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B-g-C3N, exhibits a distinctive tubular structure. The unique tubular structure
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C3N,as a promising choice for environmental remediation applications.
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1. Introduction

In recent decades, urbanization and population growth have led to a significant rise in
environmental pollution. Wastewater often contains trace amounts of diclofenac (DCF), a
common antibiotic found at concentrations ranging from nanograms to micrograms per liter.
Despite its low levels, DCF can significantly affect public health and the environment [1]. It can
damage habitats, reduce the biodiversity of aquatic species, and contribute to the development of
antibiotic-resistant bacteria, which can infect humans through the food supply [2] - [4].
Traditional wastewater treatment methods such as adsorption biological processes, and
electrochemical oxidation often prove ineffective in removing antibiotics due to low removal
rates, complex procedures, and high costs. Therefore, developing more advanced and sustainable
wastewater treatment methods is urgently needed.

Currently, photocatalytic technology based on semiconductors is considered the most
environmentally friendly and optimal solution among all possible options. It has been rapidly
gaining popularity worldwide due to its environmentally friendly properties. Graphite carbon
nitride (g-C3N,4) has high photocatalytic activity, allowing it to convert solar energy into chemical
energy, making it an ideal photocatalyst for various applications [5]. Moreover, g-CsN, is an
attractive choice since it is inexpensive, readily available, and non-toxic. It has proven an
effective and eco-friendly alternative to traditional photocatalytic materials such as TiO,, CdS,
and ZnO [6]. Due to its versatile properties, g-CsN,4 holds great promise for many applications,
including solar energy conversion and wastewater treatment. However, the weak catalytic
activity of g-CsN, imposes limitations on its applications due to low specific surface area and
high recombination rate of photogenerated electron-hole pairs.

One effective strategy to address this limitation is non-metal doping into g-CsN4, which
allows for the introduction of additional energy levels, which can also increase the rate of charge
separation [7]. The modifications can help to improve the photocatalytic efficiency of g-C3Nj.
For example, doping different elements such as F, P, O can increase the absorption of visible
light, effective in improving its photocatalytic efficiency. Due to the introduction of impurities,
element-doped g-C3N,4 can exhibit enhanced visible light absorption and photocatalytic activity
[7], [8]. Moreover, the morphology control has the advantage of helping to control the size and
shape of material, which in turn influences the amount of incident light that can be
absorbed. Hollow porous structures are particularly promising, as it can reduce the charge and
mass diffusion lengths resulting in more efficient photocatalysis [9]. Recently, the
supramolecular preorganization strategy has been promising for creating nanoporous tubular
materials with tailored pore sizes and structures. Due to the directionality and saturability of
hydrogen bonds, the as-grown supramolecular precursors usually possess ordered structures.
Moreover, the aqueous environment of the supramolecular self-assembly process does not require
harsh reaction conditions, which can damage the environment or create impurities, and it is also
much safer than other methods [10].

This study successfully developed the tubular B-doped g-CsN,4 using melamine, cyanuric acid,
and boric acid as precursors. The B-g-C3N, was characterized through X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Brunauer-Emmett-Teller (BET) analysis. The optical
properties and band gap were analyzed using diffuse reflectance spectroscopy (DRS). Scavenger
experiments and electron paramagnetic resonance (EPR) techniques were conducted to detect the
primary radical species involved. A plausible photodegradation mechanism for DCF was
proposed based on the findings. Overall, the synthesized material exhibited a desirable
morphology, positioning it as a promising candidate for real-world applications.
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2. Experimental section
2.1. Chemical reagents

Melamine and diclofenac (DCF) were obtained from Merck, while p-benzoguinone (BQ),
ammonium oxalate (AO), boric acid, 5,5-dimethyl-1-pyrroline (DMPO), and 2,2,6,6-
tetramethylpiperidine (TEMP) were supplied by Sigma-Aldrich. Various analytical chemicals
were acquired for the study, and no additional purification was performed. Milli-Q ultrapure
water with a resistivity of 18.2 MQ cm was utilized to prepare all solutions.

2.2. Synthesis of g-C3N, and B-doped g-C3N,4

A two-step hydrothermal and thermal polymerization method was utilized to synthesize g-
C3N,4 and B-doped g-CzN,. In this procedure, equal molar ratios of melamine and cyanuric acid
were individually dispersed in 100 mL of DI water at 80°C until completely dissolved.
Subsequently, boric acid was added and vigorously stirred. The resulting mixtures were
combined and transferred into a Teflon-lined tube, then heated to 160°C for 12 hours. After
cooling to room temperature, the white solution underwent filtration, followed by washing with
deionized water and ethanol. The resulting material was dried at 60°C and ground into a powder.
The powder was then placed in a crucible with a lid and calcined at 550°C for 4 hours, using a
ramp rate of 2°C/min to obtain boron-doped g-CsN4 (B-g-C3N,). For comparison, pure g-C3Ng
was synthesized using the same experimental steps but without adding boric acid.

