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Abstract

As a widely used sulfonamide antibiotic, Sulfamethoxazole (SMX) poses considerable environmental risks for
its persistence and antibio-degradability in aquatic ecosystems. Although Peroxymonosulfate (PMS)-based
advanced oxidation processes show promise in antibiotic removal, metal-based activators often suffer from
leaching and stability issues. Here, a novel metal-free C3N4/C3Ns homojunction (rCN-AT) photocatalyst was
synthesized via KBr-assisted thermal polymerization using cyanuric acid and 3-amino-1,2,4-triazole as precursors,
for visible-light-driven PMS activation. The tCN-AT/PMS/Vis system achieved 99.98% SMX degradation within
45 min with the visible light irradiation, significantly outperforming C3N4/PMS/Vis (28.85%), C3Ns/PMS/Vis s
(33.92%), and CN-AT/PMS/Vis (83.64%). The enhanced activity is attributed to the homojunction structure and
large specific surface area of rCN-AT, which facilitate efficient charge separation and promote PMS
adsorption/activation. Electronic band structure determination indicates PMS acts as an efficient electron acceptor,
improving photogenerated electron transfer efficiency. EPR analysis revealed the involvement of SO, -OH,
‘03 ,'02 and h*. Among these, h', -O; and 'O, were identified as the dominant species, indicating that both radical
and non-radical pathways contribute to SMX degradation. This work provides an efficient metal-free
homojunction photocatalyst and offers new insights into PMS activation mechanisms, which are valuable for the
treatment of antibiotic-contaminated water.

Keywords: Graphitic carbon nitride; Heterojunction; PMS Activation; SMX degradation; visible illustration.
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1. Introduction

Sulfamethoxazole (SMX) is extensively applied as sulfonamide antibiotic for treating infections in humans and
animals [1, 2]. However, due to overuse and improper wastewater disposal, SMX persists in aquatic environments
[3-6], even at trace concentrations, and exerts adverse effects on public health and environmental ecosystems [7].
Owing to its anionic property and antimicrobial activity, conventional biological wastewater treatments (e.g.,
biodegradation and biosorption) are inefficient for SMX removal [8]. Thus, efficient and environmentally benign
methods for SMX elimination from water sources are urgently required.

Recently, advanced oxidation processes (AOPs) based on peroxymonsulfate (PMS) have been proposed as
effective technologies for eliminating organic contaminants, as they generate reactive radicals (e.g. sulfate radicals
(S03) and hydroxyl radicals (- OH) or non-radical species (e.g. single oxygen ( 'O,) and surface-bound complexes)
[9, 10].

Various activation strategies, including thermal [11], alkaline[12], UV[13], ultrasound[14], semiconductors[15-
18], carbon catalysts[19] and electrochemical methods[20], have been employed to activate PMS. While metal-
based cocatalysts (e.g., Co, Mn, Fe ions/oxides) are preferred for their cost-effectiveness compared to energy-
based activation [13], they suffer from metal leaching and poor stability, hindering practical applications.
Consequently, the development of environmentally friendly metal-free catalysts for PMS activation has emerged
as a research hotspot.

Graphitic carbon nitrides (e.g., C3N4) are promising metal-free semiconductors, but their poor photocatalytic
performance (due to rapid charge recombination) requires coupling with other materials (e.g., PTCDA [21],
FeCo2S4[22], TiO2 [23], MOF[24], Co[25]). In contrast, g-C3N5 exhibits superior properties, including a narrower
band gap (2.00 eV vs. 2.80 eV for C3N4), a more negative conduction band potential (-1.46 V vs. -1.23 V
for C3N4), higher visible-light utilization efficiency, and longer photogenerated carrier lifetime[26-29]. The band
structure difference between g-C3N4 and g-C3NS5 favors the formation of interlaced energy bands, promoting
spatial charge separation. However, constructing heterojunctions on C3N4 often disrupts its structure and hinders
carrier transfer[30]. Thus, fabricating a C3N4/C3N5 homojunction may address these limitations.

This study synthesized a porous C3N4/C3N5 homojunction named rCN-AT via KBr-assisted thermal
polymerization. The specific objectives are: (1) to characterize the morphology, structure, and
photoelectrochemical properties of rCN-AT; (2) to investigate factors influencing SMX removal (e.g., pH,
temperature, catalyst dosage) and catalyst stability. (3) to evaluate its performance in activating PMS for SMX

degradation under visible light; (4) to identify dominant reactive species and clarify the degradation mechanism,;
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The novelty lies in the KBr-induced hierarchical porous structure and homojunction synergy, which enhance PMS

activation efficiency and avoid metal-related issues.

