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Abstract

Developing highly efficient photocatalysts for refractory pollutants degradation and hydrogen
peroxide (H20) production is an ideal strategy to tackle environmental pollution and energy crisis.
Herein, we synthesize a novel 2-hydroxy-4,6-dimethylpyrimidine (HDMP) grafted polymeric carbon
nitride (CN) photocatalyst (ACN) by a facile in situ keto-enol cyclization method for addressing these
issues. The photogenerated electrons and holes are migrated to HDMP and heptazine moiety,
respectively. And the average decay lifetime of photogenerated charges of CN and ACN-10 is
increased form (222 +23) to (289 +38) ps. Benefiting from the controllg}e electronic migration and
accelerated intramolecular charge separation, the ACN photocatalyst \&ibjtsglsuperior visible-light-
driven photocatalytic activity for oxytetracycline degradatign and H.Oxproduction. This work makes
an insight into the intramolecular charge dynamics in C esents a promising approach to the

oxytetracycline degradation and H20 producti
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1. Introduction

With the rapid growth of industrialization and urbanization in recent years, the environmental
pollution and energy crisis have been considered as two major challenges across the world [1-5].
Oxytetracycline (OTC) is a widely used prophylactic antibiotic with the merits of broad-spectrum
activity and low cost. But the exposed OTC in water bodies will adversely affect ecological systems
via restraining the growth of microorganisms, inducing the generation of antibiotic resistant bacteria
and bringing about other ecotoxicological effects [6-9]. Meanwhile, as an ideal alternative energy
carrier to Hz in fuel cell, hydrogen peroxide (H202) has attracted gggich interest owing to its
convenience and safety in store and transport, and the capability tg be\Xilizedgh single-compartment

direct peroxide-peroxide fuel cell (DPPFC) [10, 11]. In agdition, H>8 Is also a clean and versatile

2

oxidant, which has been efficiently applied to the pul % g, disinfection and environmental
remediation [12-14]. Nevertheless, traditiona ch@es such as anthraquinone method and

electrocatalytic oxygen reduction reactioney route often present complicated processes, high

risks, potential pollutions and high()@

[15-17].

As a desirable techn address these problems, semiconductor photocatalysis which can
directly utilize solar energy to activate molecular oxygen to generate reactive oxygen species (ROS)
is a promising way for the degradation of refractory pollutants and synthesis of H>O2 [18-22]. Among
the numerous explored photocatalysts, polymeric carbon nitride (CN) has emerged as the ideal
candidate due to its favorable band gap, chemical stability, abundance and environmental benignity
[23-26]. Since the pioneering work reported in 2009 by Wang et al. [27], CN has been frequently
employed in the field of photocatalysis, such as photocatalytic Hz evolution, photocatalytic CO>

reduction and photocatalytic organic pollutants degradation. In particular, Shiraishi et al. [28] found
3
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that CN presented a high selectivity for H>O production under visible light irradiation (A > 420 nm)
in water with alcohol and O owing to the efficient formation of 1,4-endoperoxide on its surface.
However, pristine CN generally suffers from insufficient visible light absorption, low conductivity,
and high recombination rate of photogenerated charge carriers, resulting in very poor photocatalytic
performance [29-32].

Recently, the strategy of molecular engineering was executed in CN to greatly improve the
photocatalytic performance by modulating the band structure and the electronic structure for the
extended optical absorption and the accelerated charge transfer [33]. Forgagample, our group achieved
superior photocatalytic degradation of sulfamethazine under visible IINN irraggfition, by incorporating
2,5-dibromopyrazine into CN networks through a bottgm-up metwd, to enhance visible light
absorption and boost charge carrier separation [34]. K

biphenyl diimide into the CN framework, Wi@lyﬂc performance for H>O2 production

remarkably enhanced as compared to pristd owing to the electron-deficient biphenyl diimide

al. [35] successfully incorporated

giving rise to the accelerated SQ n f Photogenerated charge carriers. Kim et al. [36]
C

demonstrated that anthraquir@

spectral absorption, an ved separation and transfer of photogenerated charge carriers,

endow CN with abundant H202 evolution site, extended

contributing to the significantly enhanced photocatalytic activity for H.O2 production. These previous
studies indicate that molecular engineering could highly efficient elevate the photocatalytic activity
of CN. Nevertheless, the investigation of molecular engineering on CN is still at an early stage, and
most reported samples have been developed in a complex process. More importantly, the precise
control of local electronic migration and the understanding of charge separation in molecular level is
still insufficient. In this regard, it is necessary to develop a facile route to precisely modulate the

structure of CN, and deeply explore the fundamental mechanism of charge carrier dynamics.
4
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In this work, we develop a facile approach to control the electronic structure of CN by an in situ
keto-enol cyclization route of urea and acetylacetone, incorporating the 2-hydroxy-4,6-
dimethylpyrimidine (HDMP) into the molecular framework of CN. The morphologies and structures,
optical and photoelectrochemical properties of the obtained samples are detailedly characterized and
compared. Subsequently, their electronic structures are elucidated by the density functional theory
(DFT) calculations. More importantly, the separation dynamics of photogenerated charges are
investigated by photoluminescence (PL) spectra, time-resolved photoluminescence (TRPL) spectra
and femtosecond transient absorption (fs-TA) spectra. Finally, their phoiagatalytic performances and
mechanisms for the OTC degradation and H.O:> production greN\aluaggd under visible light
irradiation.