2.3. Photocatalytic experiments

The prepared catalysts (1 g/L) were added to a DCF solution (100 mL, 5 mg/L) at 25°C and
continuously stirred in the dark for 30 minutes to evaluate the activity. Afterward, the
photocatalysts were exposed to continuous illumination from a 300W Xenon lamp (with a UV
cut-off filter) to initiate the photocatalytic degradation process. A 2 mL sample was withdrawn
and centrifuged at intervals, and the supernatant was used for further analysis. DCF
concentrations in the filtrate were determined using HPLC with a C-18 column (Phenomenex, 5
um, 4.6 mm x 250 mm). A mobile phase of acetonitrile/phosphate buffer (70:30, v/v) was used at
1 mL/min, and absorbance was measured at 276 nm. Additionally, p-benzoquinone (pBQ),
isopropanol (IPA), and ammonium oxalate (AO) were added to the DCF solution as scavengers
for superoxide anion (O,%), hydroxyl radical (OH®), and hole (h"), respectively, to quench
photoactivity.

2.4. Material characterization

XRD analysis of the as-prepared samples was performed on a Bruker D8 Advance
diffractometer using Cu Ko radiation (A = 1.5406 A) at 40 kV and 40 mA, scanning from 10° to
60°. FTIR spectroscopy characterized functional groups (400-4000 cm™), while DRS used UV-
Vis to investigate the optical properties. BET analysis determined specific surface area, and SEM
imaging examined morphology and microstructure using a microscope.

3. Results and discussion
3.1. Characterization of materials

To study the morphology of the as-prepared photocatalyst, SEM was employed (Figure 1a, b).
Notably, the g-C3N, and B-g-CsN4 samples exhibited tubular structure, with lengths spanning
several um and diameters of approximately 5 um. The observation suggests that the introduction
of the B element did not significantly affect the microstructure of the material. The hydrothermal
treatment initiated the formation of a supramolecular complex between cyanuric acid and
melamine. The strong electrostatic interaction between melamine molecules facilitated the
formation of hydrogen bonds, resulting in the self-assembly of the molecules into a hollow
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porous shape [8]. The structure provides an advantageous environment for catalytic reactions as it

facilitates the interaction between the concentration of reactants and the catalytic sites on the

material, thereby promoting efficient reactant-catalyst interactions.
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Figure 1. SEM images of porous (a) g-CsN, and (b) B-g-C3N,4
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Figure 2. (a) XRD patterns, (b) FTIR, (c) BET and pore size distribution, and (d) the UV-Vis diffuse
reflectance spectroscopy (DRS) and bandgaps of g-CsN4 and B-g-C3N,4

The crystal structure and phases in the as-synthesized samples were analyzed using X-ray
diffraction (XRD) patterns (Figure 2a). The presence of two characteristic peaks in the XRD
pattern confirmed the crystalline structure of g-CsN4. The (100) peak is indicative of the
crystalline structure of the tris-s-triazine unit at around 13.2° 26, while the (002) peak is
indicative of the stacking of conjugated aromatic planes at around 27.2° 20 [7]. X-ray diffraction
analysis showed no significant change in the crystal lattice of the B-g-C3N,4, which suggests that
the basic structure of the g-C3N,was maintained.

FTIR provides further insight into the chemical composition and bonding structure via the
vibrational frequencies of molecules of the materials (Figure 2b). The presence of a small and
sharp peak at 800 cm™ is indicative of the breathing mode of tri-s-triazine units in the molecule,
and the broadband in the range of 1200 - 1700 cm™ was assigned to the bending vibrations of
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conjugated C-N, C=N heterocycles. Furthermore, the broad peak at 3000-3400 cm™ was
assigned O—H groups [5]. It is important to note that the detection of boron-related peaks was
insignificant which suggests that the sample may contain a very low boron content, making it
more difficult to detect.

As shown in Figure 2c, B-g-C3N, demonstrates a larger BET surface area (16.47 m* g™*) than
the bulk g-CsN, (14.83 m? g*). Moreover, the photocatalysts exhibit a wide range of pore sizes,
typically 10 to 140 nm, with a predominant mesoporous structure characterized by a pore size
distribution from 10 to 60 nm. The hollow porous configuration of the materials, combined with
a hierarchical pore structure derived from supramolecular precursors, plays a vital role in active
sites for photocatalytic reactions.

UV-vis diffuse reflectance spectroscopy is a technique utilized to measure the light absorption
of materials. In Figure 2d, it can be observed that all samples exhibit significant absorption in the
visible range. Compared to pure g-CsN4 B-g-CsN, demonstrates a redshift around 460 nm,
indicating that boron doping significantly enhances the light absorption properties by
incorporating boron atoms at the absorption edge. Modifying the electronic structure and
decreasing the band gap of B-g-C3N, resulted in a red shift in the absorption spectrum. The
calculated Eg values for g-CsN, and B-g-CsN4; were 2.78 and 2.67 eV, respectively. The
incorporation of the boron dopant enhances the ability of B-g-CsN,4 to absorb light, leading to an
improved capacity for generating photogenerated electron (¢7) and hole (h*) species. Additionally,
the porous structure of g-CsN, further contributes to its light absorption ability by facilitating
multiple reflections of incident light [10].