2. Experimental section

2.1Materials Cyanuric acid (C3H3N3O0s, =96.0%), 3-amino-1,2,4-triazole (C2HsNs, =96.0%), potassium
bromide (KBr, =99.0%), peroxymonosulfate (PMS, =99.0%), sulfamethoxazole (SMX, =98.0%), and other

reagents were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China) and used without further purification.

Deionized water was used throughout the experiments.

2.2 Sample preparation.
2.2.1 Synthesis of Pristine C3N4, C3N5 and CN-AT. For pristine C3N4, 3.0 g of cyanuric acid was placed in an
alumina crucible, heated to 500 °C at a ramping rate of 10 °C-min?, and calcined for 3 h. The product was ground
into a powder. For pristine C3N5, 3.0 g of 3-amino-1,2,4-triazole was calcined under the same conditions as C3N4.

While for CN-AT homojunction, A mixture of 3.0 g cyanuric acid and 3.0 g 3-amino-1,2,4-triazole was calcined
at 500 °C for 3 h (ramping rate: 10 °C-min™").

2.2.2 Synthesis of rCN-AT. 3.0 g of cyanuric acid and 3.0 g of 3-amino-1,2,4-triazole were separately dissolved
in KBr solution (0.20 g-mL™). The solutions were evaporated to dryness at 80 °C, and the resulting solids were
ground, mixed, and calcined at 500 °C for 3 h (ramping rate: 10 °C-min!). The final product was labeled rCN-AT
after drying for 12 h .

2.3. Characterization Detailed characterization methods are provided in the Supplementary Information.

2.4 Photocatalytic activity evaluation. SMX degradation experiments were conducted in a 50 mL quartz reactor.
Typically, 25 mg of catalyst was dispersed in 25 mL of SMX solution (10 uM). The suspension was stirred in the
dark for 30 min to reach adsorption-desorption equilibrium. Then, 0.15 mL of PMS solution (0.05 mol-L™!) was
added, and the reaction was triggered by turning on the 350 W xenon lamp. At predetermined intervals, 1 mL of
suspension was sampled and mixed with 0.15 mL of 0.05 mol-L ™" Na2S-0s to quench the reaction. The supernatant
was collected via centrifugation (8000 rpm, 5 min) and analyzed using a high-performance liquid chromatograph
(HPLC, Thermo Fisher Scientific U3000) with a C18 column (250 x 4.6 mm, 5 pm). The mobile phase was
methanol:water (60:40, v/v) at a flow rate of 1.0 mL-min’, and the detection wavelength was 268 nm.

2.5 Radical quenching experiments, Stability and Reusability Tests. Methanol (MeOH), tert-butanol (TBA), p-

benzoquinone (p-BQ), furfuryl alcohol (FFA) and ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
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were used as scavengers of the SO, - OH, - 03, 'O and h*, respectively [22, 31, 32]. The stability of rCN-AT was
evaluated via five consecutive degradation cycles. After each cycle, the used catalyst was firstly centrifugated and
washed three times by deionized water and ethanol, the collections were dried at 60 °C for 12 h.

2.6 Influence Factor Experiments. The effects of initial pH (3.16—11.06), rCN-AT dosage (0.1-2.0 g-L ™),
PMS dosage (0.05-0.3 mM), initial SMX concentration (5-20 uM), temperature (2545 °C), and coexisting anions
(CI, HCOj5, H,POs* NOs5, and SO4*, 10 mM) on SMX degradation were investigated. The pseudo-first-orde
kinetics of the SMX degradation process was obtained by linear regression of In [SMX]t to [SMX], (Eq.(1)), and

the pseudo-first-order rate constant (ko) was obtained [22].

[SMX]¢) _
—In ({5) = Kobst (1)
Inkops = In A — 22 ©)

Here, [SMX], and [SMX], were represented to initial and terminated concentration of SMX, kobs , R and A are
represent the rate constant, universal gas constant (8.314 J mol™! K™') and pre-exponential factor [22].

