Applied Catalysis B: Environmental 303 (2022) 120904

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb

Check for

Dual optimization approach to Mo single atom dispersed g-C3N4 |t
photocatalyst: Morphology and defect evolution

Chen Zhang®"", Deyu Qin™", Yin Zhou®", Fanzhi Qin®", Hou Wang *", Wenjun Wang ",

Yang Yang a, b’ Gual’lgming Zeng a,b,*

& College of Environmental Science and Engineering, Hunan University, Changsha 410082, PR China
b Key Laboratory of Environmental Biology and Pollution Control, Hunan University, Ministry of Education, Changsha 410082, PR China

ARTICLE INFO ABSTRACT

Keywords:

Tubular g-C3Ny4

N vacancy

Mo single atom photocatalysts
DFT calculations

Tetracycline degradation

Reasonable regulation of the interaction between metal center and the ligand to achieve a high-density atomic
loading without agglomeration has been the formidable challenge to the development of single-atom catalysts
(SACs). Herein, an advanced photocatalyst based on N-vacancy (Nv) tubular porous g-C3N4 (TCN) decorated
with atomically dispersed Mo (Mo/Nv-TCN) is synthesized. The large specific surface area of the tubular
morphology contributes to suppress the agglomeration of Mo atoms, while the N defect induces the formation of

specific stable Mo-2 C/2 N configuration between the light absorbers and the Mo sites. As the active center of the
photocatalytic reaction, single Mo atom causes the directional transfer of local charges on the surface of the
support, while the Mo-2 C/2 N bond acts as a bridge for photoexcited charge transfer. As a result, the precisely
designed Mo SACs system shows remarkable photoelectric properties and renders excellent photocatalytic per-
formance for tetracycline (TC) degradation under visible light irradiation.

1. Introduction

Tetracycline (TC), as a common human and animal antibiotic, has
been widely used in the medical and feed industries for many years [1,
2]. In general, tetracycline is difficult to be completely metabolized in
organisms, leading to its frequent detection in the environment, which
inevitably causes environmental pollution [3,4]. In addition, TC can
induce the production of many antibiotic resistance genes and resistant
bacteria in the process of clinical application, so it has a great ecological
risk [5-7]. Therefore, it is necessary to seek advanced and eco-friendly
TC degradation technology. In recent years, as a promising advanced
oxidation process, photocatalysis has received extensive attention in the
field of degradation of antibiotics [8-10]. The application of a variety of
different photocatalysts (such as CdS, TiO,, ZnO, and Fe;Os, etc.) has
received a lot of research and exploration [11-15]. Since Wang et al.
used graphitic carbon nitrides (g-C3sN4) for photocatalytic hydrogen
evolution in 2009 [16], series of excellent properties of g-C3N4 have
been well applied in the field of photocatalysis, such as high stability,
easy preparation, low toxicity, suitable band structure and so on
[17-19]. Nevertheless, the application of g-C3Ny4 has been restricted by
its shortcomings such as poor visible light absorption, easy

recombination of photogenerated charge carriers, and limited active
sites [20].

Recently, the design concept of single atom catalysts (SACs) has
gradually become a research frontier in the field of catalytic materials.
Unlike traditional nanoclusters, the metals in SACs are supported on the
surface of the material in the form of atomic dispersion, and there is no
mutual contact between adjacent atoms in theory [21]. The specific
coordination relationship is formed between the single metal atom and
the carrier, which exhibits a unique electronic structure. In addition,
SACs can provide as many active sites as possible by maximizing
exposure of low-coordination metal atoms [22]. In short, SACs is an
economical and efficient catalyst design concept. As an excellent pho-
tocatalyst, g-C3N4 (CN) is a suitable carrier for SACs. The collision of
g-C3N4 and single atoms can produce dazzling sparks in the field of
photocatalysis. For instance, Li et al. used HyPtClg as the Pt source, and
successfully loaded Pt single atoms on the surface of g-C3N4 through
liquid phase reaction and low-temperature annealing [23]. The stable
coordination structure was formed by Pt-C/N bond, which had high
photocatalytic Hy evolution efficiency. Besides, Yang and co-workers
anchored single-atom Co on g-C3N4 by means of Co-O and Co-N
bonds, which effectively improve the photoelectric properties of the
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material [24]. Similarly, Sharma found that the Ru-N/C bond between
single-atom Ru and modified g-C3N4 can accelerate charge transfer and
prolong the lifetime of carriers, thereby enhancing the ability of pho-
tocatalytic reduction of CO3 [25]. Currently, the single atom metals that
have received widespread attention mainly include Pt, Co, Pd, Au, Cu,
and so on [26-30]. Molybdenum (Mo), as a common transition metal
element, has a series of advantages such as easy preparation, low price,
stable properties, and low toxicity. Mo-based materials have been
widely studied in the fields of electrode and catalysis due to their
chemical inertness and excellent electrochemical performance [31-33].
Related studies have proved that the non-noble metal Mo element has a
good effect in the direction of SACs, such as application in electro-
catalysis and electrode materials, and its application in the field of
photocatalysis has gradually been discovered [34-36]. At present, a
small amount of research has proved that single-atom Mo can form
Mo-C/N or double-N (Mo-N2) coordination structure with g-C3N4 [37,
38].

To ensure the high dispersion and stable loading of single atom Mo,
new simple synthesis methods and a series of modification measures are
worthy of further exploration. For SACs, metal agglomeration and low
dense atom dispersion have always been the major problem restricting
its development, but in general, these problems can be effectively alle-
viated through the modification of the support. For example, Cheng
et al. prepared porous graphene oxide rich in surface defects by micro-
wave exfoliation [39]. The defects at the pore edges provided abundant
anchoring sites for single atom Ni, and the loading of Ni atoms was as
high as 6.9 wt%. When g-C3Ny is used as a support, reasonable modifi-
cation of g-C3Ny is also an effective means to improve the association
between ligand and atomic catalytic sites. Firstly, by rationally
designing the morphology of the support, it will have a larger specific
surface area [40], so as to provide more loading sites for the dispersed
atoms. Through proper control of the synthesis process of g-C3N4, some
special morphologies can be cleverly constructed, such as nanosheet
[41], nanorod [42], nanotube [43], microsphere [44], and flower-like
[45], etc. Secondly, the electronic structure and physicochemical
properties of the supports surface can be changed by defect engineering.
By constructing defect sites on the surface of the support, a specific
coordination structure can be generated between the single atom and
the support, thereby promoting the stability and dispersibility of the
anchoring of the single atom. Regarding g-C3N4, the C/N vacancy can be
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generated through the adjustment of the traditional synthesis method or
the reprocessing of the sample, and then some unusual coordination
between the g-C3N4 and the single atom can be formed to produce a
better photoelectric effect [46,47].