2. Experimental Section

2.1. Synthesis of CN and ACN &@

All the raw materials were of analytica p and used without further purification. In a typical

synthesis procedure, a certain volc@et acetone and 10 g of urea were mixed. Then the

resulting mixture was placed gff a co™€d alumina crucible and heated to 550 <C for 3 h with a ramp
rate of 3 T min™t. After 0 room temperature, the product was washed with deionized water
several times and dried at 70 <C for 12 h. The samples were denoted as ACN-5, ACN-10 and ACN-
30, with the volumes of acetylacetone in the initial precursor being 5, 10 and 30 uL, respectively. For
comparison, the pristine CN was synthesized without adding acetylacetone. Besides, the volume of
acetylacetone was increased to 200 pL (denoted as ACN-200) for the analysis of solid-state 13C
nuclear magnetic resonance (NMR).

2.2. Characterization

Scanning electron microscopy (SEM) images were collected using a Zeiss Gemini 300 electron
5
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microscope. Transmission electron microscopy (TEM) images were acquired on a FEI Tecnai G2 F20
S-TWIN electron microscope. Nitrogen adsorption-desorption isotherms were recorded on a
Micromeritics ASAP 2020 HD88 instrument. X-ray diffraction (XRD) patterns were performed on a
Bruker D8 Focus diffractometer using a Cu Ka radiation source. Raman measurements were
conducted on a Horiba Jobin Yvon LabRAM HR800 Raman spectrometer with an excitation
wavelength of 325 nm. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra
were obtained using a Thermo Nicolet 5700 spectrophotometer. Solid-state *3C NMR spectra were
measured on a Bruker Avance I11 600 spectrometer with cross-polarizatiag magic angle spinning. X-
ray photoelectron spectroscopy (XPS) spectra were acquired, us a rmo Escalab 250Xi

spectrometer with Al Ko as the excitation source. UV-vjg diffuse ré§lectance spectra (DRS) were

obtained on a PerkinElmer Lambda 750 UV/vis/NIR_sp NWotometer. Electron spin resonance
(ESR) spectra were recorded on a JEOL mo ESGSL00 ESR spectrometer. PL spectra were

collected using a PerkinElmer LS-55 fluo @ spectrophotometer. TRPL spectra were recorded

on a FLS 980 fluorescence lifetim roghotometer. fs-TA measurements were performed on a

Helios pump-probe system ( stems LLC) combined with an amplified femtosecond laser
system (Coherent).
2.3. Theoretical computation

Gaussian program was employed for DFT calculations. Geometry optimization was performed
at M06-2X/def2-SVP level. Wavefunction analysis was carried out with Multiwfn program. Due to
the fact that M06-2X tends to overestimate highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gap, although it usually gives better geometry and density, the

HOMO and LUMO energies were calculated with the B3LYP functional.

2.4. Photoelectrochemical test
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The photoelectrochemical tests were performed on a Chenhua CHI 760E electrochemical
workstation with a standard three-electrode cell in 0.2 mol L™ Na,SOs electrolyte using Ag/AgClI
electrode, Pt wire electrode and sample electrode as the reference electrode, counter electrode and
working electrode, respectively. The working electrode was fabricated as follows: 5 mg of the sample
was uniformly dispersed in 1 mL of 10% nafion solution to produce a slurry. Then, the slurry was
coated onto a fluorine-doped tinoxide (FTO) glass (effective area: 1 cm?) and dried at 80 <C for 4 h.
For transient photocurrent test, a 300 W xenon lamp (PLS-SXE300/300UV, Perfect Light) equipped
with a 420 nm cutoff filter was utilized to provide light source. ctrochemical impedance
spectroscopy (EIS) were recorded in the frequency range of 107 tg 1N z. t-Schottky plots were

collected at different frequencies of 0.5, 1 and 1.5 kHz.

Rotating disk electrode (RDE) measurements We ormed on a Chenhua CHI 760E
electrochemical workstation with a standard t —egae cell using Ag/AgCI electrode, Pt wire
electrode and sample electrode as the refery Nectrode, counter electrode and working electrode,
respectively. The working electrod

G%re as follows: 5 mg of the sample was homogeneously

dispersed in 0.5 mL of 10% ngfion on (diluted with ethanol) to form a slurry. Then, 5 uL of the
slurry was dropped on a rbon electrode (diameter of 5 mm) and dried at room temperature.
The linear sweep voltammetry (LSV) curves were collected with a scan rate of 10 mV s in an Os-
saturated phosphate buffer solution (pH 7).
2.5. Photocatalytic OTC degradation

During each photocatalytic test, 30 mg of the sample was dispersed into an aqueous solution of
OTC hydrochloride (100 mL, 20 mg L™). Prior to irradiation, the suspension was stirred in the dark

for 30 min to achieve the adsorption-desorption equilibrium. A 300 W xenon lamp (PLS-

SXE300/300UV, Perfect Light) equipped with a 420 nm cutoff filter was employed as the light source.
7
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During irradiation, 3 mL of the suspension was taken out at a 15 min interval, and centrifuged and
filtrated (0.45 um Millipore filter) to remove the powder before measurement. The peak absorbance
of OTC at 353 nm was used to determine its concentration by a Shimadzu UV-2700
spectrophotometer. A liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS)
system was utilized to identify the degradation intermediates of OTC. A Shimadzu TOC-VCPH
analyzer was employed to analyze the total organic carbon (TOC). To evaluate the stability of the
photocatalyst, the sample was collected through centrifugation after one trial, and washed with
deionized water and ethanol, and then dried for the cycle experimeghy INn trapping experiments,
reactive species generated by the ACN-10 were quenched by addi o] Lglof 4-hydroxy-2,2,6,6-

tetramethylpiperidinyloxy (TEMPOL, <O, quencher), & mmol LN ©of isopropanol (IPA, OH

quencher) and 5 mmol L™ of ethylenediaminetetraacetic hodium (EDTA-2Na, h™ quencher).