3. Results and discussion

3.1 Morphology and structure analysis.

3.1.1 SEM Morphology. As shown in Fig. 1, pristine g-C3N5 exhibits a smooth blocky morphology (Fig. 1a),
while g-C3N4 has a rough surface (Fig. 1b). The CN-AT homojunction shows a hierarchical structure with an
irregular surface (Fig. 1c), attributed to the composite formation of C3N4 and C3N5. The rCN-AT sample displays
a coral-rose-like porous structure (Fig. 1d), induced by the KBr template, which acts as a pore-forming agent to

create a hierarchical porous network during calcination.
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Fig.1 SEM image of C3N5 (a), C3N4 (b), CN-AT (c) and rCN-AT (d).
3.1.2 BET Surface Area and Porosity. All samples exhibit typical IV N: adsorption-desorption isotherms,
indicating mesoporous structures [33] (Fig. S1a). As shown in Table 1, the BET surface area (Sget) of rCN-AT is
25.56 m?-g!, which is higher than that of CN-AT (16.85 m?-g™!), C3N4 (9.23 m?-g!), and C3N5 (1.92 m?>-g?).
rCN-AT also has the largest pore volume (0.123 cm?-g!) and pore size (17.63 nm). The enhanced porosity of rCN-
AT provides abundant active sites for PMS adsorption and activation, facilitating mass transfer during the reaction.
Table 1

Microstructural properties of the as-prepared samples

Sample SpET (mz- g"l) Pore size (nm) pore volume (cm’ g)
C3N5 1.92 8.36 0.006
C3N4 9.23 8.66 0.019
CN-AT 16.85 11.37 0.042
rCN-AT 25.56 17.63 0.123

3.1.3 XRD and FTIR Analysis. The XRD patterns (Fig. S1b) show that C3N4 has a strong diffraction peak at 27.46°
(corresponding to the (002) plane, interlayer stacking of aromatic rings) and a weak peak at 12.92° (corresponding
to the (100) plane, in-plane triazine ring repetition) [37]. The (002) peak of C3NS5 is broader and weaker than that
of C3N4, indicating a denser structure (consistent with its small (Sger) [34]. The CN-AT sample shows a (002)
peak intensity between C3N4 and C3NS5, confirming homojunction formation. The (002) peak of rCN-AT is further
weakened, suggesting a more disordered and porous structure induced by KBr.

The FTIR spectra (Fig. 2a) show that C3N4 has a characteristic peak at 804 cm™ (triazine ring bending vibration)
[35] , while C3NS5 exhibits strong absorption bands at 1200—-1650 cm™ (C-N stretching vibrations) and peaks at
3435 cm™ (-OH from adsorbed water) and 3724 cm™ (-NHa from uncondensed 3-amino-1,2,4-triazole) [36, 37].
The CN-AT and rCN-AT samples retain all typical peaks of C3N4 and C3N5, indicating that the chemical structure

of the carbon nitrides is remains unchanged after homojunction formation.
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Fig.2 FTIR spectra (a), XPS survey spectra (b) and high resolution Cls (¢) and Nls (d) of the as-prepared
samples
3.1.4 XPS Analysis. The C 1s XPS spectrum of C3N4 (Fig. 2¢) shows peaks at 284.80 eV (adventitious carbon),
288.18 eV (N-C=N), and 292.91 eV (n-n* transitions) [38]. The N Is spectrum (Fig. 2d) exhibits three peaks:
398.54 eV (C=N-C, N2C), 400.64 ¢V (N-(C)s or -NHz, N-(C)3), and 404.23 eV (n-r* transitions) [39]. For C3N5 ,
the N 1s peak shifts to a higher binding energy, possibly due to the presence of N=N bonds [40]. The N/C ratio of
rCN-AT is between C3N4 (1.24) and C3N5 (1.53), indicating that the homojunction has been successfully
constructed. The rCN-AT sample has a C 1s and N 1s binding energy between C3N4 and C3N5, further confirming
homojunction formation. The N3c/Nyc ratio of rCN-AT (0.16) is between C3N4 (0.12) and C3NS5 (0.22),
indicating a strong interaction between C3N4 and C3N5 via an internal electric field—this promotes charge
transfer [41].

3.2 Photoelectrochemical property.
3.2.1 UV-Vis DRS and PL. The UV-Vis DRS (Fig. 3a) shows that g-C3N5 has two absorption edges at ~480 nm
and ~650 nm, corresponding to band-to-band transitions [42, 43]. The CN-AT sample has an absorption edge
between C3N4 and C3NS5, extending the optical response range via homojunction formation. The rCN-AT sample
exhibits stronger visible-light absorption, attributed to its porous structure and enhanced n-n* conjugation [44].

