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Pollutants degradation via visible-light driven photocatalysts have attracted interest as a potentially efficient and
sustainable approach for wastewater treatment. In the present study, a series of oxygen-doped hollow porous
surface graphitic carbon nitride (OCN) has been prepared by one-pot thermal polycondensation of melamine
with different amounts of polyoxyethylene stearyl ether as the oxygen source and template. The prepared OCN
samples were utilized for the photocatalytic ciprofloxacin (CIP) degradation, which is a pharmaceutical waste,
under visible light irradiation. The highest degradation performance for CIP was obtained from the OCN sample
with 1 mg polyoxyethylene stearyl, which was three times greater than that of pristine C3N4. The superior
degradation performance of the OCN samples were observed due to the improved light absorption, less
recombination rate of photogenerated electron and hole, and enhanced electron transportation, which was
proven through the PL, photocurrent density, and EIS results. Thus, the proposed one-pot synthesis of OCN
provides an effective method in producing potential photocatalysts for the removal of organic pollutants, such as

discarded pharmaceuticals, in wastewater.

1. Introduction

Photocatalysis is a conceptually simple and environmentally sus-
tainable alternative to the degradation of hazardous chemicals at trace
concentrations using solar irradiation [1-4]. There are many photo-
catalysts used for water and gas treatment.; Huang et al reported the
efficient degradation of organic dye (rhodamine B) using cubic Cu,O
nanoparticles wrapped by reduced graphene oxide [5]. The efficient
photocatalytic removal of nitric oxide was reported using CulnZnS
nanoporous structures [6] and MoS,/g-C3N4 nanocomposites [7]. In the
field of photocatalysis for pollution treatment, graphitic carbon nitride
(C3Ny) has attracted significant attention because of its abundance and
excellent visible-light activity [8-11]. However, the practical applica-
tions of pristine C3Ny4 are limited due to its low conductivity, specific
active surface, and light harvesting ability, as well as its inefficient
separation of photogenerated charge carriers [12]. Various strategies,
such as nanostructure design, element doping, pore generation, and
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heterostructure construction, have been adopted to improve the pho-
toactivity of pristine C3N4 [13-18]. Among these, increasing the
porosity and non-metal elemental doping have resulted in excellent
photocatalytic activity by providing a narrow band gap, porous struc-
ture, and large specific surface area (SSA). For example, the incorpora-
tion of heteroatoms, such as N, B, P, S, O, and Cl, can significantly
improve the electronic properties of C3Ny4, reduce recombination, and
enhance visible light compatibility and photocatalytic activity
[14,19-23]. Liu et al. [24] reported the excellent photocatalytic per-
formance of porous C3N4 toward sulfamethoxazole. Guo et al. [25]
found that tetracycline degradation under visible light using Cl-doped
porous C3N4 nanosheets promoted electron transfer and inhibited
recombination. Fu et al. [26] noted that doping hierarchically porous
C3N4 tubes with O significantly enhanced photocatalytic CO, reduction
compared to other heteroatoms. In addition, Wei et al. [27] reported
that O self-doped C3N4 with a narrow band gap resulted in enhanced
photocatalytic performance compared to pristine C3Ny.
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Recently, there has been increasing interest in the study of hollow
C3Njy structures owing to their improved visible light harvesting through
multiple reflections of incident light within their interior voids [28-31].
Hollow structures have been prepared using silica templates, C spheres,
and polymer latex [29,32,33]. Template removal is challenging through
this method due to the harsh conditions and environmentally harmful
nature of the process. Shi et al. [34] reported spherical mesoporous CgN4
with a large surface area that exhibits high photoactivity. Sun et al. [35]
synthesized hollow semiconductor C3N4 nanospheres using a bio-
inspired method, resulting in enhanced photocatalytic activity. How-
ever, these studies used environmentally harmful and toxic hydrofluoric
acid to remove the templates. Therefore, a simple, cost effective, and
environmentally friendly template removal method is necessary to
obtain a porous C3N4 structure with a hollow morphology which is
feasible for large-scale production.

The present protocol consists of synthesizing hollow porous C3N4
structures through an in-situ thermal polycondensation method using
polyoxyethylene stearyl ether as the template; the chemical structure is
shown in Fig. Sla. This strategy simultaneously formed the O-doped
hollow porous C3N4 (hereafter, OCN) surface and removed the template.
The materials were characterized using ultraviolet differential reflec-
tance spectroscopy (UV-DRS), X-ray photoelectron spectroscopy (XPS),
the Brunauer-Emmett-Teller (BET) method, scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), and mapping
analysis. The photocatalytic charge separation and electron transfer
mechanism were investigated through DRS and theoretical calculations.
This study delivers a simple and environmentally friendly approach for
the fabrication of multifunctional C3N4 with excellent photocatalytic
activity and reusability.