Herein, g-C3Ny is selected to be a support material for SACs due to its
easy modification and favorable photocatalytic performance. We opti-
mize the structure and properties of the pristine g-C3N4 through
morphology and defect engineering, and prepare tubular porous g-C3N4
(TCN) with N vacancies (Nv-TCN). The larger specific surface area of the
tubular morphology provides more sites for the loading of atoms, and
the introduction of N defects enables the formation of a special stable
structure between the ligand and the single atom. In this work, with Nv-
TCN as the carrier, single atom Mo is anchored on its surface through a
facile solvothermal synthesis strategy (Scheme 1). Atomic character-
ization and density functional theory (DFT) calculations proves that
single-atom Mo and Nv-TCN are connected by Mo-C and Mo-N bonds to
form a stable Mo-2 C/2 N coordination structure. The anchoring of
atomic Mo can enhance the visible light absorption capacity of g-C3Ny,
accelerate the separation and transfer of photogenerated charge carriers,
and increase the charge density. The incorporation of atomic Mo leads to
a directional transfer of local charges on the surface of Nv-TCN, and the
Mo-2 C/2 N bond acts as a bridge for charge transfer. The Mo atom
becomes the active center of the photocatalytic reaction. Thanks to the
above positive effects, the photodegradation activity of the sample to TC
can be greatly improved under visible light conditions.

2. Experimental section
2.1. Reagents

In this experiment, all reagents involved in this experiment were of
unpurified analytical grade. TC, urea (CO(NHy);), melamine
(C3N3(NH3)3), ammonium molybdate ((NH4)¢Mo07024.4 H0), 1-octyl
alcohol (CgH;80), 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEM-
POL), disodium oxalate (NayC204), L-tryptophan (C;1H;2N205), and
isopropanol (IPA, C3HgO) were supplied from Sinopharm Corporation
Ltd. (Shanghai, China).

Scheme 1. Schematic illustration for the preparation of Mo/Nv-TCN.
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2.2. Synthesis of photocatalysts

Synthesis of bulk CN: In a covered crucible, melamine was heated to
550 °C at a rate of 2.3 °C/min and kept calcined for 4 h. Then, the
sample was cooled to room temperature naturally.

Synthesis of TCN: The synthesis of TCN was based on the preparation
method published by our group [48]. First, 8 g of urea, 6 g of melamine
and 70 mL of deionized water were placed in a 100 mL Teflon-lined
stainless-steel autoclave and stirred for about 15 min. Then the mixed
solution was hydrothermally heated at 180 °C for 24 h, and the prepared
precursor was washed several times and dried. Finally, the dried white
sample was heated to 550 °C at a rate of 2.3 °C/min and calcined for 2 h.
After cooling, the yellow TCN powder can be obtained.

Synthesis of Nv-TCN: 1 g of TCN was reheated to 560 °C for 2h ata
rate of 2 °C/min in Ny atmosphere [49]. After the sample was cooled
naturally, the yellow powder was collected to obtain TCN with N va-
cancies, noted as Nv-TCN.

Synthesis of Mo/Nv-TCN: 0.3 g of Nv-TCN and a certain amount of
ammonium molybdate (1, 5, 10, 15 and 20 mg) were added to 30 mL of
1-octyl alcohol and stirred for 15 min. In a Teflon-lined stainless-steel
autoclave, the mixture undergoes solvothermal reaction for 24 h at
200 °C. Then, the cooled mixture was washed several times. Finally, the
single atom Mo loaded Nv-TCN was obtained by drying the products at
60 °C for 12 h. The samples were denoted as 1-Mo/Nv-TCN, 5-Mo/Nv-
TCN, 10-Mo/Nv-TCN, 15-Mo/Nv-TCN, and 20-Mo/Nv-TCN, respec-
tively. Through inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7700), the Mo content in Ny-TCN was measured to be 0.11, 0.48,
1.21, 2.01, and 2.92 wt%, respectively.

2.3. Characterization

The morphologies of the samples were acquired on Zeiss Sigma 300
Scanning electron microscopy (SEM). Transmission electron microscopy
(TEM) and energy disperse X-ray spectroscopy (EDS) mapping profiles
were obtained on FEI Tecnai F20 to characterize the microstructure and
elemental distribution of the samples. Aberration-corrected high-angle-
annular-dark-field scanning transmission electron microscopy (HAADF-
STEM, EI Themis Z) was used to verify the dispersion of single atom.
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
method were measured by a Micromeritics ASAP 2020 HD88 instru-
ment. The X-ray diffraction (XRD) was characterized by Panalytical
Empyrean powder diffractometer with Cu Ka radiation (The scanning
range is from 10° to 80°). The Fourier transform infrared (FT-IR) spectra
was obtained by the Thermo Scientific Nicolet iS5 spectrophotometer
with KBr pellet method. Electron paramagnetic resonance (EPR) was
acquired by the EPR spectrometer (JEOL JES-FA200). The contents of C
and N elements were obtained by elemental analysis (EA, Vario MACRO
cube analyzer). X-ray photoelectron spectroscopy (XPS) was measured
using the Thermo Scientific K-Alpha spectrometer with Al Ko line
source. The X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) of the sample at Mo K-edge was
performed on the Beamline of TLS07A1 (National Synchrotron Radia-
tion Research Center, Taiwan). Furthermore, the data of XANES and
EXAFS were analyzed by Athena and Artemis software packages.
UV-visible diffused reflectance spectra (UV-vis DRS) were determined
by a Varian Cary 300 instrument. Photoluminescence (PL) emission
spectra and time-resolved photoluminescence (TRPL) decay spectra
were monitored by the Fluromax-4 spectrophotometer and FLS1000
fluorescence lifetime spectrophotometer, respectively. Electron spin
response (ESR) of reactive species were measured on a Bruker A300
spectrometer. The content of Mo in the samples was performed by the
ICP-MS on Agilent 7700.

2.4. Photoelectrochemical test

Electrochemical impedance spectroscopy (EIS), Mott-Schottky plots,
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and photocurrent density of the materials were measured by electro-
chemical workstation with a three-compartment electrochemical cell
(Chenhua CHI 760E). The Pt wire and Ag/AgCl electrode were used as
counter electrode and reference electrode, respectively. The electrolyte
was 0.2 M NaySOy4 solution. Fluorine-doped tin oxide (FTO) glass plates
(1 cm x 2 cm) were used to attach the samples as working electrode,
and the specific preparation method was as follows: Firstly, the glass
plates were ultrasonically cleaned sequentially with acetone, ethanol,
and deionized water. Then, 5 mg of sample powder and 1 mL of 20%
nafion solution were mixed by ultrasonic dispersion. Next, the mixture
was dropped into a 1 cm? effective working area of the glass plates, and
the samples was heated at 120 °C for 2 h. A 300 W xenon lamp (PLS-
SXE300/300 UV) with a 420 nm cutoff filter was used to simulate visible
light.