The PL spectra (Fig. 3b) show that C3N4 and C3NS5 have strong emission peaks at ~430 nm, corresponding to the
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recombination of photogenerated electrons and holes in carbon nitrides. The PL peak intensity of CN-AT is lower
than that of the pristine samples, and rCN-AT shows the lowest intensity—confirming that the homojunction and
porous structure effectively inhibit charge recombination.

3.2.2 Photocurrent and EIS. The transient photocurrent response (Fig. 3c) shows that rCN-AT has the highest
photocurrent intensity, followed by CN-AT, C3N4 and C3NS5. This indicates that rCN-AT has the most efficient
charge separation [32]. The photocurrent of the rCN-AT homojunction gradually decreases with the increase of
illumination time, which may be caused by the charge carriers transfer to the surface [45]. Based on the above
research, the built-in electric field in the rCN-AT homojunction can effectively promote photoexcited charge
separation. The EIS Nyquist plots (Fig. 3d) show that rCN-AT has the smallest arc radius, indicating lower electron
transfer resistance—this facilitates charge transport during PMS activation [31]. This is consistent with an increase

in the photocurrent response intensity (Figure 4b) and a decrease in the peak PL intensity.
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Fig. 3 UV-vis diffuse reflection spectra (a), photoluminescence (PL) spectra (b), transient photocurrent response
(c), and EIS Nyquist plots (d) of the as-prepared samples

3.3 PMS activation for SMX oxidation.

33.1 Catalytic Performance Comparison. To assess the catalytic performance of rCN-AT (with
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homojunction structure and enhanced specific surface area) in PMS activation for SMX degradation, comparative
experiments were carried out using C3N4, C3NS5, and CN-AT as reference catalysts. The experiments were
conducted under three reaction systems: PMS only, visible light only and catalyst/PMS/Vis (C3N4/PMS/Vis, g-
C3N5/PMS/Vis, CN-AT/PMS/Vis, and rCN-AT/PMS/Vis). As shown in Fig. S2a, after 45 min of reaction, the
SMX degradation rates of the C3N4/PMS/Vis, C3N5/PMS/Vis, CN-AT/PMS/Vis, and rCN-AT/PMS/Vis systems
are 28.85%, 33.92%, 83.64%, and 99.98%, respectively. The rCN-AT system also has the highest reaction rate
constant (Kobs = 0.123 min™!), which is 12.2 times higher than g-C3N4 (kobs = 0.0101 min'') and 8.8 times higher
than g-C3N5 (kobs = 0.0140 min™") (Fig. S2b). Clearly, the rCN-AT/PMS/Vis system exhibits the best SMX
degradation performance. Control experiments (Fig. 4a) show that rCN-AT adsorption, PMS only, visible light
only, rCN-AT/Vis, and rCN-AT/PMS achieve only 0.74%, 16.54%, 22.94%, 20.16%, and 56.87% SMX

degradation, respectively. This confirms the synergistic effect of tCN-AT, PMS, and visible light in promoting

SMX degradation.
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Fig. 4 Degradation of SMX in rCN-AT under different conditions (a), Recycling experiments of SMX
degradation in suspensions of rCN-AT (b).

3.3.2 Catalyst Stability. The reusability test (Fig.4b) shows that after five cycles, the SMX degradation rate of
rCN-AT remains at ~85%, which is still higher than the initial performance of C3N4 and C3N5. The slight activity
decrease may be due to intermediate product adsorption on active sites. These results demonstrate that rCN-AT

has strong stability, good economic benefits, and practical application potential.