2. Materials and methods
2.1. Materials and reagents

Melamine, polyoxyethylene (20) stearyl ether, p-benzoquinone
(BQ), acetonitrile, isopropanol (IPA), and ethylenediaminetetraacetic
acid disodium (EDTA-2Na) were obtained from Fujifilm Wako Pure
Chemical Co. (Osaka, Japan). CIP was purchased from Fumakoshi Co.,
Tokyo, Japan.

2.2. Synthesis of CN and OCN

OCN samples were prepared from melamine and polyoxyethylene
stearyl ether through thermal polycondensation. First, 1 g of melamine
was mixed with various amounts of polyoxyethylene stearyl ether (0.5,
1, and 5 mg) by grinding in a mortar. The mixed solid was transferred
into a crucible and calcinated at 500 °C for 2 h under ambient condi-
tions. The obtained products were denoted as OCN-0.5, OCN-1, and
OCN-5, where the numbers refer to the weight of polyoxyethylene
stearyl ether in mg. CN was prepared by the same process without the
addition of polyoxyethylene stearyl ether.

2.3. Characterizations

An Ultima IV diffractometer (RIGAKU, Akishima, Japan) was used to
measure X-ray diffraction (XRD) patterns of the samples (scanning
speed = 2°/min, scan step size = 0.02°). Fourier-transform infrared
(FTIR) spectroscopy (Jasco FTIR-670 Plus (Tokyo, Japan)) was used to
confirm the functional groups of the composite materials. The BET-SSA
was characterized using the N adsorption-desorption isotherm with a
BELSORP max porosimeter. Surface structure and morphology of the
prepared samples were confirmed by SEM and TEM using a VE-9800
SEM and JEM-2100HCKM, respectively. The visible-light absorbance
properties of the samples were identified by UV-Vis/DRS (Shimadzu
UV-2450). The chemical composition of the samples was measured by
XPS (ESCA 5800; ULVAC-PHI, Inc., Kanagawa, Japan). C, H, and N
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(CHN) concentrations were measured by a Yanaco CHN Corder MT-5.
Photoluminescence (PL) spectroscopy was conducted using an FP-
6600 spectrofluorometer. Energy-resolved distribution of electron trap
(ERDT) patterns of the prepared materials were found by reversed
double-beam photoacoustic spectroscopy (RDB-PAS) from 650 to 350
nm using an amplifier to multiply the photoacoustic signals. The
degradation products were identified by mass spectrometry (UPLC/
qTOF-MS). The total organic carbon (TOC) content was examined using
a TOC analyzer (TOC-V CHS, Shimazu, Japan). The concentration of
fluoride ions released after photocatalytic CIP degradation was investi-
gated by ion chromatography (IC, ICS-2100, Thermo Scientific, Wal-
tham, US).

2.4. Photocatalytic test

The CIP degradation performance of the samples was evaluated
under visible light (500 W Xe lamp with a UV cut-off filter, > 380 nm,
Fig. S1b). 50 mg of the prepared materials were added to 50 mL 10 ppm
CIP solution. The solution achieved adsorption-desorption equilibrium
after 30 min under dark conditions. The solution was then irradiated
from above while being stirred. An external cooling jacket maintained a
reaction temperature of 25 °C. At the time interval, 1.0 mL of solution
was removed to examine the remaining CIP concentration by high-
performance liquid chromatography with a C18 column. A mixture of
20% 5 mM CH3COONa, 15% acetonitrile, and 65% 2% v/v acetic acid
was used as the mobile phase. Finally, we confirmed the active species
(O3, -OH, and h™) through a scavenger tests. In this experiment, 2-50
mM (0.1 mmol- 2.5 mmol) of IPA, BQ, and EDTA-2Na were used as the
hydroxyl radical, superoxide radical, and hole scavengers, respectively.
Moreover, the binary system of scavenger by mixing of two scavengers
such as 10 mM of IPA with 10 mM of BQ, 10 mM of IPA with 10 mM of
EDTA-2Na and 10 mM of BQ with 10 mM of EDTA-2Na were performed
and compared with the single scavenger (IPA, BQ, and EDTA-2Na alone)
system to clarify the role of each active species, O3, -OH, and h'.

2.5. Density functional theory (DFT) calculations

Vienna Ab-initio Simulation Package software was used for the DFT
calculations [36]. The effective (Kohn-Sham) electronic potential was
described at the Perdew-Burke-Ernzerhof (PBE) semilocal level [37].
We employed the Grimme-D2 method to describe the van der Waals
interactions [38]. Pristine monolayer C3N4 was simulated using a 2 x 2
x 1 supercell containing 56 atoms. A vacuum separation of 15 A was
inserted between the periodic images orthogonal to the layers. Struc-
tural optimization was carried out with a plane-wave cutoff of 520 eV
and the Brillouin zone was sampled with a 2 x 2 x 1 I'-centered Mon-
khorst-Pack grid [39]. The total energy and forces were converged
within less than 107 eV and 0.01 eV/A, respectively. The preferential
doping sites in CN were previously investigated [40], suggesting Nedge
substitution is energetically favorable. Thus, we constructed OCN by
substituting one N atom with an O atom in the supercell. The band
structure and projected density of states (PDOS) of the CN and OCN
samples were calculated [41]. The hybrid Heyd-Scuseria—Ernzerhof
functional [42] with 25% exact exchange was employed to mitigate the
underestimation of the band gap within semilocal PBE approximations.