2.5. Photocatalytic performance evaluation

The degradation efficiency of TC was used as the index to measure
the photocatalytic performance of samples. The visible light was simu-
lated by a 300 W xenon lamp (PLS-SXE300/300 UV), which used a glass
filter to remove the ultraviolet light with a wavelength below 420 nm.
Typically, 50 mg photocatalyst was added to 50 mL TC solution and
stirred for 60 min under dark conditions to achieve an adsorption-
desorption equilibrium. Under simulated visible light irradiation, 2 mL
of the mixture was sampled at intervals of 15 min. The TC solution and
the photocatalyst were separated by a 0.22 um filter membrane. The
concentration of the TC aqueous solution was measured by high per-
formance liquid chromatography (HPLC, Agilent 1260 Infinity II, USA)
with an EC-C18 column (4.6 x150 mm). The column temperature was
25 °C and the detection wavelength was 280 nm. The volume ratio of
0.01 m oxalic acid aqueous solution to acetonitrile in the mobile phase
was 4:1, and the flow rate was 1 mL min~'. The sample volume was
20 pL for each injection. The formula for calculating the photocatalytic
degradation efficiency (1, %) of TC is as follows:

x 100% @

n= C() _C(
Co

Where CO represents the initial TC concentration, while Ct represents
the TC concentration after t min degradation. The intermediate products
were analyzed via the liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) technology (The specific experimental details
can be found in the Text S1). In order to measure the stability of the
photocatalyst, the used sample was washed with ethanol and ultrapure
water, and then filtered and dried. The collected dry samples were
cyclically tested in accordance with the above-mentioned method. The
total organic carbon (TOC) content was detected by Shimadzu TOC-L
analyzer.

Moreover, to explore the mechanism of photocatalytic degradation,
the contribution of reactive species was identified by trapping experi-
ment. In this experiment, IPA (10 mm), NayCy04 (10 mm), TEMPOL
(10 mm), and L-tryptophan (10 mm) acted as the quenching agents of
«OH, h*, 05, and '0,, respectively.

2.6. Theoretical computation

The coordination structure of the materials were optimized using the
Vienna Ab-initio Simulation Package (VASP) [50,51] with the
frozen-core all-electron projector-augment-wave (PAW) [52,53]
method. The exchange and correlation potential were evaluated by the
Perdew-Burke-Ernzerhof (PBE) [54] of generalized gradient approxi-
mation (GGA). The cutoff energy for the plane-wave basis set was
450 eV. The Monkhorst-Pack k-point [55] sampling wassetto 3 x 1 x 1
for monolayer g-CsN4. A vacuum region of 20 A was added above
monolayer g-C3N4 to minimize the interactions between neighboring
systems. The coordination structure optimizations were carried out until



C. Zhang et al.

the forces on each ion was reduced below 0.01 eV/A.
The formation energies (Eform) of N-vacancy were calculated by the
Eq. (2):

Eform = E (vacancy) — E (pure) + p (N) 2)

where E (vacancy) and E (pure) represent the total energies of N-va-
cancy and pristine C3Ny, respectively. p (N) represents the chemical
potentials of N atom.

The adsorption energy (E,qs) was calculated by the Eq. (3):

Eads: EMo+surface 'Esutface - EMO (3)

where Egyrface is the energy of C3Ny, Epyo is the energy of the Mo atom,
and Epjosurface i the total energy of the Mo/CN compound.

In addition, the Fukui function based on Gaussian 16 [56], Revision
A.03 and Multiwfn 3.7 [57] was used to analyze the active sites of
materials and the tendency of internal electron transfer. On the other
hand, it was also used to analyze the sites where TC molecules are
vulnerable to attack by active species, thus supporting the degradation
pathway of TC. The geometry optimizations are conducted using the
B3LYP functional [58,59], with LanL2DZ pseudopotential basis set [60,
61] for Mo atom and 6-31 G (d) basis set for the other atoms. Moreover,
in order to better describe the weak interactions among molecules,
DFT-D dispersion correction is added to the calculation. In TC calcula-
tion, the solvation effect is considered and PCM implicit solvation model
was adopted. It should be noted that although the methods and basis sets
selected in this study are of low accuracy, they are completely sufficient
for the calculation of Fukui function for qualitative analysis and reactive
site prediction. The specific calculation details can be found in the Text
S2.
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3. Results and discussion
3.1. Physicochemical and electronic properties

The morphologies and structure of different materials were detected
by SEM and TEM. From Fig. 1a and e, CN shows an irregular blocky
structure. After the pretreatment of the precursor, the prepared TCN
formed obvious tubular morphology (Fig. 1b). In addition, the different
shadow distribution shown by TEM image in Fig. 1f confirms the hollow
structure in the tube again. Similarly, Fig. 1c and g show the same
hollow tubular structure as TCN, indicating that the introduction of N
vacancy does not damage the morphology of the sample basically. In the
process of single atom solvothermal loading, Mo atoms on the surface of
Nv-TCN do not accumulate together, and regular tubular structures can
still be observed by SEM (Fig. 1d) and TEM (Fig. 1h). EDS elemental
mapping images (Fig. 1i) exhibits that Mo elements are as uniformly
dispersed as C and N elements. In order to further confirm that Mo is
anchored on the surface of Nv-TCN in the form of atomic dispersion,
HAADF-STEM was used for the characterization of 10-Mo/Nv-TCN
samples. As shown in Fig. 1j, the bright dots represent the atomic-
sized Mo elements. These bright spots are distributed uniformly and
isolated on the surface of the carrier, which proves the successful
preparation of Mo single atoms. Considering that this study involved the
optimization of morphology, Ny adsorption-desorption isotherms and
BJH pore size distribution were used to reflect the influence of
morphological changes. In Fig. 1k, type IV adsorption curves appear in
all the different samples, indicating that the materials had mesoporous
structure. The pore size of the pristine CN is extremely small due to its
bulk structure, while the modified tubular g-C3N4 generally has a larger

Fig. 1. SEM images of a) CN, b) TCN, c) Nv-TCN and d) 10-Mo/Nv-TCN. TEM images of e) CN, f) TCN, g) Nv-TCN, and h) 10-Mo/Nv-TCN. i) EDS elemental mapping
images of 10-Mo/Nv-TCN. j) HAADF-STEM images of 10-Mo/Nv-TCN. k) Nitrogen adsorption-desorption isotherms and the pore size distribution curves (inset).
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pore size. In addition, the BET specific surface areas of CN, TCN, Nv-
TCN, and 10-Mo/ Nv-TCN are 16.20, 34.17, 74.22, and 73.53 mz/g,
respectively. In conclusion, the directional design of g-C3N4 morphology
in this experiment significantly increases the specific surface area and
optimizes the pore size distribution of the sample, thus providing more
anchoring sites for single atoms. Besides, this feature also facilitates light
absorption and mass transfer.