3.3.3  Influence factors on SMX degradation.
Initial pH. Solution pH is a critical factor affecting PMS activation and contaminant degradation, as it influences

the speciation of PMS, catalyst surface charge, and reactive species generation [3]. The rCN-AT/PMS/Vis system
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exhibits high SMX degradation efficiency over a wide pH range (3.16-9.09) (Fig. 5a,b). Previous reports have
shown that deprotonated SMX has higher reactivity than protonated SMX [22]. The optimal pH is near neutral
(pH 7.07, 99.02% within 30 min ), which aligns with the pKa values of SMX (pKa: = 1.8, pKaz = 5.6) and PMS
(pKa =9.4) [3]. At pH < pKa. of SMX, SMX exists as a neutral molecule, while PMS is primarily in the form of
HSOs". The neutral surface of tCN-AT (isoelectric point ~3.9, Fig. 5a) facilitates adsorption of both neutral SMX
and HSOs™, promoting their interaction [22]. At alkaline pH (pH > 9.4), PMS dissociates into SOs*", which has
lower reactivity than HSOs™, leading to reduced activation efficiency. Additionally, high pH may induce self-

decomposition of PMS, further decreasing degradation performance [46].
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Fig. 5 Effect of initial pH (a and b), dosage of PMS (c), dosage of photocatalyst (d), temperatures (e) and

different inorganic anions and humic acids (HA) (f) on SMX degradation in rCN-AT/PMS/Vis system.

Catalyst Dosage. The influence of rCN-AT dosage (0.1-2.0 g-L™") on SMX degradation is presented in Fig. 5c.
As the dosage increases from 0.1 to 1.0 g-L!, SMX degradation efficiency rises from 62.4% to 99.98%, and the
kobs increases from 0.028 to 0.123 min. This is because higher catalyst dosage provides more active sites for PMS
adsorption and activation. However, when the dosage exceeds 1.0 g-L!, the degradation efficiency slightly
decreases (to 95.3% at 2.0 g-L ™). Excessive catalyst particles may cause light scattering, visible-light utilization
efficiency reducing, and leading to mutual aggregation of active sites, which hinders charge transfer[47].

PMS dosage. As shown in Figure 5d, SMX degradation efficiency increases with PMS dosage from 0.05 to 0.2
mM: 78.6% (0.05 mM), 99.98% (0.2 mM), and 98.2% (0.3 mM). The kqps reaches a maximum of 0.123 min* at

0.2 mM PMS. Sufficient PMS provides more oxidizing species, but excessive PMS may act as a scavenger for
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reactive radicals ( HSOz + SO; — SO3~ +SO: + H' ), reducing the effective concentration of reactive
species[48].

Temperature. Temperature affects the reaction rate by influencing molecular diffusion and activation energy
[49]. Increasing temperature from 283 K to 313K enhances SMX degradation (Fig. 5e), with an activation energy
(Ea) of 38.84 kJ-mol™* (inset of Fig. 5e). This value is higher than diffusion-controlled reactions (10~13 kJ-mol™)
[22], indicating that the reaction is dominated by surface chemical reactions. From the Kqus of SMX degradation
during the oxidation of rCN-AT /PMS/Vis, on the catalyst surface the inherent chemical reaction rate was the
dominant factor rather than the mass transfer rate [50]. In addition, for the out-sphere interactions are usually
diffusion-controlled reactions, the rCN-AT /PMS/Vis reaction system was most likely to be an intra-sphere electron
transfer process.

Coexisting Anions. Natural water contains various anions that may affect AOPs performance. Therefore, we
particularly investigated the influence of inorganic ions and humic acid on the removal of SMX (Fig.5f).
Coexisting anions show different effects: HCO3, H,POs>, NOy, inhibit SMX degradation (order: HCO3™>
H,PO4.>>NO5") by quenching SOs~ and *OH (Eq.3) [51, 52], while Cl- promotes degradation by generating

reactive chlorine species (e.g., HOCI, Cl,, andCl - ) via reactions with PMS and SO.~ (Eq.4-7) [31, 51, 53].

HSOg + HCO3 — HCO; + HSO; 3)
Cl™ + HSO; — S0Z~ + HOCl 4)
2Cl™ + H* + HSO: - SO~ + Cl, + H,0 %)
Cl~ +50, > S0} +Cl- (6)
Cl=+Cl-—> Cly-~ (7

Additionally, the degradation of SMX is significantly inhibited by the existence of HA. As reported, natural
organic matters (NOMs) typically act as free radical scavengers in advanced oxidation processes (AOPs) by
competing with reactive oxygen species (ROS), reducing the decomposition efficiency of target contaminants [51,
52]. Specifically, phenolic moieties in NOMs can inhibit the photochemical conversion of aniline compounds in
sulfamethoxazole (SMX) via the excited triplet state; their reduction of SMX radical cations may also hinder SMX
removal. Additionally, humic acid (HA) competes for active sites on the catalyst surface, and its spatial and
electrostatic effects further block peroxymonosulfate (PMS) from reaching the catalyst surface, thus inhibiting

SMX degradation .