2.6. Photocatalytic H2O- production

During each photocatalytic experime )0 of the sample was added into 50 mL of aqueous

solution containing 10 vol% IPA. irgldiation, the suspensions were ultrasonically dispersed
for 5 min in the dark, and thenglirre 60 min with O2 bubbling to ensure the adsorption-desorption
equilibrium. The light so s provided by a 300 W xenon lamp (PLS-SXE300/300UV, Perfect
Light) equipped with a 420 nm cutoff filter. At specific time intervals, 3 mL of the suspension was
gathered, centrifuged and filtrated (0.45 um Millipore filter) for analyzing the concentration of H20»
(iodometry) [37]. The cycle experiments were conducted to evaluate the stability of the sample.

3. Results and Discussion

3.1. Morphology and structure
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Fig. 1. (@) The synthetic process of incorporating HDMP into the CN frameworks; SEM and TEM images of the

(b and ¢) CN and (d and ) ACN-10.

The schematic diagram for the formation mechanism of ACN sample is displayed in Fig. 1a. As
depicted, the urea and acetylacetone undergo in situ keto-enol cyclization to form the HDMP. And
meanwhile, the heptazine ring is generated via the polymerization of urea. Then the ACN sample is

formed by the bimolecular condensation between the HDMP and heptazine ring. The morphologies
9



168  of the CN and ACN-10 samples are observed by SEM and TEM. As displayed in Fig. 1b and ¢, CN
169  exhibits typical sheet-like structures with coarse surfaces. Compared with CN, the morphology of
170 ACN-10 (Fig. 1d and e) is not changed significantly due to the less addition of acetylacetone.
171 Moreover, the specific surface areas and pores of the samples are investigated by nitrogen adsorption-
172 desorption isotherms. As shown in Fig. S1, both CN and ACN samples hold type IV isotherm and
173 similar mesopore distribution. The Brunauer-Emmett-Teller (BET) specific surface area and pore
174  volume of ACN-10 is 67.81 m? g™ and 0.33 cm? g2, respectively, which are smaller than those of CN
175 (77.40 m? g and 0.41 cm® g, respectively), indicating that the spegiic surface area is not the

176 dominant factor affecting the photocatalytic activity.
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spectra of the (d) CN, (e) HDMP and (f) ACN-200 (the symbols of *, ¥ and # indicate the spinning sidebands of
solid-state 3C NMR spectra, the characteristic peaks of CN and the characteristic peaks of HDMP, respectively);

(9) C 1s, (h) N 1s and (i) O 1s XPS spectra of the CN and ACN-10.

The structures of the samples are then analyzed by XRD patterns, Raman spectra and ATR-FTIR
spectra. In the XRD patterns of CN and ACN samples (Fig. 2a), two peaks at 12.9<and 27.7are
ascribed to the in-plane repeating heptazine units and stacking of conjugated aromatic planes, which
can be assigned to the (100) and (002) planes, respectively [38]. Compared with CN, these peaks of
ACN samples become broader and weaker, implying that the planar structure of CN is distorted by
HDMP to varying degrees. Raman spectra of CN and ACN sampl %b display the similar
characteristic peaks at 707, 977 and 1100-1700 cm™, which can be ed to the in-plane bending,
the symmetric N-breathing mode of heptazine and gordered graphitic C-N vibrations,

respectively [39]. In comparison with CN, the R&%ﬁ ACN samples are much weaker, which

by the graft of HDMP. Additionally, ATR-

are attributed to the more disordered struct
FTIR spectra of the samples are shov®| 2¢. Obviously, ACN samples possess similar but

broadened and less sharp pea @ng to CN because of the implantation of HDMP into the

pristine CN structure. T the 810, 1150-1700 and 3000-3300 cm regions represent the

heptazine rings, aromatic C=*N heterocycles and vibrational absorption of N-H group, respectively
[40]. As the amount of acetylacetone increases, peaks of all ACN samples at 2810-2950 cm™ related
to the stretching vibration of -CHs are gradually getting stronger than those of CN (Fig. S2) [41],
demonstrating the existence of HDMP in the ACN frameworks.

To further prove the successful incorporation of HDMP into the CN networks, solid-state *C

NMR test is carried out. As displayed in solid-state 3C NMR spectrum of CN (Fig. 2d), the CN

presents two carbon peaks at 157 and 165 ppm, which are attributed to C1 (CN3) and C2 (CN2(NHy))

11
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carbons, respectively [42]. Four distinct carbon peaks at 108, 157, 161 and 181 ppm can be observed
in HDMP, as shown in Fig. 2e. Due to the formation of self-assembled structures between pyrimidine
derivatives, the only peak that can be identified is located at 108 ppm, corresponding to C3 (CCy)
carbon [43]. However, in comparison with CN, the ACN-10 exhibits no obvious changes on the solid-
state 1*C NMR spectrum (Fig. S3). In order to observe the changes of solid-state **C NMR spectrum
more clearly, the control sample (ACN-200) with 20 times higher volume with respect to the
acetylacetone used to prepare ACN-10 is synthesized. As exhibited in Fig. 2f, the ACN-200 presents
a new peak at 96 ppm, which can be attributed to the Cy (CC3) carbon to the hydroxyl group of
HDMP. Compared to HDMP, this peak is downshifted, indicalind\\at ,thi’ carbon is in a more

electron-rich chemical environment. Meanwhile, ACN-2Q0 shows rease in the intensity of C;

(CN2(NHy)) carbon because of the graft of HDMP. The % ts of solid-state **C NMR spectra
demonstrate that the HDMP moiety is success @)rated into the CN frameworks, and the

heptazine unit and HDMP are connected vt % carbon.

