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 A precursor-engineering, molten-salt calcination method was used to modify 

g-C3N4. 

 Benzene and K+ co-doped g-C3N4 can degrade RhB and CR with in 

situ-generated H2O2. 

 Modified g-C3N4 exhibits enhanced charge separation, H2O2 and·OH generation.  

 57.7 μM H2O2 was produced in water after 60 min, 22 times of that pure g-C3N4. 

 93.3% RhB and 96.6% CR were degraded after 60 min by H2O2-derived ·OH 

radicals. 
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Abstract 

Background: Fe2+/H2O2-based photo-Fenton process is often used in pollutions 

removal. But, iron residue related low activities at neutral condition hinder its 

practical applications. Activation of in situ-generated H2O2 for Fenton-like 

degradation of pollution through catalysts absences of Fe species is expected. 

Methods: A strip-like benzene and K+ co-doped g-C3N4 (KBCN) was constructed by 

the thermal polymerization of assemblies of melamine and 2-aminoterephthalic acid, 

then post-calcination in LiCl–KCl molten salt, which was then used to degrade 

Rhodamine B (RhB) and Congo red (CR) via in situ-generated H2O2.  

Significant findings: Benzene and K+ co-doping are critical both in increasing charge 

separation and enhancing the H2O2 production. The yield of H2O2 for KBCN is 57.5 

μM in pure water after 60 min irradiation. In the absence of Fe2+, the in situ-generated 

H2O2 could subsequently to degrade RhB and CR with the formed ·OH. The apparent 

rate constants of KBCN for RhB and CR degradation were 0.0446 and 0.0497 min−1, 

respectively. The advantages of degradation with in situ-generated H2O2 in the 

absence of Fe2+ can provide a new prospective to the environmental friendly 

Fenton-like reaction. 

 

 

 

Keywords: g-C3N4; benzene, K+-co-doping; in situ H2O2 production, Fenton-like; 

dye degradation  
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1. Introduction 

In recent years, Fe2+/H2O2-based photo-Fenton process is widely used in pollutions 

removal via generated active hydroxyl (·OH) radicals [1–4]. In such process, a lower 

solution pH for facilitating regenerative cycle of Fe3+ to Fe2+ and additional H2O2 are 

need, which is an uneconomical process. To avoid the introduction of H2O2, 

photo-Fenton systems containing photocatalysts which can in situ generate H2O2 for 

degradation of pollutions are emerged. For example, Zhang et al. fabricated 

CdS/rGO/Fe2+ system for in situ generation of H2O2 to degrade phenol at natural pH 

[5]. Liu et al. demonstrated a WO3/g-C3N4, which displayed a highly enhanced 

activity for efficient oxidation of ciprofloxacin with in situ-generated H2O2 [6]. In 

those systems, a Fe-based species were needed to activate formed H2O2 for generation 

of ·OH radicals. However, iron residue related second pollution and low activities at 

neutral condition hinder its practical applications [7]. Thus, activation of in 

situ-generated H2O2 for Fenton-like degradation of pollution through catalysts 

absences of Fe species is expected. 

Generally, production of H2O2 can be achieved by anthraquinonoid autoxidation [8], 

electrochemical or photocatalytic synthesis [9]. Particularly, photocatalytic production 

of H2O2 from water and O2 over semiconductors is a convenient way for in situ and 

on-demand production [10–13]. Moreover, the generated H2O2 can be decomposed 

with photogenerated electrons to produce ·OH (2H2O2 + H+ + e– = H2O+ ·OH), which 

then can be applied to decompose organic compounds including dyes. Li et al. 

prepared black phosphorus/oxygen-enriched porous carbon nitride (g-C3N4, CN) for 
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H2O2 production and subsequent methyl orange degradation through produced ·OH 

radical [14]. Sun et al. prepared black phosphorus/oxygen-enriched porous carbon 

nitride (g-C3N4, CN) for CuxP/CN catalyst for the removal of various organic 

contaminants by Fenton-like catalytic process [15]. Zhao et al. found that H2O2 

production and decomposition were accelerated by KOH modified CN with high 

electron-holes separation efficiency [16]. In this regard, design of a photocatalyst with 

high charge separation to effectively produce H2O2 and then ·OH for pollutants 

removal is encouraged. 