3.4 Degradation mechanism analysis.
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3.4.1 Reactive Species Identification. Quenching tests and EPR analysis revealed the involvement of - SOj, - OH,
- 03, '0; and h" in the degradation process, with - 05, 'O, and h*identified as the dominant reactive species. As
shown in Fig. S3, the SMX degradation efficiency decreases slightly (to 89.2%) with the addition of TBA,
indicating a minor contribution of - OH. When MeOH is added, the degradation efficiency drops to 72.5%,
suggesting that - SO, plays a more important role than - OH but is not the dominant species. The SMX degradation
rate shows a decrease from 0.0064 min!, 0.0103min"' or 0.005min™! along with adding p-BQ, EDTA-2Na or FFA.
These confirm that h*, - 03, 'O, are the dominant reactive species in the rCN-AT/PMS/Vis system.

EPR spectra confirm that DMPO —- 0; (1:1:1:1 quartet) and TEMPO-h" are clearly observed in Fig.6a,b.
While signals of DMPO-- SO, (1:1:1:1:1:1 sextet and - DMPO- - OH (1:2:2:1 quartet) are weaker in the rCN-
AT/PMS/Vis system. For 'O, detection (Fig.6d), the characteristic triplet signal of TMP-'O. is observed,

confirming 'O generation via PMS activation.

——rCN-AT/PMS b ——rCN-AT/PMS
~———CN-AT/PMS/Vis ——rCN-AT/PMS/Vis
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Fig.6 ESR spectra of CN-AT under dark and visible light irradiation, DMPO-DMSO--O; (a), TEMPO-h" (b),
DMPO- SO;/-OH (c), TEMP-'0; (d)

According to the ESR results (Fig. 6), signals corresponding to reactive species were detected in both the PMS-
only system and the visible light-PMS coexistence system. For the rCN-AT/PMS system, distinct ESR signals of
reactive species were observed, indicating that rCN-AT can activate PMS even under dark conditions to generate

reactive radicals including SO}, -OH, -O5 and 'O,. This result may be attributed to the involvement of electron-
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deficient carbon atoms in the homojunction structure in PMS activation. When visible light was presented in the
rCN-AT/PMS system, the intensity of reactive species signals was significantly enhanced, demonstrating that the
photocatalytic process promotes the formation of reactive species. Specifically, the signals of TEMPO-h*, DMSO-
-O; and TEMP-'0; were stronger than the DMPO--OH, while the DMPO- SO; signal was relatively weak. These

results further confirm that h*, O3, 'O, are the dominant reactive species.

3.4.2 Electronic band structure determination. Based on DRS results, Tauc plot method was employed to
convert the diffuse reflection data [27, 54]. According to Fig 7 the band gap width (Eg) of C3N4 and C3Ns were
determined to be 2.80eV and 2.00eV, respectively. Using Mott-Schottky plots (Fig. 7a, b) and the conversion
equations:Exg/agct = Erug — 0.059 pH — 0.197 and Eyyg = Eggg — 0.059 pH [55], the conduction band (CB)
potentials of C3N4 and C3Ns were calculated to be approximately -1.185 and -1.598 V (at pH=5.95 vs. Ag/AgCl),
respectively. The valence band (VB) potentials are set as 1.75 V (for g-C3N4) and 0.54 V (for g-C3N5) using Evs
= Ecg + E;. Under light irradiation, both C3N4 and C3Ns can generate photogenerated electron-hole pairs. In the
rCN-AT homojunction, C3N4 possesses a less negative CB potential compared to CsNs, driving the photogenerated
electrons transferred from the CB of C3Ns to C3N4. Meanwhile, since C3Ns has a higher VB potential than C3N4

in the rCN-AT homojunction, photogenerated holes migrate from the VB of C3N4 to the VB of C3Ns.
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Fig.7 Mot-Schottky plots (a and b), Tauc plot (c) and the calculated band diagram (d) of C3N4 and C3Ns samples
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Linear sweep voltammetry (LSV) curves were measured to verify PMS’s role in the photocatalytic process [21,
22,31, 32]. As shown in Fig. S4, the current response of rCN-AT in the dark was lower than with light irradiation.
Notably, the current intensity of rCN-AT was significantly enhanced in both irradiation and dark conditions,
introducing PMS. This result indicates that as an efficient electron acceptor, PMS can improve the transfer
efficiency of photogenerated electrons.