The surface chemical composjg tales of the CN and ACN-10 are then investigated by

XPS. As shown in the survey 0. S4), C, N and O elements exist in all of the samples. In C
1s spectra (Fig. 2g), both ACN-10 exhibit peaks at 284.8 and 288.1 eV, corresponding to the
graphitic carbon (C-C/C=C) and sp?-hybridized carbon (N-C=N), respectively [44]. The relatively
stronger peak intensity of C-C/C=C for ACN-10 is owing to the existence of aromatic rings in HDMP.
The N 1s spectra of CN and ACN-10 possess three similar characteristic peaks (Fig. 2h). The three
peaks at 398.6, 399.6 and 401.0 eV can be ascribed to the sp?-hybridized nitrogen (C=N-C), tertiary
nitrogen (N-Cs) and terminal amino groups (C-NHy), respectively [45]. For O 1s spectra (Fig. 2i),

two peaks at 532.0 and 533.3 eV are assigned to the adsorbed H>O and C-OH bond [46]. An obvious

increase in the C-OH intensity is found for ACN-10 in comparison with that of CN because of the
12



225

226

227

228

229

presence of C-OH bond in HDMP. Moreover, the elemental composition (atom ratios) of CN and
ACN-10 obtained from XPS are listed in Table S1. A gradual increase in the C/N atom ratio from
0.748 for CN to 0.773 for ACN-10 further reveals the successful integration of the HDMP moiety
into the CN frameworks.

3.2. Optical and photoelectrochemical properties
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231 Fig. 3. (a) UV-vis DRS spectra and a photograph (inset), and (b) ESR spectra of the samples; Two-dimensional

232 valence-electron density color-filled maps of the (c) CN and (d) ACN; (e) EIS Nyquist plots and (f) transient
233 photocurrent response curves of the samples.
234 Generally, the light harvesting ability of the photocatalyst and corresponding separation, transfer

235  and recombination behaviors of photogenerated charges play decisive roles in photocatalytic activity.
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The optical absorption properties of the samples are investigated by UV-vis DRS. As displayed in
Fig. 3a, CN possesses an optical absorption edge of 450 nm, while ACN-10 exhibits an extended
absorption edge of nearly 560 nm. Compared to CN, ACN samples show an enhanced visible light
absorption, which is ascribed to an increase of the delocalized z-electrons because the incorporation
of HDMP [47]. Moreover, the colors of the samples are in accordance with the results of UV-vis DRS
analysis as shown in the insert image of Fig. 3a. To analyze the electronic band structure, ESR spectra
of the samples are recorded and the results are displayed in Fig. 3b. Both CN and CAN-10 samples

present a paramagnetic absorption signal with the g value of 2.00324agriving from the unpaired

electrons on sp?-hybridized carbon atoms within the z-conjugateg aratic tfgs [48]. The intensity

of ESR signal of the ACN-10 is higher than that of the C{, indicatiry,more electron delocalization

in z-conjugated system after the incorporation of HDM

To intuitively investigate the subtle a @ s of electronic migration, theoretical calculations

will be in favor of separation and

transfer of photogenerated charges during phot

of electron density are conducted. @d IN Fig. 3c and d, the state of electronic configuration
for the CN and ACN are reve b wo-dimensional valence-electron density color-filled maps.
Compared to CN, the ele configuration of ACN exhibits an obvious change. In ACN, the O
atom presents the highest density, demonstrating the strongest electron-withdrawing ability.
Meanwhile, the charge of C atoms and N atoms in ACN are clearly different from that in CN, which
may be due to the uneven charge distribution induced by the electronic migration [49]. Therefore, it
is suggested that the presence of HDMP will afford a driving force to promote the transfer of electrons
through uncoordinated polarity [50].

The photoelectrochemical properties of the samples are evaluated by the EIS and transient

photocurrent response. As displayed in Fig. 3e, EIS are collected to investigate their electronic
15
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conductivity. Obviously, ACN-10 possesses the decreased semicircle diameter in comparison with
CN, implying that the ACN-10 has a lower electron transfer resistance, which is beneficial for
obtaining efficient charge separation and transfer during the photocatalysis [51]. Additionally, Fig. 3f
exhibits the transient photocurrent responses of the samples under visible light on or off. After the
incorporation of HDMP into CN, ACN-10 appears approximately three times higher photocurrent

density than that of CN, indicating the photogenerated charges separate and transfer more efficiently

[52].
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Fig. 4. (a) Tauc plots, (b) Mott-Schottky plots, (c) VB XPS spectra and (d) band structure diagrams for the CN and
ACN-10; Optimized HOMO and LUMO energy levels of the (e) CN and (f) ACN; (g) DFT-calculated HOMO-

LUMO band structures of the CN and ACN.
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The band structures of CN and ACN-10 are analyzed by Tauc plots, Mott-Schottky plots and
valence band (VB) XPS spectra. The Tauc plots derived from Fig. 3a are displayed in Fig. 4a. The
band gaps obtained from the Tauc plots are 2.64 and 2.35 eV for CN and ACN-10, respectively. The
narrowed band gap indicates that the ACN-10 possesses enhanced visible light harvesting ability as
compared with CN. Fig. 4b shows the Mott-Schottky plots of CN and ACN-10 within frequencies
ranging from 0.5 to 1.5 kHz. The obtained positive slopes imply that both CN and ACN-10 are n-
type semiconductors. The flat band potentials of CN and ACN-10 are respectively estimated to be -
1.09 V and -0.77 V vs Ag/AgCI [37]. Accordingly, their CB minimum ) can be calculated from
the following Egs. (1) and (2) [53].