The crystal structures of different samples were reflected in Fig. 2a by
XRD patterns. Typically, all the samples have characteristic peaks
located at 13.0° and 27.5°, corresponding to the (100) and (002) crystal
planes of g-C3Ny4, which can be attributed to the in-plane packed tri-s-
triazine units and the graphene-like n-m layer stacking, respectively
[62]. After morphology modification and the introduction of defects, no
new characteristic peaks are generated or missing in XRD patterns,
which means that TCN and Nv-TCN still maintain the basic crystal
structure of bulk CN. The intensity and position of characteristic peaks in
the spectrum did not change before and after the loading of atom Mo,
indicating the low loading of Mo, and no new compounds such as Mo,C
were generated [63]. The peak density of CN at the position of 27.5° is
obviously stronger than that of other samples, which is due to the size
effect caused by the ultrathin tubular structure, which affects the
stacking structure in the layer [64]. Fig. 2b lists the FT-IR spectra of each
sample to further compare their chemical molecular structures. All
samples have obvious peaks at approximately 810, 1200-1750, and
3000-3400 cm™~'. Among them, the peak around 810 cm™! represents
the out-of-plane bending mode of the triazine units. The absorption peak
between 1200 and 1750 cm ™! and 3000-3400 cm ™! corresponds to the
stretching vibrations mode of C-N heterocycles and N-H in bridged or
terminal amine groups [65]. The characteristic peaks of different sam-
ples remain unchanged, which demonstrates that neither the tubular
morphology nor the N vacancy will have a great influence on the
microstructure of bulk CN, while Mo exists in the form of single atom
and does not change the molecular structure of CN. These conclusions
are consistent with the results of XRD patterns.

In this study, N vacancy was introduced by gas etching. Since the
stability of different bonds in TCN molecules is different, calcination
under Ny conditions will lead to the cleavage of some specific bonds,
resulting in the escape of N atoms from the lattice at specific positions
and the formation of N vacancies. Some characterization was carried out
to verify the successful introduction of N vacancies in the synthesis
process. From the EPR spectrum shown in Fig. 3a, it can be seen that
TCN and Nv-TCN all show single Lorentzian line at the g-value of 2.003.
By comparison, it can be seen that Nv-TCN has a significantly stronger
peak intensity than TCN, which is related to the unpaired electrons of
the C atom in the n-conjugated aromatic rings [66]. This stronger peak
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density can indicate that a certain amount of surface vacancies are
formed on the surface of Nv-TCN, which increases the number of un-
paired electrons [67]. In order to further determine the type of surface
vacancy, EA analysis was performed to compare the atomic ratios of C
and N in different samples (Fig. 3b). Through organic element analysis,
C/N in CN, TCN and Nv-TCN are 0.566, 0.571 and 0.596, respectively.
This indicates that the ratio of C/N in both CN and TCN samples is close
to each other, while a certain proportion of N atoms is missing in
Nv-TCN samples. Similar results were reflected in the XPS data, the XPS
analysis shows that the C/N of the above three are 0.471, 0.482, and
0.571, respectively. Although XPS data is not very accurate, its trend is
consistent with the results of EA, which can be used as a corroboration of
EA data. The increase of the value of C/N indicates that the defects
generated in Nv-TCN should belong to N vacancy. The data in Fig. 3c are
derived from the N element high-resolution spectra in XPS analysis of
Nv-TCN samples. The C=N-C peak areas of CN and TCN are
111438.3 eV and 101617.6 eV, respectively, which decrease to
68657.2 eV after the introduction of vacancy (Nv-TCN). As a
semi-quantitative technique, the peak area data of XPS may not be
particularly accurate, but this result can be used as a preliminary esti-
mate of the N-vacancy generated at the N-2 C coordination position of
g-C3Ny4. To obtain more accurate information of N vacancy, the total
energy of Nv-TCN in defect state and the formation energy of Nv-2 C
(Fig. 3d), Nv-3 C; (Fig. 3e) and Nv-3 Cy (Fig. 3f) vacancy were calcu-
lated by DFT. The total energies of Nv-2 C-TCN, Nv-3 C;-TCN, and
Nv-3 C2-TCN are — 940.66, — 938.58, and — 939.91 eV, respectively. In
general, the lower the energy of a substance, the more stable its struc-
ture. Therefore, the structure of Nv-2 C-TCN is more ideal than
Nv-3 C;-TCN and Nv-3 Cp-TCN. Based on the total energy of pure g-CsN4
(—950.91 eV) and the chemical potential of N atom (—8.31 eV), the
formation energies of Nv-2 C, Nv-3 C; and Nv-3 C, were calculated to be
1.94, 4.02, and 2.69 eV, respectively. The lowest formation energy
means that Nv-2 C is most likely to be generated, which is consistent
with the results of XPS, indicating that Nv-2 C type vacancies are mainly
formed in Nv-TCN.

XPS analysis was used to characterize the influence of morphology
control, vacancies, and single atom Mo on the chemical state and
composition of g-C3Ny. It can be seen from Fig. 4a and Fig. S1a that only
C, N, and O are contained in the survey spectrum of TCN and Nv-TCN,
which is consistent with bulk CN. However, the 10-Mo/Nv-TCN sam-
ple produces a significant new peak corresponding to Mo element, which
means that the Mo atom is successfully anchored to the surface of Nv-
TCN. The peaks of the Cls element high-resolution spectrum in CN
(Fig. S1b) at 284.8, 285.7, and 287.9 eV correspond to absorbed hy-
drocarbons, sp®-coordinated C, and sp? hybridized C from the N-C=N

Fig. 2. a) XRD patterns and b) FT-IR spectra of the different samples.
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Fig. 3. a) EPR spectra of samples. b) C/N atomic ratio of samples from EA and XPS. c) The peak area of C=N-C from XPS. The schematic diagram of three different N
vacancies in carbon nitride: d) Nv-2 C, e) Nv-3 Cy, and f) Nv-3 C; (gray, carbon; blue, nitrogen).

Fig. 4. XPS spectra for TCN, Nv-TCN, and 10-Mo/Nv-TCN: a) survey spectra, b) Cls, c¢) N1s, and d) Mo3d.
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bond, respectively [68,69]. By comparison with Fig. 4b, TCN and
Nv-TCN do not generate new peaks, while the peak corresponding to
N-C=N for Nv-TCN is weakened relative to TCN, which is due to the
introduction of N vacancy leading to the deletion of this bond. For
10-Mo/Nv-TCN. A new peak belonging to C-Mo is formed at the
284.2 eV position [70], and it is believed that a strong electronic
coupling has occurred between the atomic Mo and the g-C3Ny4 support.
Fig. Slc and Fig. 4c compare the high-resolution spectra of N1s element
in different samples. The CN, TCN, and Nv-TCN show three obvious
peaks, among which 398.4 eV represents sp> hybridized aromatic N,
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399.5 eV represents N-Cg group, and 400.8 eV corresponds to terminal
C-NHy amino functions [71]. After the introduction of N defect, the peak
strength of N1s in the Nv-TCN sample (especially C=N-C) is signifi-
cantly weakened, suggesting that the N vacancy is indeed generated in
the material. Furthermore, the peak at 396.4 eV in the spectrum of the
10-Mo/Nv-TCN sample reflects the formation of N-Mo [35]. The Mo 3d
element peak is only observed in the 10-Mo/Nv-TCN sample. In Fig. 4d,
The Mo 3d spectrum of 10-Mo/Nv-TCN can be separated into two pairs
of peaks, where the two pairs of peaks at 231.2/234.3 and
232.2/235.3 eV correspond to Mo** and Mo®", of which Mo®* occupies