2.6. Bio-toxicity test of CIP and photodegraded CIP solution

To examine the bio-toxicity of the solution after photocatalytic
treatment, the growth of Escherichia coli (E. coli) as test bacterium in the
presence of CIP and degraded CIP solution was evaluated. In the
experiment, the E. coli was subcultured on a Difco™ nutrient agar (BD
Biosciences) and incubated overnight at 37 °C. E. coli colonies were then
needled into 10 mL of nutrient broth and incubated for 24 h at 37 °C. The
density of the bacteria suspensions was adjusted to 10° colony forming
units (cfu)/mL, and this value was confirmed using a UV-visible/near-IR
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spectrophotometer at 630 nm. The bacteria suspensions were diluted to
10% cfu/mL for testing. For the bio-toxicity experiment, the diluted
bacteria solution was mixed with the CIP or degraded CIP solution in 1:1
v/v. 1 mL of the mixing solution was dispersed on the surface of an MC-
media pad (JNC Corporation), which was used as a plate to grow the
E. coli, followed by incubation at 37 °C for 24 h. Blue areas indicate the
growth and survival of the E. coli; these areas will have had little anti-
bacterial activity, which implies that the presence of these solutions in
wastewater is relatively safe.

3. Results and discussion
3.1. XRD results

The crystallographic and phase structure of the CN and OCN mate-
rials were investigated by XRD analysis, as shown in Fig. 1a. All samples
exhibit characteristic C3N4 diffraction peaks at approximately 12.9° and
27.6°, corresponding to the (100) and (002) planes, which can be
assigned to the interlayer distance d of 0.33 nm and the in-plane
structural packing of 0.675 nm, respectively. These diffraction peaks
are in good agreement with the C3N4 phase (JCPDS no. 87-1526). The
appearance of these peaks confirms the successful doping of O in the CN
structure with no impurity phase observed. Meanwhile, the lower in-
tensity peak of the (002) plane in the OCN samples can be ascribed to
the decreased layered morphology in the porous microstructure. OCN-5
demonstrated the lowest (002) peak intensity, indicating the highest
porosity.

3.2. FT-IR results

The functional groups of the prepared CN and OCN were examined
by FT-IR spectroscopy. Fig. 1b presents the FTIR spectra of the samples.
There are no significant differences in the FTIR spectra of the OCN and
CN samples. The bands observed from 1200 to 1650 cm™! correspond to
the stretching mode of CN heterocycles. The peaks centered at 1641,
1570, and 1414 cm™! are assigned to heptazine ring stretching. The
absorption bands at 1324 and 1243 cm™! correspond to heptazine
bending. The representative peak at 883 em ! is ascribed to the N-H
deformation mode. The peak at 810 cm " is a characteristic of the tri-3 s-
triazine breathing mode. The broad bands in the 2900-3500 cm ™! range
are ascribed to the N-H vibration of C3N4 and surface-adsorbed H50.
The additional weak peak at 2377 cm ™! corresponds to the physically
adsorbed CO; on the C3Ny surface. Peaks attributed to C-O-C stretching
are not observed in the OCN samples due to the low O concentration.
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3.3. Optical properties

The optical properties, including the light-harvesting nature and
energy band gap of the photocatalyst, were examined by UV-DRS
analysis. In Fig. 2a, the CN and OCN samples exhibit an absorption
edge at approximately 470 nm. As the amount of polymer precursor
used increased, the light absorption behavior of the samples increased
significantly and broadened in the visible light (i.e., higher wavelength)
region. The light absorbance of the OCN samples is significantly higher
than that of the CN sample, suggesting the effectivity of OCN in pro-
ducing and separating electrons during the photocatalytic reaction.

The band gap energy, Ej, of the CN and OCN samples were found by
transforming the results obtained from UV-DRS using Tauc’s equation.

(ah)'* = A(hw — E,), M
where @, h, v, and A are the absorption coefficient, Planck constant,
frequency of observed light, and proportionality constant, respectively
[43-45]. The band gap energies estimated using (ahv)? were plotted
against the of the light energy, resulting in the E; plot shown in Fig. 2b.
The E; values of CN, OCN-0.5, OCN-1, and OCN-5 were 2.82, 2.79, 2.77,
and 2.73 eV, respectively, which are in good agreement with the UV-
DRS results. For the OCN samples, E, was observed to decrease.
Hence, the lower E; and higher visible light absorption of the OCN
samples could produce more hot carriers with higher efficiency than CN.