At present, a series of semiconductor materials have been used for photocatalytic 

H2O2 production [17–21]. Notably, CN has attracted many attentions due to its easy to 

synthesis and a high selectivity for the oxygen reduction reaction [21–26]. However, 

the photocatalytic H2O2 production performance of pristine CN (PCN) is not 

satisfactory owing to its poor visible light response and rapid electron–hole 

recombination. The poor electrons–holes separation is due to the symmetrical 

tri-s-triazine ring of CN. Thus, methods like heteroatom doping, creation of 

carbon/nitrogen vacancies, and integration of aromatic structures into the skeleton of 

CN have been employed to break the symmetry of the tri-s-triazine ring and improve 

the charge carriers separation [27–30]. Owing to similar aromatic structures and sizes, 

the benzene has been incorporated into the CN backbone to regulate electronic 

structure and catalytic performance of CN [31–35]. 

On the other hand, CN synthesized by conventional thermal polymerization of 

nitrogen-containing precursors usually has abundant hydrogen bonds in the intralayer 
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framework [36], leading to a localization of photoexcited charge carriers within each 

tri-s-triazine unit and poor intralayer charge transport [37]. Destroying these hydrogen 

bonds is necessary to accelerate the charge transfer. It has been confirmed that thermal 

treatment of CN with molten salt can tailor the grain boundary chemistry and 

facilitate electron delocalization. Wang et al. used LiCl–KCl molten salt as the solvent 

to tune the polymerization process of CN and obtained crystalline CN with high 

charge separation efficiency [38–40]. In addition, Long et al. found that intercalated 

K+ acted as Lewis acid sites to facilitate alcohol oxidation and proton release [25], 

leading to increased photocatalytic H2O2 production. Inspired by these facts, we 

envisioned that simultaneous doping of benzene and K+ into CN would be a viable 

approach to achieve improved in situ H2O2 and ·OH generation, then high pollutants 

degradation via Fenton-like reaction. However, this has not been reported to the best 

of our knowledge.  

Herein, a benzene and K+ co-doped CN (KBCN) was prepared by the thermal 

polymerization of an assembly of melamine (MA) and 2-aminoterephthalic acid 

(MA–ATA), followed by post-calcination in LiCl–KCl mixture, which was then used 

as a Fenton-like catalysts to degrade Rhodamine B (RhB) and Congo red (CR). The 

strip-like KBCN exhibited excellent H2O2 yield with value of 57.7 μM in pure water 

after 60 min irradiation, and high Fenton-like degradation performance for RhB and 

CR with apparent rate constants of 0.0446 and 0.0497 min–1, respectively. The 

mechanisms of enhanced H2O2 production, RhB and CR degradation were discussed. 

Our results presented here open a novel route for efficient wastewater treatment. 
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2. Experimental Section 

2.1. Raw materials 

All used reagents were analytically pure and directly used without purification. 

Melamine, Rhodamine B (RhB), Congo red (CR), lithium chloride (LiCl), and 

potassium chloride (KCl), and benzoquinone (BQ) were obtained from Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). 2-aminoterephthalic acid (ATA) and 

terephthalic acid (TA) were purchased from Aladdin Bio-Chem Technology Co., Ltd. 

Ethanol and tert butyl alcohol (TBA) were acquired from Fuyu Fine Chemical Co., 

Ltd. (Tianjin, China). Ultrapure water was applied in all experiments.  