Fig. 5. a) XANES and c) FT-EXAFS spectra of Mo foil, MoO3, and 10-Mo/Nv-TCN at Mo K-edge. b) WT-EXAFS spectra of Mo foil, MoO3, and 10-Mo/Nv-TCN. d) FT-
EXAFS fitting curves of the 10-Mo/Nv-TCN at Mo K-edge, inset: q space fitting curves of the 10-Mo/Nv-TCN. e) Optimized DFT calculation model of 10-Mo/Nv-TCN
(gray, carbon; blue, nitrogen; turquoise, molybdenum).
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the majority [70]. In conclusion, the results of XPS analysis on the one
hand confirmed that there are a certain number of N vacancies in the
material, and on the other hand, it also indicated that a stable coordi-
nation structure was formed between Mo atom and Nv-TCN, and the
strong interaction was mainly caused by the Mo-C/N bond.

To further explore the chemical states and local coordination envi-
ronment of Mo species at the atomic level, synchrotron radiation-based
XANES and EXAFS characterizations at Mo K-edge were performed. As
shown in XANES curves in Fig. 5a, the position of 10-Mo/Nv-TCN curve
shifts significantly in the direction of higher energy compared with that
of Mo foil, indicating that Mo species have a positive valence state. In
addition, the absorption edge of the sample is close to MoOs, which
proves that Mo atoms exist mainly in the form of + 6 valence. The edge
front of the sample near 19995 eV moves forward relative to MoOs,
which is the result of interaction between Mo species and coordination
atoms (such as C or N) with less electronegativity than O. The wavelet
transform (WT) spectra in Fig. 5b can reflect the distance of coordination
atoms and distinguish the types of coordination atoms [72]. The k value
corresponding to the contour center of 10-Mo/Nv-TCN sample is less
than Mo foil and MoOs, which means that there is almost no Mo-Mo
coordination in the sample, but coordination occurs with non-metallic
atoms whose mass number is less than O. In Fig. 5c, Fourier transform
(FT)-EXAFS exhibits that the 10-Mo/Nv-TCN sample appears a single
peak at about 1.3 A, which is caused by Mo-C or Mo-N bonds [73]. For
Mo foil, the Mo-Mo signal is concentrated at 2.6 A, while the
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10-Mo/Nv-TCN sample has almost no obvious peak at this position. This
result once again proves that the Mo species is dispersed in the form of
single atoms on the Nv-TCN surface. Quantitative structural parameters
of Mo species in different samples are displayed in Fig. 5d, Fig. S2, and
Table S1. These results can explain the Mo-C/N coordination structure
formed by the Mo atom and the support in the 10-Mo/Nv-TCN sample,
and the number of coordination was quantized to be about 3.9. In
addition to sample characterization techniques, theoretical calculation
methods are also used to further explore the local coordination envi-
ronment of Mo atoms. The Mo/Nv-TCN structure was optimized by DFT
to obtain the most thermodynamically stable model. Meanwhile, the
adsorption energy of the coordination structure was calculated. As
shown in Fig. 5e, the single-atom Mo is located in the interlayer of
Nv-TCN, and is connected with Nv-TCN support by two Mo-C and two
Mo-N bonds to form a Mo-2 C/2 N coordination structure. This coordi-
nation model is consistent with the results of EXAFS both in terms of the
species and number of coordination atoms. According to the energy of
Mo/Nv-TCN (—947.57 eV), Nv-TCN (—940.66 eV), and Mo (—0.23 eV),
the adsorption energy of Mo-2 C/2 N structure is finally calculated as
— 6.68 eV, which proves the stability of the structure. As for the for-
mation mechanism of single atom Mo, on the one hand, under high
temperature and high pressure, the N vacancies in the material can
anchor Mo atoms, thus causing Mo atoms to bond with Nv-TCN mole-
cules at specific sites; on the other hand, solvothermal reaction ensures
the uniform dispersion of Mo atoms and further inhibits the aggregation

Fig. 6. Fukui function CDD of a) TCN, b) Nv-TCN, and ¢) Mo/Nv-TCN (The orange and turquoise colors represent the positive and negative phases of the molecular
orbital). d) The chemical structure of Mo/Nv-TCN (gray, carbon; blue, nitrogen; white, hydrogen; turquoise, molybdenum).
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of atoms. The combination of these factors leads to the successful for-
mation of single atom Mo.

In order to further analyze the changes in electronic structure of TCN
caused by N vacancy and atomic Mo, and to determine the transfer trend
of photogenerated electrons and the active site, the local structural units
of tri-s-triazine ring in CN molecules were analyzed by Fukui function
[57]. By adding and subtracting electrons (q (N + 1) or q (N-1)) into the
structural units of CN, the electron gain and loss capacities of different
atoms in the material molecules is calculated theoretically [74], and
then the internal charge transfer situation is simulated. Fig. S3 specif-
ically lists the Fukui index isosurfaces of TCN, Nv-TCN and Mo/Nv-TCN.
In addition, the Fukui function condensed dual descriptors (CDD) iso-
surfaces of TCN, Nv-TCN and Mo/Nv-TCN are compared (Fig. 6). It can
be seen that compared with TCN, the introduction of N vacancy weakens
the conjugation effect of triazine ring elements, destroys the delocalized
7 bond, and leads to the uneven distribution of charge. When the atomic
Mo is introduced, the charge distribution of Nv-TCN changes again. Mo
atoms are closely surrounded by the Fukui index isosurface, which
proves that the surface charge changes of Mo atoms are the most sig-
nificant. The specific value can be obtained from Table S2. Among all the
analyzed atoms, the absolute value of CDD of Mo atom (0.0789) is the
largest. In the photocatalytic system, the f is used to measure the elec-
tron loss ability of different atoms, and then the electron distribution of
atoms inside the material during the photocatalytic reaction is simu-
lated. The Mo atom displays a higher f value (0.1591), indicating that
Mo atoms acted as the main active site. At the same time, there is a
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tendency of electron transfer from surrounding atoms to Mo atoms.
Therefore, the introduction of atomic Mo leads to the directional
transfer of local charge on the surface of Nv-TCN, and the Mo-2 C/2 N
bonds function as the bridge of charge transfer.