3.4. BET and average pore diameter results

The isotherms of Ny adsorption—desorption and distribution of pore
size for all materials were determined, as shown in Fig. 3a. The materials
display a type-IV isotherm (H3-type hysteresis loops), implying their
porous microstructure. From the BET analysis, the SSAs of CN, OCN-0.5,
OCN-1, and OCN-5 are 5.1, 10.4, 18.2, and 22.7 m2/g, respectively. This
indicates that the SSA of the OCN samples is at least twice that of pure
CN because gas production during the thermal polycondensation of
melamine with polyoxyethylene stearyl ether can generate porous C3Ny.
The average pore diameter size of the CN and OCN samples was fitted
using the Barrett-Joyner-Halenda (BJH) model. From Fig. 3b, the OCN
samples have average pore diameters of approximately 10-12 nm,
indicating their highly porous structure.

3.5. XPS results

The elemental composition and surface molar ratio of the samples
were examined. The survey scans (Fig. 4a) show that the primary ele-
ments in all samples are C and N. The CN sample has a low O content,
which increases significantly with O doping. In the XPS C 1 s spectrum,
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Fig. 1. (a) PXRD patterns and (b) FT-IR spectra of CN, OCN-0.5, OCN-1, and OCN-5.
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the C 1 s orbitals of the synthesized samples are deconvoluted as shown
in Fig. 4b. Peaks are detected at 283.6 and 284.6 eV, corresponding to
sp2 (C-C) and sp3 (C-0), respectively; these are due to C contamination
in the instrument [46]. The peaks at 286.5 and 288.3 eV are assigned to
the (C)3-N and N-C = N bonds in the C3Ny structure, respectively [47].
For the N 1 s spectra of the samples, as shown in Fig. 4c, three compo-
nent peaks are noted at 398.8, 400.1, and 404.6 eV, ascribed to the C =
N-C in the triazine ring, N-(C)3 groups, and — NH, or = NH functional
groups, respectively [40,48]. The O 1 s spectra of the samples exhibit
two component peaks at approximately 532.3 and 534.1 eV, corre-
sponding to the C = O bond and H»O, respectively, as shown in Fig. 4d
[40]. Furthermore, the valence band (VB) of the materials was also
investigated by XPS analysis. The estimated VBs of CN, OCN-0.5, OCN-1,
and OCN-5 are 1.77, 1.69, 1.62, and 1.49 eV, respectively, as shown in
Fig. 4e. The lowering of the VB after O doping is similar to that found in
previous reports of O-doped C3Ny4 [27].

From the UV-DRS results, the conduction bands (CBs) of CN, OCN-
0.5, OCN-1, and OCN-5 are — 1.05, —1.10, —1.15, and — 1.24 eV,
respectively. The surface molar ratio of O/N was explored using the
relative sensitivity factors of O 1 sand N 1 s. For this calculation, the C-O
bond peak of O 1 s was used to compare the excess O species in the
backbone structure of C3N4. The O/N ratios of CN, OCN-0.5, OCN-1, and
OCN-5 are 0.0075, 0.0601, 0.0751, and 0.0765, respectively, as shown
in Fig. 4f. The surface molar ratio of O/N increases with the concen-
tration of polyoxyethylene stearyl ether used, confirming the successful
O doping of C3Na.

The C/N molar ratio of the samples was also examined using CHN
analysis. The C/N ratios of CN, OCN-0.5, OCN-1, and OCN-5 are 0.6553,
0.6660, 0.6683, and 0.6694, respectively. The C/N molar ratio increases

with polyoxyethylene stearyl ether co-precursor concentration, sug-
gesting that the excess O atoms in the OCN samples could be replaced
with N atoms in the C3Ny structure.

3.6. Morphology results

The surface structure of the CN and OCN samples were observed by
SEM, as shown in Fig. 5. The CN and OCN samples have a distinct
stacked structure. The CN sample has a smooth non-porous micro-
structure, while the OCN samples have a rough, porous microstructure.
This suggests that the use of polyoxyethylene stearyl ether during CsN4
synthesis can promote the porosity of C3N4 due to the degradation of the
polymer at high temperatures.

To further compare the detailed morphologies and crystal structures
at high magnifications (50 and 200 nm), TEM observation was per-
formed. From Fig. 6a and b, the morphology of the CN sample exhibits a
sheet-like structure, similar to the SEM observation. On the other hand,
OCN-1 possesses a hollow porous structure. The tubular structures of
OCN-1 have a diameter of 9.6 nm. This indicates that the addition of
polyoxyethylene stearyl ether induces the formation of a hollow porous
C3Ny structure with improved surface area and light absorption, thereby
enhancing its photocatalytic activity. Elemental mapping with TEM-EDS
analysis was also carried out for the OCN-1 sample to elucidate the
location of the C, N, and O atoms in the structure. As shown in Fig. 6¢,
the EDS patterns of OCN-1 consist of C, N, and O. The locations of the O
atoms overlap the C and N atoms, indicating the homogeneous distri-
bution of O atoms in OCN-1.
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Fig. 5. SEM images of (a) CN, (b) OCN-0.5, (c) OCN-1, and (d) OCN-5.

Fig. 6. TEM images of (a) pure CN, (b) OCN-1, and (c) TEM-EDX image of OCN-1.