3.2. Photocatalytic performance evaluation

a b
Lo _ 10 —=— Control T
S S -0~ IPA
9/ Q, == OA
c 0.6 c 06
2 2
— =
Q04 Q 04
1o .
y— y—
LLIS 0.2+ —m— Photolysis 5 0.2F
la) == B-doped -g-C;N, )
0.0F —@—Pure g-C;N, 0.0F
-30 -20 -10 O . 10 20 . 30 40 50 60 -30 -20 -10 O . 10 20 . 30 40 50 60
Time (min) Time (min)

Figure 3. (a) The photocatalytic degradation of DCF of g-CsN, and B-g-C3N,
and (b) Radicals (h*, O,*"and OH®) capture experiments using AO, pBQ and IPA over B-g-C5N,
Conditions: [phocatalyst]= 1 g/L, [DCF]= 10 mg/L, pH =7, T = 25°C

The photocatalyst achieved its dark adsorption equilibrium prior to being exposed to visible
light, as illustrated in Figure 3a. The adsorption of DCF demonstrated moderate efficacy,
between 38 and 44% of the contaminant within 30 min. Consequently, additional treatment was
necessary to achieve complete contaminant elimination. Nevertheless, the incorporation of
photocatalysis substantially improved the removal of DCF. As a result, g-C3N, obtained a 72%
removal rate after 60 min of light exposure, while B-doped g-C;N, exhibited exceptional
efficacy, achieving a 99% removal rate. It is important to note that the concentration of DCF did
not diminish over time in the time-dependent experiments, which implies that self-degradation is
not a significant factor. The result underscores the critical role of boron doping in the g-CsN,
network in the photocatalytic degradation of DCF. The boron-doped g-C3;N, leads to a decrease
in the band gap, which enhances the utilization of light adsorption. Additionally, the hollow
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porous structure maximizes light absorption and enhances effective chemical reactions,
significantly improving its photocatalytic efficiency.

Radical trapping and EPR experiments are conducted to detect the generation of reactive
oxygen species. As shown in Figure 3b, in the presence of IPA, degradation efficiency decreases
to 95%, followed by 76% and 68% following the addition of pBQ and AO, respectively [10]. The
result indicates that superoxide anion (O,*) and hole (h") radicals are the main causes of DCF
oxidation. Moreover, EPR spectroscopy was used to measure the formation of OH® and
O," species in both dark and visible light irradiation conditions.
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Figure 4. (a) The EPR signals of DMPO-OH® and (b)DMPO-0,°" in the dark
and under visible light irradiation over B-g-CsN,

Figure 4 (a, b) shows that the signal peaks of DMPO-OH® and DMPO-O,*" are rarely
observed in the dark. However, light irradiation enhances the intensity of both DMPO-O,*" and
DMPO-OH?* peaks. The result strongly indicates the importance of oxygen-containing radicals in
the degradation of DCF under visible light.
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Figure 5. The mechanism diagram of the photocatalytic degradation of DCF over B-g-C3N,4

Based on the experimental results reported above, a possible DCF photodegradation
mechanism over B-g-C3N, under visible light was proposed in Figure 5. Upon activation by the
photons of the light, B-g-C3N, undergoes excitation, generating the photogenerated electrons in
the conduction band (CB) and holes in the valence band (VB). Due to the more negative
conduction band potential of B-g-C3N, compared to the reduction potential of O,/0,* (-0.32 eV),
the photoinduced electrons can effectively reduce dissolved O,, resulting in the formation of
O,* radicals. The O, radicals can further react to produce hydrogen peroxide (H,O,) and
subsequently generate hydroxyl radicals (*OH). However, the valence band (VB) of B-g-C3Ny is
more negative than the standard redox potential of *OH /OH'. Therefore, the holes are unable to
oxidize OH- into *OH; meanwhile, h* can directly oxidize DCF. As a result, ROS, including
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0,"", OH®, and h*, generated during the photocatalytic process can effectively oxidize organic
pollutants into harmless compounds such as CO, and water [8], [10].

B'g'C3N4 +hv—>h"+e (1)

e +0;,— 0" (2)

0, +H" — «OOH (3)

*OOH+H" + & — H,0, (4)

H202 +e — OH®*+OH (5)

0,"", h*, OH® + DCF— Degraded or mineralized products + CO, and H,0 (6)
4. Conclusion

In this study, we successfully synthesized boron-doped porous g-CsN,4 through hydrothermal
and thermal polymerization methods. The hollow porous morphology was advantageous,
allowing for multiple refractions of incident light within the tube walls, thereby maximizing light
conversion efficiency. Moreover, boron doping improved the separation efficiency of h*-e~ pairs
by acting as an electron acceptor and helping to reduce the band gap. As a result, the B-g-CsN,
exhibited excellent visible light photocatalytic efficiency in DCF degradation at 99% in 60
minutes. The dominant species involved in DCF degradation were O,* and h*. The advantages of
the B-g-CsN, show the rational design of photocatalysts, enabling the versatile application of B-
doped g-C3N,4 in wastewater treatment and solar energy conversion.
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