3.2. Optical property

To measure the light absorption performance of the sample and
explore its band structure, the UV-vis DRS is shown in Fig. 7a. Typically,
CN has a steep semiconductor absorption edge at 450 nm. Compared
with bulk CN, the absorption edge of TCN and Nv-TCN is redshifted,
which is closely related to defect effect and the light reflection effect of
the tubular structure. For the sample with higher Mo atom content, the
redshift of absorption edge is more obvious, and the light absorption
performance of the material gradually becomes stronger. This indicates
that the introduction of single atom Mo helps to enhance the visible light
absorption capacity of the material. The Kubelka-Munk function was
used to convert the data of UV-vis DRS to obtain the bandgap energy of
the photocatalyst, as shown in Fig. 7b. The bandgaps of CN, TCN, Nv-
TCN, and 10-Mo/Nv-TCN are 2.56, 2.48, 2.41, and 2.33 eV, respec-
tively, showing a trend of gradually narrowing. To further clarify the
band structure of the samples, the valence band (VB) potentials of CN,
TCN, Nv-TCN, and 10-Mo/Nv-TCN were 1.81, 1.74, 1.71, and 1.66 eV,
which were reflected by the XPS valence band spectrum (Fig. 7c). The
conduction band (CB) potential of the sample can be calculated ac-
cording to the Eq. (4):

Fig. 7. a) UV-vis DRS and b) corresponding plots of transformed Kubelka-Munk function versus photon energy of the samples, ¢) VB-XPS spectra and d) the

estimated band structure alignments of the samples.
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Ecg =Evg —E @

Where Eg represents the band gap energy, and ECB and EVB represent
the potential of CB and VB, respectively. According to these results, the
band structure diagrams of different samples were drawn in Fig. 7d. In
the process of gradual modification of the material, the band structure of
the sample was also constantly changing. For TCN, the change of
morphology and the difference of precursors are the reasons for its
narrow band gap compared with CN [8]. When N vacancies are intro-
duced, the absence of N atoms in the n-conjugated aromatic ring leads to
the reconstruction of the band structure, and relevant studies have
shown that a new midgap states will appear [47]. Generally speaking,
for the doping of metal elements, in addition to the partial lattice
distortion of the original chemical structure, the impurity level is an
important factor leading to the change of the band structure. In this
study, the appearance of Mo 4d orbital induced the band structure to
change again [37].

To investigate the electron and hole behavior of the photocatalytic
process, PL and TRPL were used to characterize the separation and
transfer properties of the charge carriers. From Fig. 8a, under the exci-
tation condition of 340 nm wavelength, CN shows the PL curve of
maximum density. The curve densities of TCN and Nv-TCN gradually
weaken. After Mo is loaded on Nv-TCN, PL density decreases again, and
the signal of 10-Mo/Nv-TCN is the weakest. Therefore, the morphology
modification of CN and the introduction of defects can inhibit the
recombination of photogenerated charges, while the loading of single
atom Mo further promotes the separation of charge carriers and has a
lower charge recombination rate. In Fig. 8b, the lifetimes of photo-
generated electrons produced by different samples is measured by TRPL
decay curve. Fig. 8c lists the average electron lifetimes (t,ve) after
calculation, and the datailed calculation method is shown in the
following Eq. (5):

- BIT%+B2T§

5
Bi7,+By1, ®)

Among them, t; and 75 respectively represent two different lifetime
components, while B; and B, represent their corresponding normalized
amplitudes [75]. It can be seen from the calculation results that the
fluorescence lifetime of TCN is 7.78 ns, which is greater than the 6.45 ns
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of bulk CN. This phenomenon is caused by the morphology of the sample
and is related to its specific surface area, which inhibits the recombi-
nation of electrons and holes. N vacancies can be used as electron cap-
ture sites [76], thereby promoting electrons to participate in a series of
activation reactions and shortening the electron lifetime (6.89 ns). The
10-Mo/Nv-TCN sample exhibits the shorter electron fluorescence life-
time (6.50 ns), indicating that single atom Mo can enhance separation
and transfer capabilities of charge carriers.

Fig. 8d shows the Mott-Schottky curves of different samples. First of
all, the curves of all samples show a positive slope, indicating that they
belong to n-type semiconductor materials. In addition, the charge carrier
density (Np) generated by each sample can be compared through the
slope of the curve. The specific calculation method is shown in the
following Eq. (6) [77]:

2 1
D= ——
qee slope

©

Among them, q (1.602 x 10-19 C), € (5.25), and ¢o (8.85 x 10™1*
Fem™2) are all constants: q represents the electronic charge; & and
o represent the dielectric constant of g-CsN4 and the permittivity in
vacuum, respectively. Therefore, the density of charge carriers is
inversely proportional to the slope of the sample’s Mott-Schottky curve.
The charge carrier densities of the four samples were sorted as follows:
10-Mo/Nv-TCN > Nv-TCN > TCN > CN.

In addition, the photo-electrochemical test of the samples was also
used to evaluate their photogenerated charge carrier behavior. The EIS
curve in Fig. 8e reflects the electrical conductivity of the sample. TCN
and Nv-TCN show a smaller slope than bulk CN, while 10-Mo/Nv-TCN
has the smallest arc. So, the electrical resistance of the sample is CN
> TCN > Nv-TCN > 10-Mo/Nv-TCN, while the electrical conductivity is
just the opposite. The better electrical conductivity endows the samples
with stronger electron transfer performance. In Fig. 8f, transient
photocurrent responses curves reflect the ability of different photo-
catalysts to excite electrons and holes. In this experiment, the time in-
terval between the light source on and off is 10 s. When the light is
turned on, all the samples show obvious photocurrent signals, which
basically remain unchanged until they drop to the background value at
the moment of the next light off. The sample with the strongest photo-
current density is 10-Mo/Nv-TCN, followed by Nv-TCN and TCN, while

Fig. 8. a) Steady-state PL spectra, b) TRPL decay spectra, ¢) TRPL lifetimes, d) Mott-Schottky plot, e) EIS, f) transient photocurrent curves of the samples.
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bulk CN has the weakest signal. To sum up, these results all prove that,
with the dual assistance of morphology and defect engineering, the
implantation of single atom Mo can significantly enhance the excitation
of photogenerated electrons, promote the separation and transfer of
charge carriers, thus achieving more efficient photocatalytic
performance.