3.7. ERDT results

To further confirm O doping in the C3N4 structure, RDB-PAS—and
the resulting ERDT pattern—was used as a fingerprint of C3Ny4 [40,48].
In Fig. 7, the ERDT patterns of the samples exhibit a large accumulation
of electrons near the conduction band bottom (CBB) at approximately
2.4-3.0 eV, suggesting that excited electrons can be trapped in the
electron trap states close to the CBB. Compared to the CN sample, OCN-
0.5 and OCN-1 exhibit high electron accumulation at approximately 2.4
eV, as the O doping in C3N4 can generate an electron trap level below the

CBB. The presence of a new electronic level at approximately 2.4 eV
caused by the extra electrons generated by the substitution of O into N
sites in C3N4 has previously been reported [40,49]. This extra electron
trap level is less distinct in OCN-5 due to its high light absorption at 625
nm which affects the detection of electron accumulation through RDB-
PAS. These results are well supported by the XPS and TEM results,
confirming the successful introduction of O into the C3Njy.
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3.8. DFT calculations

The band structure and PDOS of the CN and OCN samples were
calculated to elucidate the electronic properties of O-doped C3Njy. Fig. 8a
shows the simulated, pristine monolayer of CN with a predicted Eg of
2.78 eV, which is close to the experimental UV-DRS values (Fig. 2b).
Compared with pure CN, the OCN sample exhibits n-type doping with
the formation of a new electron trapping level near the CB edge, as
shown in Fig. 8b. Since an O atom has one more valence electron than a
N atom, the substitution of O at N sites generates extra electrons.
Further, a new fermi level is formed between the valence band top (VBT)
and CBB due to the O atoms, as described in previous reports [40,49].
These gap states result in a reduced band gap of 2.4 eV for OCN. The
predicted decrease in E; corroborates the DRS experimental results. The
presence of a new electronic level near the CBB in the DOS of OCN may
explain the appearance of the electron trap state that was observed in
the ERDT measurements (Fig. 7). Thus, the band structure and PDOS
results obtained from DFT calculations provide further validation of the
DRS and ERDT results and help to elucidate the critical impact of O
doping on the optical and electronic properties of C3Ny.

3.9. Photocatalytic performance for CIP degradation

The photocatalytic performance of the CN and OCN samples were
examined towards CIP degradation as shown in Fig. 9a. CIP adsorption
of approximately 10% is observed on the surface of the CN and OCN
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samples 30 min before light irradiation. The adsorption kinetic of CIP
over OCN-1 was examined, as shown in Fig. S3. Adsorption-desorption
equilibrium was achieved after 2 min, indicating that leaving the sam-
ples in the dark for 30 min was enough to achieve adsorption-desorption
equilibrium. After a reaction time of 20 min, the degradation efficiency
(C/Cp) of CIP over CN, OCN-0.5, OCN-1, and OCN-5 was 0.38,0.18, 0.06
and 0.23, respectively, corresponding to degradation activity of 62%,
82%, 95% and 77%. The O-doped samples showed significantly higher
photocatalytic degradation of CIP, with OCN-1 exhibiting the best
photocatalytic performance.

The improved photocatalytic efficiency of the OCN samples is caused
by the prolonged life of the photogenerated charges carriers. In addition,
the kinetics of the photocatalytic CIP decomposition were analyzed
using a pseudo-first-order kinetic model:

—1In(C/Cy) =k, (2)

where Cy, t, C, and k are the original CIP concentration, reaction time
(min), final CIP concentration at time t, and rate constant (min’l),
respectively. The results were fitted by a linear plot of — In(C/Cy) against
t, as shown in Fig. 9b. The photocatalytic degradation of CIP adheres to
the pseudo-first-order kinetics reaction principle with correlation co-
efficients (R%) >0.93. The reaction rate constants of CN, OCN-0.5, OCN-
1, and OCN-5 were 0.043, 0.073, 0.122, and 0.065 min™ ", respectively.
The highest rate constant was achieved by OCN-1, which is approxi-
mately three times higher than CN. These results confirm that OCN-1 has
an optimal O concentration, leading to improved degradation of CIP.
However, the photocatalytic activity toward the degradation of CIP
decreased in OCN-5, which has the highest O content in the structure,
indicating that large amounts of O result in excess defects in the C3Ny
structure, leading to poor performance in separating electron-hole pairs.
Therefore, the results prove that the modification of C3N4 with an
appropriate number of O atoms can significantly enhance the photo-
catalytic degradation of CIP. Furthermore, the improvement in the
degradation performance and reaction rate constant of CIP for the OCN
samples suggest that O atoms in the C3N4 structure could prevent
electron-hole recombination, promote electron transport, and enhance
light absorption. Moreover, the effect of the pH of the solution was
investigated using OCN-1, as shown in Fig. 9e. From previous reports,
C3Ny4 has a pHzpc of 5.04 [50], while CIP has four pKa values at 3.01,
6.14, 8.70 and 10.58 (Fig. S4) [51]. At a pH of three, low photocatalytic
CIP degradation efficiency was observed because of the repulsion be-
tween the positive charge of CIP and the positive surface charge of OCN-
1. The photocatalytic activity improved as the pH increased to six and
eight because the surface charge of OCN-1 became negative, resulting in
excellent interactions with the positive CIP molecules. However, the
degradation performance dropped at a pH of ten because the CIP
molecule had less positive and negative sites which caused charge
repulsion with the negative surface of OCN-1.

