH were tested under irradiation and non-irradiation con-
ditions. The results showed that the ESR spectrum of DMPO--O3
appeared four strong signals with an intensity ratio of about 1:1:1:1, and

Fig. 7. Radicals (-Oz, h™ and -OH) capture experiment of photocatalytic degradation of TCH by using 10 mM TEMPOL, EDTA-2Na and IPA (a); the rate constants for
photocatalytic degradation of TCH in the presence of different trapping agents (b); the rate constants (columns, primary y-axis) and percent contribution of different
radicals (points, secondary y-axis) for TCH degradation (c); the ESR signals of DMPO--O; and DMPO--OH under visible light irradiation on 0 min, 5 min and 10

min (d).
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the signal strength was enhanced with the increase of light irradiation
time, indicating that -O3 was generated under visible light irradiation.
Besides, the ESR spectra of DMPO--OH displayed four signal peaks with
a strength ratio of 1:2:2:1, and the peak intensity also enhanced with the
prolonging of radiation time, which indicated that -OH was also pro-
duced by AN-TCN-4.5. However, the peak intensity of DMPO--OH was
significantly lower than that of DMPO--O3, indicating that more -O3 than
-OH was produced in this reaction system, which was consistent with the
results of radical trapping experiments (Fig. 7d). This result again
proved the important role of -O3 in TCH degradation by AN-TCN-4.5. In
addition, the stability of AN-TCN-4.5 was maintained due to the absence
of -OH, which was the main active substance that destroyed g-C3Ny4 [58].

Subsequently, in order to explore the degradation products and
degradation paths of TCH, high-performance liquid-mass spectrometry
(HPLC-MS) was applied to identify intermediates during the degradation
process. According to Fig. S13a, there was a strong signal peak at the
mass-to-charge ratio (m/z) of 445, corresponding to TC molecule. After
10 ~ 30 min of degradation, the signal peak intensity of TC decreased
rapidly, and multiple new signal peaks were generated (Fig. S13b-d).
The intermediate with m/z of 431 was produced by N-demethylation of
TC molecule [11], and followed produced the product with m/z of 358
through a series of demethylation and deamination processes. Then the
intermediate product with m/z of 272 was produced by ring-opening
[59]. Besides, the intermediate product with m/z of 460 was produced
by hydroxylation of TC molecule. Further hydroxylation would yield an
intermediate with m/s of 459, followed by dealkylation, deamination
and ring opening to give an intermediate with m/s of 343 [60]. Then
these intermediates would continue to undergo a series of mineraliza-
tion to generate CO, and Hy0 according to the result of TOC test, that
the mineralization rate of TCH was 55 % by AN-TCN-4.5 within 30 min
(Fig. S10). And the possible degradation pathway was displayed as
Fig. 8a.

According to the distribution of band gap structure of AN-TCN-4.5
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and the results of free radical investigation, the photocatalytic mecha-
nism of TCH degradation could be inferred as Fig. 8b and Egs. (8)-(11):

AN — TCN + light—e™ + A" (€)]
0, +e =05 9
-0, + TCH—CO, + H,0 10
h* + TCH-CO, + H,0 an

Firstly, the photogenerated electrons (e’) were excited and trans-
ferred to the CB of AN-TCN-4.5 under light irradiation, while leaving the
hole (h™) in the VB. Subsequently, the electrons arrived at CB reacted
with O, to generate -O3, which degraded TCH simultaneously with h*.
The mesoporous-rich character of AN-TCN-4.5 increased the absorption
of visible light radiation and provided a mass of reactive sites for TCH
degradation. At the same time, the porous ant nest-like filling structure
promoted the generation of more photogenerated charges and facili-
tated the transfer of photogenerated electrons, thus providing favorable
conditions for the high photocatalytic performance of AN-TCN-4.5.

4. Conclusion

In summary, we have successfully synthesized the multi-mesoporous
ant nest-like filled tubular g-C3N4 with non-hollow structure by supra-
molecular precursor impregnation method. The decomposition of HyO2
and escape of gas molecules during thermal polymerization prompted
the formation of mesoporous-rich ant nest-like filling structures, which
not only ensured the complete exterior tubular structure of the prepared
sample, but also made up for the shortcoming of the hollow part of the
hollow tubular g-C3N4 being underutilized, so that the entire tubular
structure can be fully utilized. The large number of reactive sites, strong
visible light absorption properties, and fast separation and transport of
photoinduced carriers contributed to the excellent photocatalytic
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Fig. 8. (a) The possible degradation pathway of TCH inferred from HPLC-MS results; (b) the speculated mechanism of photocatalytic degradation of TCH by AN-

TCN-4.5.
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property of AN-TCN-4.5. A small number of doped oxygen atoms also
provided a favorable condition for photogenerated electron transfer.
Under 30 min of light irradiation, the photocatalytic degradation effi-
ciency of TCH of AN-TCN-4.5 reached to 86 %, which was 12 % higher
than that of hollow TCN and 24 % higher than that of bulk CN. Besides,
the prepared AN-TCN-4.5 maintained excellent photocatalytic stability
in an oxidizing environment and wide pH range. This work provided
new enlightenment and reference for improving the physicochemical
property of photocatalyst by morphology tuning.
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