3.3. Photocatalytic activities and mechanisms

In this study, TC was used as the removal object to measure the
adsorption and photocatalytic capacity of different prepared photo-
catalysts. In Fig. 9a, the control curve reflects the change of TC con-
centration in the catalyst-free system, which indicated that TC has high
stability and its self-decomposition can be ignored. All photocatalytic
systems first undergo a 1 h dark reaction to evaluate the adsorption
effect of the sample. There are different kinds of interactions between TC
molecules and photocatalyst samples. First of all, the surface of TC
molecule and Mo/Nv-TCN sample have different surface charge prop-
erties, and this characteristic will change with the pH of the solution, so
there is electrostatic interaction between them [78]. Then, the saturated
N in the chemical structure of Mo/Nv-TCN has exposed lone pairs of
electrons, which will form hydrogen bonds with H-containing structures
in the TC molecule, such as phenolic hydroxyl groups, terminal amino
groups, and other hydroxyl groups. In addition, the n-n stacking between
the TC molecules and the photocatalyst sample is also a very important
factor in the formation of adsorption [79]. Ultimately, the metallic Mo
contained in Mo/Nv-TCN may have surface complexation with the polar
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functional groups of TC molecules. It is these interactions that lead to the
adsorption behavior of TC molecules on the surface of Mo/ Nv-TCN
samples [80]. The adsorption effect of TCN and Nv-TCN on TC is
slightly improved compared with that of bulk CN, which is caused by the
increase of specific surface area of tubular morphology. The adsorption
amount of TC gradually increased with the increase of Mo content in the
sample, indicating that the single atom Mo is beneficial to the adsorption
of TC, thereby promoting the degradation of TC. As a transition metal
element, Mo is incorporated into the chemical structure of Nv-TCN,
which will enhance the electropositivity of the sample surface and
provide valence electrons [81]. Due to the large number of positively
charged sites introduced by Mo atoms on the surface of the material, it
will interact with negatively charged TC species, thereby promoting the
adsorption performance of TC molecules. In addition, the exposed Mo on
the surface may have a complexation with the polar functional groups of
TC molecules to produce stronger adsorption capacity [80]. In the
subsequent 1 h photocatalytic reaction, bulk CN showed the worst
degradation efficiency (46.62%). The degradation performance can be
optimized to a certain extent through morphology modification and N
defect engineering, and the degradation efficiency is increased to
62.23% and 64.59%, respectively. However, it should be noted that in
all catalytic systems, the high degradation ability of TC is largely
dependent on the loading of single atom Mo. The TC removal efficiency
of all the atomic Mo composite systems is better than that of the
monomer CN system. At first, the photodegradation performance of the
samples gradually enhanced with the increase of Mo content. The
optimal 10-Mo/Nv-TCN composite sample shows the highest

Fig. 9. a) Photocatalytic degradation efficiency and b) corresponding kinetic curves of TC with time over various samples under visible light irradiation. c¢) The
cycling experiment for the degradation of TC by 10-Mo/Nv-TCN. d) TOC removal curves of TC on 10-Mo/Nv-TCN.
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degradation efficiency of TC, which could reach 94.45%, under 1 h
visible light illumination. Nevertheless, With the further increase of Mo
content from 10-Mo/Nv-TCN to 20-Mo/Nv-TCN, the photocatalytic ef-
ficiency decreases obviously. This is due to the excessive atom load on
the surface of the material, which affects the absorption of visible light.
In addition, lots of Mo atoms may aggregate on the surface of the sup-
port, and the nanoparticles or clusters formed may become new
recombination centers, resulting in the recombination of charge carriers
[82]. The apparent rate constant (k) of photocatalysis shown in Fig. 9b
reflects the reaction kinetics of degradation, and the k was calculated by
Eq. (7):

— In(C,/C,)

" )

The 10-Mo/Nv-TCN sample has the largest apparent rate constant
(k = 0.049), which is 4.46 times that of bulk CN. The reason for this
phenomenon is partly due to the modification of morphology and de-
fects, and mainly due to the promoting effect of single atom Mo loading.
Meanwhile, 10-Mo/Nv-TCN sample and other g-C3N4 based photo-
catalysts were compared for TC degradation ability (Table S3). Both the
removal rate of TC and the apparent rate constant prove that 10-Mo/Nv-
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TCN is a high-performance photocatalytic material.

To evaluate the stability of the sample, a cycle experiment was car-
ried out on the 10-Mo/Nv-TCN sample. As shown in Fig. 9¢c, after each
cycle, the photodegradation performance of the material is reduced to a
certain extent. However, after four cycles of experiments, the degrada-
tion efficiency of TC can still maintain more than 75%, which proves
that the sample has good reusability. In addition, the used 10-Mo/Nv-
TCN samples were characterized by XPS, XRD, and FT-IR (Fig. S4). It
was found that the chemical composition and structure of the material
did not change significantly after photocatalytic degradation of TC,
which further demonstrated its chemical stability. Meanwhile, the 10-
Mo/Nv-TCN sample still basically maintained the previous tubular
morphology after the reaction (Fig. S5), proving that the material has
good morphological stability. The removal efficiency of TOC is used as
an evaluation index to measure the mineralization performance of the
photocatalyst on organic pollutants. As exhibited in Fig. 9d, the 10-Mo/
Nv-TCN sample has a TOC removal efficiency of 25.6% after being
excited by visible light for 60 min, which has certain mineralization
properties.

In the process of TC degradation, a variety of intermediates will be
produced. Using the LC-MS/MS technology to reasonably analyze the

Fig. 10. Possible TC photodegradation pathway over 10-Mo/Nv-TCN.
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intermediates is helpful to better clarify the degradation pathways of TC.
Fig. S6 and Table 54 lists the intermediates that may be produced during
the degradation process, including their m/z, molecular formula, and
structure. The specific degradation pathway is shown in the Fig. 10. TC
with 444.8 m/z is first attacked by ¢OH and then hydroxylated to form
TC 1 (m/z = 458.7). TC 2 (m/z = 431.7) is produced by the loss of two
N-methyl groups from TC 1. Following by, TC 2 is converted into TC 3
(m/z = 359.0) by removing water molecules and ring-opening process.
In another possible path, TC first loses two N-methyl groups to form TC 4
(m/z = 416.8). TC 5 (m/z = 362.1) is formed through deamidation and
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deamination. TC 6 (m/z = 318.0) is produced through further dehy-
droxylation and ring-opening reaction. In addition, TC 4 can also be
dehydrated to form TC 7 (m/z = 399.3), which will undergo deamina-
tion reaction in the next step to transform into TC 8 (m/z = 384.7),
followed by the cleavage of carboatomic ring to yield TC 9 (m/
z = 345.7). What’s more, TC 8 can also undergo dealdehyde and mul-
tiple hydrogenation to form TC 10 (m/z = 367.8). The cleavage of car-
boatomic ring and hydroxylation is assumed to occur on TC 10, as a
result of generating TC 11 (m/z = 340.2). Afterwards, these in-
termediates can be further decomposed into TC 12 (m/z = 114.2), TC 13

Fig. 11. a) Photocatalytic degradation curves of TC with different quenchers over 10-Mo/Nv-TCN under visible light irradiation and b) the corresponding kinetic
constants as well as the relative contributions of different quenchers. ESR spectra of reactive species tapped by the ¢) TEMPO-h" adducts, d) DMPO-e0," adducts, €)
TEMP-'0, adducts, and f) DMPO-eOH adducts for 10-Mo/Nv-TCN under visible light irradiation.
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(m/z = 142.1), and TC 14 (m/z = 168.4) with lower molecular weights.
Finally, after further mineralization, these small molecules can be
completely converted into CO,, HoO, or other molecules.