(b) 4 4 }
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Fig. 8. Band structures and PDOS of (a) CN and (b) OCN. Electron energy is referenced to the Fermi level. Substitution of O in the C3Ny4 structure causes n-type
doping with a Fermi level close to the CB. The HSE06 calculations predict band gaps of 2.78 and 2.4 eV for the pristine and O-doped C3N,, respectively.
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The reusability of OCN-1 was examined under the same conditions as
CIP degradation. The spent catalyst was directly used during the next
cycle without any treatment. Fig. 9d displays the CIP degradation over
OCN-1 across five cycles. The photocatalytic activity is maintained at
over 85% across all cycles, suggesting the stability of OCN-1 for the
degradation of CIP. The decrease in photocatalytic CIP degradation may
have been caused by a loss of catalyst during each cycle and the
adsorption of organic byproducts on the surface of the OCN-1. There-
fore, after the 5th cycle, the catalyst was regenerated by re-calcination at
400 °C for 30 min under ambient conditions to remove some of the
organic byproduct. The photocatalytic performance of spent OCN-1
improved after regeneration and the efficiency was comparable to
fresh OCN-1, indicating that heat treatment after CIP degradation can
improve the reusability of OCN-1.

The stability of the photocatalyst was investigated by collecting XRD
patterns of spent OCN-1 after first cycle of photocatalytic CIP decom-
position, as shown in Fig. S5. The spent OCN-1 exhibits an XRD pattern
similar to that of fresh OCN-1, containing two main diffraction peaks at

12.9° and 27.6°, corresponding to the (100) and (002) planes of C3Ny,
respectively; this indicates the high stability of C3N4 after CIP degra-
dation. Therefore, OCN-1 can be applied to the organic remediation of
contaminated wastewater. Table 1 shows a comparison of C3N4 photo-
catalysts obtained in the current and previous studies. In the present
study, OCN-1 exhibits the highest photocatalytic performance toward
CIP degradation, with a relatively short reaction time. Comparatively,
OCN-1 exhibited excellent photocatalytic decomposition of CIP of
approximately 95% within 20 min. Some previous works achieve higher
degradation toward CIP (over 97%); however, the reaction times are
significantly longer, making OCN-1 more useful for practical wastewater
management.

3.10. Verification of active species and charge separation
To confirm the role of the active species generated during photo-

catalytic CIP degradation over OCN-1, radical scavenger experiments
were performed. In previous reports, IPA, BQ, and EDTA-2Na were used

Table 1
Comparison of the degradation efficiency over different C3N,4 photocatalysts.
Entry  Photocatalysts Photocatalytic test conditions Irradiation time Degradation k Ref.
(min) (%) (min™)
1 g-C3N4/RGO/WO3 Catalyst loading = 0.2 g/L CIP concentration = 20 ppm Light source =500 W 180 85 - [52]
high-pressure xenon short arc lamp
2 sepiolite/g-C3N4/Pd Catalyst loading = 0.4 g/L CIP concentration = 10 ppm Light source =500 W 60 64 0.016 [48]
Xe lamp with a cutoff filter (A > 380 nm)
3 g-C3Ny4/TiO4 (10%) Catalyst loading = 0.4 g/L CIP concentration = 10 ppm Light source =300 W 180 88.1 - [53]
Xe arc lamp equipped with an ultraviolet filter (A > 400 nm)
4 Kaolin-Supported g- Catalyst loading = 1 g/L CIP concentration = 20 ppm Light source = 500 W 150 90 0.010 [54]
C3Ny4/CeOo Xenon lamp with a UV-cutoff filter (A > 420 nm)
5 8-C3N4/BiaWOg Catalyst loading = 1 g L CIP concentration = 15 ppm Light source = 300 W 120 97.8 - [55]
Xenon lamp with a UV-cutoff filter (A > 400 nm)
6 8-C3Ny4/TizCy Catalyst loading = 1 g/L CIP concentration = 20 ppm Light source = 300 W 150 100 0.035 [56]
Xenon lamp with a UV-cutoff filter (A > 400 nm)
7 OCN-1 Catalyst loading = 1 g/L CIP concentration = 10 ppm Light source = 500 WXe 20 95 0.122 Present
lamp with a UV-cutoff filter (A > 380 nm) work
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as the hydroxyl radical, superoxide radical, and hole scavengers,
respectively [11,18,57]. Generally, each radical scavenger can quickly
react with and remove the target active radical, resulting in a decrease in
the degradation activity. Thus, the decreasing of photocatalytic activity
in the presence of radical scavengers can confirm the role of each target
radical. As shown in Fig. 9e, the photocatalytic activity of CIP decreases
when EDTA-2Na, BQ and IPA were added in to the reaction. In addition,
when the concentration of scavenger reagent increase, the degradation
efficiency decrease because the important active radicals in the reaction
was quenching from the reaction solution. These results suggest the *O3,
*OH and h" play important role for the CIP degradation. Moreover,
mixing of two type of scavengers such as IPA with BQ, IPA with EDTA-
2Na and EDTA-2Na with BQ, were studied compare with single scav-
enger system to emphasize role of eOz, *OH and h'. In Fig. 9f, the
mixing of IPA with BQ show lower photocatalytic CIP degradation
performance than IPA and BQ alone, while the lower CIP degradation
can be observed in the case of mixing between IPA with EDTA-2Na
compare with the single IPA and EDTA-2Na. The lowest photocatalytic
activity was obtained when the mixing of BQ and EDTA-2Na was used.
The different between single and binary system of scavengers emphasize
the role of BQ and EDTA-2Na as ¢0O; and h' scavengers. From these
results, O3, *OH and h™ are jointly participated in the CIP degradation.