Efy (vs NHE,pH=0) = Efb (vs ag/agch) T+ 059 X pEINFE(agany (1)

Ecem (vs NHE) = Efb (vs NI 0.3 2)
Where the pH of electrolyte is about 6.7 and c.)éﬁg? V. Generally, the CBM of a n-type
semiconductor is about 0.3 V more neg n Em. Thus, the CBM of CN and ACN-10 are

determined to be -0.80 V and -0.48 r%ve y. And their VB maximum (VBM) are estimated to

be 1.84 V and 1.87 V, whichgre i ilar with the VB XPS spectra (Fig. 4c¢). The detailed band
structure diagrams of CN N-10 are depicted in Fig. 4d.

The DFT calculations are utilized to further elucidate the electronic structures and energy levels
of CN and ACN. As shown in Fig. 4e, the HOMO of CN is mostly attributed to the combination of
nitrogen p; orbitals, and the LUMO is mainly derived from the C-N bond orbitals [42, 54]. The
electrons on both HOMO and LUMO is located in the heptazine indicates that electrons and holes is
located in the same heptazine units, which will lead to the rapid recombination of electrons and holes.

However, the electrons of ACN are redistributed due to the electronegativity of HDMP. As exhibited

in Fig. 4f, the HOMO of ACN is chiefly located in the heptazine units, whereas the LUMO of CAN
17
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is mainly distributed in the HDMP moiety with slight part of in the heptazine near HDMP. This result
demonstrates that electrons and holes are located in the HDMP and heptazine moiety, respectively,
which will restrain their recombination and accelerate the spatial charge separation [55]. Moreover,
the incorporation of HDMP into CN downshifts the energy levels of the HOMO and LUMO from -
6.18 t0 -6.38 eV and -2.30 to -2.74 eV (Fig. 4Q), respectively, resulting in a reduction of 0.24 eV in
the band gap. The trend of change is in agreement with the results of Mott-Schottky plots and VB

XPS spectra.

3.3. Photogenerated charge carrier dynamics %

K&
N
()()
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302 Fig. 5. (a) PL spectra and (b) TRPL spectra of the CN and ACN-10; fs-TA spectra and transient decay kinetics of

303 the (c and e) CN and (d and f) ACN-10.

304 To clarify the separation and transfer behaviors of the photogenerated charge carriers, the PL
305  spectra of CN and ACN-10 are measured under 350 nm excitation. As exhibited in Fig. 5a, compared
306  with CN, the ACN-10 shows obviously reduced PL intensity, implying the inhibited radiative
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recombination and the accelerated charge separation in ACN-10. Meanwhile, a red-shift of the PL
peak from 457 nm for CN to 522 nm for ACN-10 can be observed, which results from the extension
of z-conjugated system [47]. Furthermore, the TRPL spectra are recorded to quantitatively analyze
the photogenerated charge carrier lifetimes of CN and ACN-10. As displayed in Fig. 5b, the
fluorescence decay curves of them can be fitted by the following biexponential function (Eq. (3)) [56].

R(t) = Byexp(—t/71) + Byexp(—t/73) 3
Where B1 and B are the pre-exponential factor, and z1 and 72 are the short and long fluorescent lifetime,

respectively. The average fluorescent lifetime (Ave.z) can be calculated ggm the following Eq. (4).

BlT%‘l'BzT%

B1T1+B37,

Ave.T =

(4)

The average fluorescent lifetime of CN and ACN-10 are 2.83 and 3.11s, respectively. The increased

lifetime in ACN-10 signifies an enhanced transfer of E iogMerated charges, thereby potentially

improving the photocatalytic performance. To fuer e the dynamics of photogenerated charge

carriers, the fs-TA spectroscopy is utilized 4§ t transient absorption signals in real time. Fig. 5¢

and d display the evolution of th(b@absorption spectra for CN and ACN-10, respectively.
h

Under 400 nm laser excitatio t and ACN-10 exhibit a ground state bleaching signal in 450-
700 nm region, which is ted from the stimulated emission [57, 58]. The signal intensity of
ACN-10 is significantly enlarged compared with that of CN, implying that more photoinduced charge
carriers are generated in ACN-10. The signals of CN and ACN-10 decay in the time range of 1.74 ps
to 2.39 ns and 1.74 ps to 2.92 ns because of the recombination of photogenerated charge carriers [59,
60]. However, the decay lifetime in ACN-10 is much longer than that in CN, indicating the suppressed
recombination of photogenerated electron-hole pairs in ACN-10 [61]. The transient decay Kkinetics of

CN and ACN-10 are fitted by a biexponential function and the results are shown in the Fig. 5e and f,

respectively. The average decay lifetime of CN is estimated to be (222 +23) ps. Compared to CN,
20



330

331

332

333

334

335

336
337

338

339

340

341

342

343

344

345

ACN-10 presents a longer average decay lifetime (289 £38) ps, demonstrating that the incorporation
of HDMP accelerates the intramolecular charge transfer and consequently inhibits charge
recombination [62, 63]. On the basis of the PL, TRPL and fs-TA results, it can be concluded that the
separation efficiency of photogenerated charge carriers over CN can be significantly enhanced by the
incorporation of HDMP, which in turn ideally improves the photocatalytic performance.

3.4. Photocatalytic activities and mechanisms
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adaq@n cgpves of OTC over different samples under visible light irradiation and (b)

or

kinetic curves; (c) Cycling runs for the photocatalytic degradation of OTC

with ACN-10; (d) Photocatalytic degradation efficiency of OTC over the ACN-10 with different quenchers; ESR

spectra of (e) DMPO--O,™ adduct and (f) DMPO-+OH adduct for the ACN-10.