To further clarify the degradation process, Fukui function based on
DFT is used to determine the reactive sites of TC molecules [83]. In this
analysis, CDD values is mainly used to measure the reactivity of different
sites. Generally speaking, sites with higher CDD absolute values are
more vulnerable to attack [74]. As shown in Fig. S7 and Table S5, the
N45 atom shows a relatively low CDD value (—0.0364) and is clearly
surrounded by the isosurface of Fukui index, suggesting that it is a
critical site for reactive species. Moreover, the f* value (0.0304) and {°
isosurface of N45 atoms also reflect their tendency to be attacked by free
radicals. This result is consistent with the loss of the two N-methyl
groups in the above pathway analysis, and is a core step in the overall
pathway. Besides, through comparative analysis, C20 (0.0942), C22
(0.0850), 023 (0.0791), and 038 (0.0538) all have high CDD absolute
values, which is closely related to subsequent processes such as ring
opening and dehydration. The results of these theoretical calculations
can effectively support the inferred results of the TC molecular degra-
dation pathways.

For the purpose of understanding the contribution of reactive species
generated by the 10-Mo/Nv-TCN sample in the process of photocatalytic
degradation of TC, the trapping experiment was used to deeply explore
the degradation mechanism. In this work, 10 mM NazC,04, TEMPOL, L-
tryptophan, and IPA were used as quenchers for holes (h™), superoxide
radical (eO2), singlet oxygen(loz), and hydroxyl radicals (eOH),
respectively. As displayed in Fig. 11a, after the quenching of e0y by
TEMPOL, the degradation efficiency of TC decreased significantly from
94.5% to 18.5%. When NayCy04, L-tryptophan, and IPA were present in
the photocatalytic system, the degradation efficiency decreased to
56.5%, 62.56%, and 88.91%, respectively. Fig. 11b shows the kinetic
constants and corresponding contributions under different quencher
conditions. The apparent rate constants in the presence of NayCpOj4,
TEMPOL, L-tryptophan, and IPA were 0.015, 0.0039, 0.017, and
0.039 min~, respectively. The contribution of each active species was
calculated according to the Eqs. (8)-(11):
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According to the above formula, the contribution of h', -03, 1,,, and
-OH to TC degradation was 69.4%, 92.0%, 65.3%, and 20.0%, respec-
tively. It is worth noting that the total contribution of the different active
species is significantly more than 100%, mainly due to the very complex
radical chemistry involved in the photocatalytic reaction [84]. Under
certain conditions, there exists transformation relationship between
different active species. Therefore, in addition to quenching a specific
active species, a trapping agent can also affect a series of subsequent
transformation processes, resulting in a phenomenon of over 100%
contribution [85]. In summary, the most important active species pro-
duced by 10-Mo/Nv-TCN photocatalyst during the degradation of TC
was 0Oy, followed by h™, 102, and eOH. In addition, 5,5-dimethyl-1--
pyrroline N-oxide (DMPO), the 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), and 2,2,6,6-tetramethylpiperidine (TEMP) spin-trapping
ESR technology was used to monitor the production of active species
over the 10-Mo/Nv-TCN more intuitively. As shown in Fig. 1lc,
TEMPO-h™' adduct generates a signal with the peak density of 1:1:1,
which proves the generation of photogenerated h™. The peak density is
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the highest in the dark condition, and decreases gradually with the
prolonging of irradiation time. Similarly, the 1:2:2:1, 1:1:1:1, and 1:1:1
density signal shown in Figs. 11d, 1le, and 11 f correspond to
DMPO-¢0y, TEMP-IOZ, and DMPO-eOH, respectively [86]. Under dark
conditions, none of these three kinds of signals are produced, but with
the beginning of light excitation, these three kinds of signal curves begin
to appear and the density gradually strengthens over time. Therefore,
the ESR curve further confirms the generation of active species during
the photocatalytic degradation, and it continues to generate with the
extension of illumination time.

A possible photocatalytic degradation mechanism of TC over 10-Mo/
Nv-TCN was delineated in Scheme 2. Under visible light irradiation, the
photocatalyst produces photogenerated electrons and holes (Eq. (12)).
Due to the effect of loading single atoms, the local photogenerated
charge carriers have a tendency to migrate to Mo atom, and the Mo-2 C/
2 N bond acts as the bridge of charge transfer, so the single atom Mo
becomes the main active site of the reaction. The CB edge potential of
10-Mo/Nv-TCN (—0.67 V vs. NHE) is more negative than the standard
redox potential of Oy/ O3 (—0.33 V vs. NHE), which means that the
electrons on CB can combine with molecular oxygen to produce ¢Oy
(Eq. (13)). The combination of 0,  and h™ leads to the formation of 102
(Eq. (14)), and 0y can also react with electrons (e’) and H' to form
H30, (Eqg. (15)). In the subsequent reaction, HyO, will continue to
combine with e to form eOH (Eq. (16)). The h™, ¢0y, 102, and eOH
produced in the above process act as important active species and react
with TC molecules to facilitate the degradation process (Eq. (17)).

10-Mo/Nv-TCN + hv — 10-Mo/Nv-TCN (h*/e") 12)
0O, + ¢ - ¢0Oy (13)
0, +ht =10, 14
0y +2H" + ¢ - Hy0p (15)
H;0; + ¢ - OH + ¢OH (16)
(h*/e057/ l02/oOH) + TC — degraded products a7

4. Conclusion

In summary, the isolated single atom Mo was incorporated into the
Nv-TCN by a simple solvothermal method, and SACs were optimized by
morphology modification and defect engineering of the support. The
tubular morphology gives CN a larger specific surface area, thereby
providing more single atom anchor sites. Based on the results of sample
characterization and theoretical calculation, it is speculated that the
existence of N vacancies induces the formation of stable Mo-2 C/2 N
coordination between atomic Mo and Nv-TCN carrier. The Mo single
atoms in the Nv-TCN expands the absorption range of visible light, ac-
celerates the separation and transfer of photogenerated electrons, re-
duces the recombination rate of electron-hole pairs, and increases the
charge density. The local charge on the surface of carbon nitride tends to
transfer in a directional way, and the Mo-2 C/2 N bonds act as the bridge
of charge transfer. At the same time, changes in the internal electronic
structure cause Mo atoms to become the main reactive center. Benefiting
from the cooperation of support modification and single atom Mo, the
10-Mo/Nv-TCN exhibits excellent photocatalytic performance toward
TC degradation. As the optimal sample, the 10-Mo/Nv-TCN sample
shows an excellent apparent rate constant (0.049 min 1) for degrada-
tion of TC under visible light irradiation, which is 4.46 times that of
pristine CN. This study sheds light on the rational manipulation of single
atom incorporated modified photocatalysts for the high-performance
degradation of antibiotics.
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Scheme 2. The proposed photocatalytic degradation mechanism of TC in Mo/Nv-TCN.
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