A plausible reaction mechanism was proposed sulfamethoxazole (SMX) degradation mediated by
peroxymonosulfate (PMS) activated by the C3N4/C3NS5 homojunction (rCN-AT). Within the rCN-AT/PMS/Vis
system, two core processes (photocatalysis and PMS activation) operate in a synergistic manner to drive SMX
degradation. Upon irradiation with visible light, the rCN-AT homojunction undergoes photoexcitation, resulting
in the generation of photogenerated electrons (e”) and holes (h*). Specifically, the h* localized in the valence band
(VB) of C3N4 migrate to C3N5, whereas the photogenerated e~ in the conduction band (CB) of C3NS5 transfer to
the CB of C3N4. The migrated h* are capable of reacting with PMS molecules adsorbed on the surface of C3NS5.
Meanwhile, the asymmetric structure of PMS (HO-O-S0Os") enables it to accept photogenerated e~ from the CB of
C3N4.

The integrated process of photocatalysis and PMS activation achieves two key goals via strong synergy: (i)
PMS significantly promotes the separation and transfer of photogenerated electrons (e¢”) and and holes ( h*) in
rCN-AT; (ii)) PMS gets activated upon accepting photogenerated e, yielding reactive species. As outlined in the
schematic (Fig.8), visible light excitation of rTCN-AT generates photogenerated e (CB) and h*(VB) (Eq. (8)). Given
that the potentials of -OH/OH™ (2.38 V vs. NHE) and -OH/H:0 (2.72 V vs. NHE) are more positive than rCN-AT’s
VB potential rtCN-AT (0.31 V vs. NHE) [31], h"(VB) cannot react with OH /H-O. Instead, it reacts with HSOs™ to
form SOs-~ (Eq. (9)). Combined with earlier radical quenching results, h*(VB) primarily acts to directly degrade
SMX.

Moreover, e (CB) is engaged in two reactions: (i) reacting with dissolved oxygen to generate -O2" (Eq. (10)),
this is because the potential of as the potential of O2/-O2" (-0.33 V vs. NHE) is less negative than the rCN-AT’s CB
potential (-1.58 V vs. NHE) [32]; (ii) activating PMS (HSOs") to generate SO4-~ (Eq. (11)). Other possible reactions
in the rCN-AT/PMS/Vis system include the conversion of SO4-~ to -OH via reactions with HO or OH™ (Egs. (12)
and (13)). Additionally, quenching experiments and EPR analysis confirm that non-radical pathways contribute to
SMX degradation. The generated SOs-~ can further react to form 'O2 (Eq. (14)). Ultimately, the rCN-AT/PMS/Vis
system produces h*, ‘O27, SO+, 'Oz, and -OH as reactive species for efficient SMX degradation (Eq. (15)).

rCN — AT + Vis - e”(CB) + h* (VB) ®)
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Fig.8 Proposed degradation mechanism of SMX by the rCN-AT/PMS/Vis system

4. Conclusions

In summary, a novel metal-free g-C3N4/g-C3N5 homojunction (rCN-AT) was successfully synthesized via a
KBr-assisted thermal polymerization method. The rCN-AT/PMS/Vis system exhibited the highest and most stable
SMX degradation efficiency among all tested systems, achieving ~99.98% SMX removal within 45 min—far

exceeding the performance of g-C3N4/PMS/Vis (28.85%), g-C3NS5/PMS/Vis (33.92%), and CN-AT/PMS/Vis

(83.64%).

The enhanced catalytic performance of rCN-AT is attributed to its unique homojunction interface and large

specific surface area (25.56 m?-g™'), which facilitate efficient interfacial charge transfer and promote effective

PMS activation.

©
(10)
(1)
(12)
(13)
(14
(15)
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Furthermore, quenching experiments and spectroscopic analysis confirmed the involvement of five reactive
species - SOj; , - OH, - 03, 'Oz and h", with h', - 03, and 'O identified as the dominant contributors. Evidence of
electron transfer between PMS and rCN-AT suggests that SMX degradation proceeds via both radical and non-
radical pathways.

This study provides a new strategy for designing metal-free homojunction catalysts for PMS activation and

offers insights into efficient antibiotic degradation in water treatment.
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