To investigate the recombination and transfer of electron-hole pairs,
PL spectroscopy, photocurrent spectroscopy, and electrochemical
impedance spectroscopy (EIS) were carried out. Fig. 10a shows the PL
emission spectra of the CN and OCN samples, with peak emission
occurring at approximately 450 nm under a light excitation of 370 nm.
Compared with the CN sample, the PL intensity of all OCN samples
significantly decreased, with the lowest PL intensity obtained from OCN-
1. This suggests that O doping can reduce the recombination rate by
generating a new electron trapping state, as confirmed by the ERDT
results, resulting in improved photocatalytic activity. However, the high
O content of OCN-5 increased the PL intensity, suggesting that an excess
of new electron trap levels has adverse effects on electron-hole recom-
bination centers [58,59], thereby reducing the electron-hole pair sepa-
ration efficiency and photocatalytic activity.

The excellent charge separation of OCN-1 is further confirmed by the
transient photocurrent response shown in Fig. 10b. OCN-1 clearly ex-
hibits the highest photocurrent density, indicating that this sample has
optimal O content and can achieve a high charge separation. The sep-
aration and transfer of electron-hole pairs were determined using EIS
measurement. A smaller arc radius in the EIS Nyquist diagram implies
faster transfer of the electrons. From Fig. 10c, the size of the arc radius
follows the order: CN > OCN-5 > OCN-0.5 > OCN-1. The high charge
separation and transfer of the OCN samples may be caused by the for-
mation of a defect state caused by the replacement of a N atom with an O
atom; this defect can trap photogenerated electrons, enhancing the
transportation and separation of photogenerated charge carriers [49].
Thus, the O-doped hollow porous C3N4 had improved charge recombi-
nation and transfer, resulting in the enhanced photocatalytic efficiency
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of CIP degradation.

3.11. Possible photocatalytic degradation pathway of CIP

The suggested photocatalytic degradation pathway of CIP is pro-
posed based on relevant literature and the detection of the intermediate
products by liquid chromatography-mass spectrometry (LC-MS) analysis
during the photocatalytic reaction of OCN-1 (Fig. S2). Scheme 1 shows
the suggested photocatalytic decomposition pathway of CIP over OCN-
1, with four major transformation pathways. Pathway 1 starts from
the destruction of the piperazine ring, followed by the elimination of CO
groups, decarboxylation, and decarbonylation. From the LC-MS results,
intermediate products at m/z 245 (F1) and m/z 219 (F2) are detected,
confirming the complete distortion of the piperazinyl substituent of CIP
during this process. The second CIP degradation route starts with the
removal of the fluorine ion, followed by the decomposition of the
piperazine ring. The molecular ions m/z 205 (F3), m/z 231 (F4), m/z 217
(F5), m/z 201 (F6), m/z 302 (F7), and m/z 256 (F8) are observed, which
are the products of defluorination, removal of the piperazine ring, and
loss of the NH and COO groups [60-62]. The third degradation route
begins with the breaking down of the aromatic ring of the CIP molecule,
following by defluorination and hydroxylation, confirmed by the
detection of small molecules with m/z 188 (F9) and m/z 104 (F10) [63].
Moreover, the detection of small molecules with m/z 112 (F11) and m/z
118 (F12) suggests the hydrolysis and hydroxylation of the CIP mole-
cule, which is proposed in the fourth degradation route [63]. In addi-
tion, from the LC-MS spectrum in Fig. S2, the main peaks are assigned to
the small molecules F11 and F12, which have no toxic or antibacterial
components (such as fluorine, quinolone and piperazine rings) in their
structure [64], suggesting that the degradation of CIP over OCN-1 not
only degrades the CIP molecule, but also decreases the toxicity of the
final products. Therefore, the presence of the intermediate products
confirms the degradation of CIP through photocatalytic treatment.
Moreover, the number of fluoride ions in the final solution after pho-
tocatalytic CIP degradation over OCN-1 for 20 min was investigated, as
shown in Fig. S6. After photocatalysis, the solution contained 0.24 ppm
of fluoride ions, which is lower than the recommended level for drinking
water from the Environmental Protection Agency (EPA; less than 1 ppm)
[65]. These results confirm the defluorination of CIP and suggest that
the degraded solution may have lower toxicity than the fresh CIP
solution.