The photocatalytic activity of the samples is assessed by the degradation of OTC under visible
light irradiation. As exhibited in Fig. S5, the photocatalytic degradation of OTC is monitored by the
variation on UV-vis absorption spectra of OTC solution. It is obvious that the intensity of
characteristic absorption peak (353 nm) decreases with the time prolongs. Fig. 6a displays the change

in OTC concentration (C/Co) with irradiation time over the different samples under visible light
21
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irradiation. The C; represents the concentration of OTC after photocatalytic reaction for time t, and
the Co refers to the initial concentration of OTC. The natural photolysis of OTC is negligible under
visible light, indicating that the OTC is degraded by the photocatalysts. The degradation efficiencies
for the ACN samples are all significantly higher than that of the CN sample. With an increasing
volume of acetylacetone, the photocatalytic degradation activity of ACN presents an increasing trend.
The highest photocatalytic degradation efficiency of OTC (79.3%) is achieved on ACN-10.
Nevertheless, when the volume of acetylacetone exceeds 10 pL, the photocatalytic activity of ACN
increases insignificantly because the over distorted structure may proygag new recombination sites
for electrons and holes. The apparent rate constant (k) for the degradNwon of FTC is obtained by the

following Eq. (5).

k = In(Co/Cy) (5)

t
As shown in Fig. 6b, the plots of In(Co/Cy) ver&%& a linear relationship, indicating that the

reaction is indeed pseudo-first-order. Fro

getic curves, the k value conforms the order: ACN-
10 (0.029 mint) > ACN-30 (0.027 > JCR-5 (0.020 min') > CN (0.012 min'Y). The ACN-10
possesses the highest apparenyffate ant of 0.029 mint, which is about 2.4 times than that of CN.
The stability of the ACN- aluated through cyclic photocatalytic OTC degradation tests. In the
cyclic experiments as displayed in Fig. 6¢, the ACN-10 still exhibits high degradation efficiency
without noticeable decrease. Furthermore, the XRD patterns, Raman spectra and ATR-FTIR spectra
(Fig. S6) also verify that the crystal and the chemical structures of the ACN-10 keep almost
unchanged after the photocatalytic reaction. In addition, the photocatalytic degradation activity of
ACN-10 is higher than most of other CN-based photocatalysts reported previously (Table 1),

indicating that the ACN may be a promising photocatalyst for photocatalytic degradation of organic

pollutants.
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Table 1

Comparison with other CN-based photocatalysts for degradation.
Photocatalysts Pollutant concentration Dosage  Light source k (min) Ref.

(mg LY (gL?)

B-Bi20s@g-C3Ns TC (10) 0.50 250 W XL (A > 420 nm)  0.031 [64]
C0304@C00/g-CsNs  TC (10) 0.60 500 W XL (A >420 nm)  0.021 [65]
h-BN/g-CaN4 TC (10) 1.00 300 W XL (A>420nm)  0.028 [66]
KMCN TC (20) 1.00 300 W XL (A>420nm)  0.028 [38]
CNF TC (21) 0.50 300 W XL (A>420nm)  0.014 [67]
BNQDs/UPCN OTC (10) 1.00 300 W XL (A >420 nm)  0.031 [44]
OCN OTC (20) 1.00 300 W XL (A >420nm) 0.016 [68]
ACN OTC (20) 0.30 300 W XL (A>420nm) 0.029 This work

KMCN: potassium-doped porous ultrathin g-C3sNa; CNF: carbon nitride foam; BNQDs/UPCN: boron nitride quantum dots decorated
ultrathin porous g-C3N4; OCN: oxygen substituted g-CsNa4; XL: Xenon lamp.

OH O OH

|oTc 2 oTC OTC 1|
I m/z = 362.3 m/z = 382.9 ‘
OH OH NH, OH H; OH CH; OH
CLOOP—~ 000~ . COO—CUQL,
OH O OH e OH OH OH OH OH OH
’ OTC 6 OTC 4
m/z = 262.9 m/z = 2791

OoTC 3 OTC 5
m/z = 318.3 m/z = 274.2
CHj 3
CH, CH, CHs
@ q/CHS
OH OH OH H H H

OoTC 8 OoTC % OoTC 10 oTC 1
m/z = 198.1 m/z=194.0 m/z = 165.0 m/z = 143.0

Scheme 1. The proposed photocatalytic degradation pathways of OTC over the ACN-10.

The preliminary degradation process of OTC over the ACN-10 is analyzed by LC-MS/MS
technology. Fig. S7 and Table S2 show the MS spectra of the OTC solution after 60 min of
degradation and the possible structures of intermediate products, respectively. According to the LC-
MS/MS results and previous reports [69, 70], the possible photocatalytic degradation pathways of

OTC are proposed and depicted in Scheme 1. Briefly, OTC (m/z = 461.1) is transformed to OTC 1
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(m/z = 382.9) via the dehydration reaction, deamidation reaction and the loss of hydroxyl group. OTC
1 is then fragmented into OTC 4 (m/z = 279.1), which results to the formation of OTC 6 (m/z = 262.9)
through the loss of hydroxyl group. Meanwhile, OTC can be also transformed to OTC 2 (m/z = 362.3)
through the loss of N-methyl, carbonyl group and hydroxyl group as well as the deamidation reaction.
With the loss of methyl, carbonyl group and hydroxyl group, the OTC 2 is decomposed to OTC 3
(m/z = 318.3). And the OTC 3 is transformed to OTC 5 (m/z = 274.2) through the loss of amino
groups and oxidative dihydroxylation, then the OTC 5 is fragmented into OTC 7 (m/z = 242.1).
Subsequently, these intermediates are oxidized to generate opening ri roducts including OTC 8
(m/z =198.1), OTC 9 (m/z = 194.0), OTC 10 (m/z = 165.0) and QT (m/zgF 143.0). Finally, these

ring-opening products are oxidized into H>O and CO». To galuate theWineralization ability of ACN-

10, the removal efficiency of TOC is analyzed. Fig. 88 S t the removal efficiency of TOC in
OTC aqueous solution is 15.4% with 60 min & ht irradiation, further demonstrating the
efficient photocatalytic activity of ACN-1 C degradation.