3.12. Bio-toxicity of degraded CIP solution

The bio-toxicity of the degraded CIP solution was evaluated by
observation of the growth of E. coli in degraded CIP solution compared
with untreated CIP solution and water. Fig. 11 shows the MC-media pad
with water and E. coli before incubation (Fig. 11a) and the growth of the
E.coli after incubation in different solutions: water (control; Fig. 11b),
CIP solution (Fig. 11c) and CIP solution degraded over OCN-1 for 20 min
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Fig. 10. (a) PL spectra, (b) photocurrent response, and (c) EIS spectra of pure CN, OCN-0.5, OCN-1, and OCN-5.
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Fig. 11. Growth of E. coli on an MC-media pad with (a) water before incubation, and (b) water, (c) CIP solution, and (d) degraded CIP solution after incubation.

(Fig. 11d). The appearance of blue indicates the growth and survival of
E.coli. It can be seen that the control MC-media pad is blue after incu-
bation, suggesting that the pad is suitable for the growth of E. coli.
Interestingly, no blue areas can be seen in the presence of the CIP so-
lution because CIP is a drug which can inhibit the growth of E. coli.
However, an E. coli colony was observed around the rim of the MC-
media pad of the degraded CIP solution, indicating a significant
decrease in the harmfulness of the solution after photocatalysis. From a
previous report, the fluorine, quinolone and piperazine ring of CIP
molecules are essential to its antibacterial properties [64]. Thus, the
defluorination and degradation of the CIP molecules over OCN-1 could
decrease the toxicity of CIP in wastewater. Furthermore, the TOC of the
CIP solution degraded over OCN-1 was also examined. In Fig. S7, the
TOC removal efficiency was approximately 4.5% after adsorption in
dark conditions and 60.7% after photocatalytic treatment, indicating
that the photocatalysis of CIP not only degrades, but also mineralizes the
CIP molecules, resulting in a decreased C content in the final solution.

3.13. Photocatalytic mechanism

A possible photocatalytic CIP degradation route by OCN-1 was pro-
posed, as shown in Scheme 2. OCN-1 has an Eg of approximately 2.77 eV.
From the XPS results, the VB and CB of OCN-1 are 1.62 and — 1.15 eV,
respectively. The ERDT results and DFT calculation suggest the forma-
tion of a new electronic state near the CBB. Thus, under light irradiation,
an electron is generated and transferred to the CB, while simultaneously
producing a photogenerated h* in the VB. The electron from the CB can
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Scheme 2. Photocatalytic degradation mechanism of CIP using OCN.

migrate to a new electron trap state created by the O atoms to reduce the
electron-hole recombination. The electron in this state can react with the
dissolved O3 in the H,0 to produce *O3 as it is more negative than the
reduction potential of the production of Oy (—0.046 eV) against a
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normal hydrogen electrode. Meanwhile, some of the *O5 reacts with H"
and e’ to generate *OH, which could be produced by the decomposition
of H,0 by reacting with h* in the VB. Moreover, h' in the VB can
directly oxidize the CIP molecules. Thus, these active species contribute
to CIP decomposition. Therefore, the degradation pathways of CIP over
the OCN sample could be described the following reactions.

OCN + hv — OCN (b + ecp) 3)
OCN (ecp) + 02 = *03 4
*0; + H'> *00H )]
*OOH + H' + ¢ - H,0, (6)
H,0, + ¢ — *OH + OH~ )
H,0 + CN (h*)” - *OH + H* ®
*OH + CIP — degraded products ©
*0; + CIP — degraded products (10)
CN (h™) + CIP — degraded products an

4. Conclusions

OCN was successfully synthesized by the polycondensation of mel-
amine with polyoxyethylene stearyl ether as the template and co-
precursor. The utilization of an O-containing template not only
changed the morphology of C3N4 from a smooth sheet to a hollow
porous structure, but also improved its optical properties, such as nar-
rowing E; and enhancing the visible light absorption by generating a
new electron trap state. Furthermore, the presence of O atoms in the
C3Ny structure encouraged the transfer and separation of charge car-
riers, resulting in the generation of more active radicals, thereby
enhancing photocatalytic CIP decomposition. The highest activity to-
ward CIP degradation (approximately 95% within 20 min) was achieved
over OCN-1, which was found to be the optimal sample. The highly
improved activity of OCN was ascribed to its high SSA, low recombi-
nation, and high charge transfer. Thus, this work may provide new in-
sights into the production of heteroatom-doped hollow porous C3N4
with high photocatalytic activity through single-step synthesis.
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