To identify the main oxidativ %en rated in the ACN-10 under visible light irradiation
for the degradation of OTC, ffie trg#ig experiments are conducted in the presence of quenchers.
Herein, the TEMPOL, | EDTA-2Na are utilized as the quenchers for «O2", *OH and h*,
respectively. As displayed in Fig. 6d, the degradation efficiency of OTC remarkably declines from
79.3% to 21.9% in the presence of TEMPOL. When EDTA-2Na is added into the photocatalytic
system, the degradation efficiency of OTC slightly declines to 59.5%. Nevertheless, the addition of
IPA has no obvious effect for the OTC degradation. Moreover, the generation of reactive oxygen
species over the ACN-10 sample under visible light irradiation is monitored through a 5,5-dimethyl-

1-pyrroline N-oxide (DMPO) spin-trapping ESR technique. As exhibited in Fig. 6e and f, no ESR

signal can be detected in the dark. Upon visible light irradiation, two four-line ESR signals with an
24



403  intensity ratio of 1:1:1:1 and 1:2:2:1 are obviously observed, which are characteristic of DMPO-+O2"
404  adduct and DMPO-+OH adduct, respectively. With the irradiation time prolongs, the intensity of the
405  two adducts are all increase. These results demonstrate that the major reactive species for OTC

406  degradation over the ACN-10 are *O> and h*, and that the *OH is involved but not primarily.
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407
408 Fig. 7. (a) Photocatalytic production of H,O over different samples under visible light irradiation; (b) Koutecky-

409 Levich plots of the data obtained at the constant electrode potential (-1.0 V vs. Ag/AgCl); (c) Formation rate
410 constant (Ks) and decomposition rate constant (Kq) for photocatalytic H.O. production; (d) Cycling runs for the

411 photocatalytic H,O» production over ACN-10.

412 The photocatalytic production of H20- is performed on an O2-equilibrated IPA aqueous solution
413 (10vol%) under visible light irradiation. Fig. 7a displays the time-dependent H>O> concentration over

414  different samples. Obviously, the amount of H,O- generated on ACN-10 is 174 pmol L2, which is
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higher than that of CN (102 pmol LY), indicating that the incorporation of HDMP into CN enhances
the yield of H20.. However, the photocatalytic H2O2 production activity of ACN-30 is slightly
inhibited because the over distorted structure may provide new recombination sites for charge carriers.
Fig. S9 shows the UV-vis absorption spectra variations of ACN-10 during the H>O> production
process, in which the absorbance at 350 nm remarkably increases with the prolongation of irradiation
time. Meanwhile, some controlled trials of H2O> production is executed over ACN-10 (Fig. S10). In
the absence of either photocatalyst or visible light irradiation, the H.O hardly can be detected,
demonstrating that the H2O> production process is accomplished by ocatalysis. Generally, the
oxidation of H2O through the photogenerated hole is also a pQssiN rqutglfor H.O, generation.
Nevertheless, the H2O: is scarcely generated when O is rgplaced by Ay, and the generation of H20>
is significantly inhibited in the absence of IPA. These res est that the H2O: is generated from
the electron reduction of O rather than the oxi@ by the photogenerated hole [71, 72].
RDE measurements were performed er clarify the numbers of electrons used for O-
reduction. Fig. S11a and b exhibit t %ve of CN and ACN-10 collected on a RDE at different
rotating speeds, respectively.g1he ecky-Levich plots of the data at -1.0 V vs. Ag/AgClI are
displayed in Fig. 7b. The e numbers of electrons (n) involved in the overall reduction of O
can be estimated by the linear regression of the plots using the following Egs. (6) and (7).
jTh =k A BT (6)
B = 0.2nFv~Yecp?/3 (7)
Where j is the measured current density, jk is the kinetic current density, w is the rotating speed (rpm),
F is the Faraday constant (96485 C mol™), v is the kinetic viscosity of water (0.01 cm? s1), C is the
bulk concentration of O, in water (1.26>10° mol cm™®), and D is the diffusion coefficient of O

(2.7>10° cm? s1), respectively. Based on the intercept of the Koutecky-Levich plots, the jk values of
26
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CN and ACN-10 are evaluated to be 19.36 and 26.64 mA cm, respectively, suggesting that Oz is
reduced more efficiently on ACN-10. According to the slope of the Koutecky-Levich plots, the n
values of CN and ACN-10 are estimated to be 1.40 and 1.46, respectively. This result demonstrates
that two-step single-electron O> reduction occurs on the CN and ACN-10, and the incorporation of
HDMP into CN can promote the generation of electrons.

It is noted that the rate of H2O. production is gradually decreased with the prolongation of
irradiation time, indicating that the yield of H20. is restrained by its decomposition. In the
photocatalytic production of H2O;, the formation and decomposition ofggl>O> occur simultaneously
because photogenerated charge carriers can decompose H2O2 [ 73], TONREP derstand the behavior

of H20> production, the formation and decomposition of HgO» are respgctively assessed by assuming

zero-order and first-order Kkinetics, as shown in the follg (8) [13].
[Hz0,] = S&Kdt» ®)
Kt and Kgq are the rate constants for H20 ion (umol Lt min?) and decomposition (min™),

respectively. The values of Kt and @ua ed by fitting the data in Fig. 7a into Eq. (8) and the
results are exhibited in Fig. 7 e incorporation of HDMP, the Kr value remarkably increases,
achieving a maximum at which is about 1.8 times than CN (from 2.17 to 3.99 pmol L™ min-
1y, while the Kq value also increases but less significantly (from 0.82 <102 to 1.16 %10 min).
These results demonstrate that the incorporation of HDMP into CN can promote H>O- formation and
stabilize the formed H>O> under visible light irradiation. Moreover, as shown in Fig. 7d, the cycle
experiments for ACN-10 displays no apparent decrease in the photocatalytic production of H20> in
four consecutive cycles, demonstrating that the photocatalyst is stable. In addition, the photocatalytic
H>0, production activities between the ACN-10 and other CN-based photocatalysts are compared in

Table 2, indicating that the ACN may be a promising photocatalyst for photocatalytic H2O-
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Table 2

Comparison with other CN-based photocatalysts for H2O2 production.
Photocatalysts Dosage  Reaction solution  Light source H202 production activity Ref.

QL% (pmol g ')
g-CsN4/BDI 1.67 Water Solar simulator 17.08 [35]
(A>420 nm)

CN/rGO@BPQDs 1.00 Water 300 W XL (A >420nm)  60.56 [17]
C, O doped g-C3N4 1.00 Water 300 WXL (A>420nm) 32.00 [14]
Ag@U-g-CsN4-NS 1.00 Water 300 WXL (A >420nm) = 67.50 [13]
10 CN-Cv 1.00 5vol% EA 300 W XL (A>420nm)  162.87 [16]
Mesoporous g-CsNa 4.00 90 vol% EA 2kW XL (A>420nm) ~183.50 [11]
DCN 0.83 20 vol% IPA AMI.5 (A > 420 nm) 96.80 [15]
TisCz/porous g-CsN4 1.00 10 vol% IPA 300 WXL (A>420nm) 131.7, [31]
OCN 1.00 10 vol% IPA 300 W XL (A > 420 nm) [37]
ACN 1.00 10 vol% IPA 300 W XL (A > 420 nm) & This work

g-CsNa: graphitic carbon nitride; BDI: biphenyl diimide; rGO: reduced graphene oxide; B &black phosphorus quantum dots; U-
g-C3Nas-NS: ultrathin g-C3N4 nanosheets; 10 CN-Cv: inverse opal structured CINgith carbon vacancies; DCN: defective g-C3N4; OCN:

oxygen-enriched carbon nitride polymer; EA: ethanol; IPA: isopropanol; XL

J—Q'
J

Scheme 2. The possible photocatalytic reaction mechanisms in ACN-10.

On the basis of the above results and discussion, the possible reaction mechanisms over the
ACN-10 photocatalyst is described in Scheme 2. Under visible light irradiation, the photogenerated

electron-hole pairs are produced on ACN-10 (Eg. (9)). Due to the uncoordinated polarity induced by
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HDMP, the electron-hole pairs are rapidly separated. And the electrons and holes will eventually
migrate to the HDMP and heptazine moiety, respectively. With respect to OTC degradation, the
photogenerated electrons can react with adsorbed O to form «O." as the CBM of ACN-10 (-0.48 V
vs NHE) is more negative than the redox potential of O2/*O, (-0.33 V vs NHE) (Eq. (10)). Meanwhile,
some *O2" can further react with H* to form «OH (Egs. (11) and (12)) [13, 26]. Subsequently, the

photogenerated holes, *«O2~ and *OH will attack the OTC molecule, resulting in its degradation (Eq.

ACN-10 + hv - ACN-10 (e~ + k™) (9)
e”+0,->-03 > (10)

20, (11)

(13)).

-0; +e” +2H* -

H,0, + e~ + 2H* - H H (12)

(ht*,03,-OH) + OTCELCO ,0 + products (13)

As for H202 production, H2O> can be gene @ rom the two-step single-electron O reduction, as

described by the following Egs. (1 @

Cf;CH 3 +2h* — CH;COCH; + 2H* (14)
e” +0, - 03 (15)
-0; + e~ + 2H* - H,0, (16)

Therefore, the ACN-10 photocatalyst present excellent photocatalytic activities in OTC degradation
and H2O> production, which is ascribed to the enhanced visible light absorption and boosted
intramolecular charge separation.
4. Conclusion

In summary, a simple in situ keto-enol cyclization approach is developed to incorporate HDMP

into the CN framework for modulating the electronic structure of CN. Benefitting from the
29



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514
515
516
517
518
519
520

controllable electronic migration and boosted intramolecular charge separation, the ACN
photocatalysts exhibit superior photocatalytic activities in OTC degradation and H20 production. At
an optimized sample (ACN-10), 79.3% of OTC is degraded within 60 min of visible light irradiation,
and the rate constant of the ACN-10 sample is nearly 2.4 times of that of pristine CN. And the
photocatalytic H,O, production rate of ACN-10 is 2.9 umol L™* min'* under visible light irradiation,
which is also higher than that of pristine CN (1.7 pmol L' min). This work enables a deeper
understanding of intramolecular charge separation in CN, and provides a generalizable approach to
the refractory organic pollutants degradation and H2O2 production.
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