2.2. Preparation of benzene and K+ co-doped g-C3N4 (KBCN) 

First, 3 g of MA and a certain amount of ATA (0, 20, 30, 40, or 60 mg) were added 

into 40 mL of deionized water, followed by stirring for 2 h at room temperature. The 

reaction mixture was sealed in a 100-mL Teflon-lined stainless-steel autoclave and 

stored at 180 C for 12 h, as shown in Fig. S2. The obtained MA–ATA powder was 

washed with deionized water, dried at 60 C, then placed in a covered ceramic crucible, 

heated to 550 C at a heating rate of 2 C min–1 in a muffle furnace, and kept at 550 C 

for 4 h to obtain benzene-doped CN (BCN). Secondly, 0.60 g BCN was mixed with 

KCl (3.3 g) and LiCl (2.7 g) by grinding, followed by calcination at 550 C for 4 h 

under N2 atmosphere. After cooling to room temperature, the prepared materials were 

washed with water and dried under vacuum. The obtained sample was denoted as 

KBCN. PCN was also prepared by the direct calcination of MA at 550 C for 4 h in a 
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muffle furnace. K+ doped CN (KCN) was obtained by the same method used for the 

preparation of KBCN, but without the addition of ATA. 

2.3. Fenton-like degradation of RhB and CR 

In a typical experiment, 10 mg of photocatalyst was added to 50 mL of RhB or CR 

(10 mg L–1) aqueous solution, bubbled with O2 for 30 min. Then, the suspension was 

stirred for another 30 min in dark. Afterwards, the Fenton-like reaction was carried 

out under a 300W xenon lamp irradiation (λ > 420 nm) for 1 h (PLS-SXE 300, 

Beijing PerfectLight, China). The residual concentration of RhB and CR in the 

supernatant was determined by an absorbance at 554 nm and 315 nm, respectively 

using a UV-visible spectrophotometer (Shimadzu UV–2000). The degradation 

experiments were measured three times, and the arithmetic means were reported. To 

evaluate the recyclability of the photocatalyst, the sample was collected by 

centrifugation and washed with deionized water and dried before use in the next 

degradation experiments. 

 

3. Results and discussion 

3.1. Structure characterization 

Fig. 1a displays the XRD patterns of PCN, BCN, KCN, and KBCN. The XRD 

pattern of PCN exhibited two diffraction peaks at 27.40° and 13.04°, which could be 

attributed to the (002) interplanar stacking of the conjugated aromatic system and the 

(100) in-plane orientation of periodic tri-s-triazine units, respectively [41]. The XRD 

pattern of BCN was similar to that of PCN, indicating that the main structure and 
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periodicity of CN were not damaged after introduction of ATA. In contrast, the 

structure changed significantly after post-calcination in the LiCl–KCl mixture, as 

evidenced by the XRD patterns of KCN and KBCN. The peak of the (100) plane 

shifted to a lower diffraction degree of 8.20°, indicating an enlarged in-plane 

periodicity, which was due to the incorporation of K+ with a larger atomic size than C 

and N between the triazine units [42]. Another peak of the (002) plane was centered at 

28.20°, corresponding to a shift to higher angle compared to PCN. This suggested a 

decreased interlayer distance due to the enhanced interaction among the layers in 

KCN and KBCN, which might enable the transfer of electrons from K+ to CN [43]. 

The other weak peaks in the XRD patterns of KCN and KBCN were assigned to the 

formed poly(triazine imide) (PTI) [44]. 

[Figure 1] 

The chemical structure of the synthesized samples was also determined by Fourier 

transform infrared (FTIR) spectroscopy (Fig. 1b) and X-ray photoelectron 

spectroscopy (XPS) measurements. The FTIR absorption band at 807 cm−1 was 

ascribed to the out-of-plane bending vibration of heptazine; the peak at 913 cm−1 was 

attributed to the bending vibration of the extended conjugated CN network with 

tri-s-triazine units [45]; and the peaks in the range of 1200–1700 cm−1 were assigned 

to the carbon and nitrogen heterocycles (Fig. 1b). Compared to PCN, BCN displayed 

new peak at 730 cm−1, corresponding to the C-H out-of-plane bending vibration of 

aromatic ring, and peaks at 2850 and 2918 cm−1 can be assigned to the symmetric and 

asymmetric stretching of the –CH group, respectively. After post-calcination of PCN 
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and BCN with the LiCl–KCl mixture, new strong peaks appeared at 1000 and 2181 

cm−1. The former was assigned to the stretching vibration of oxygen-containing 

groups (C–O) [45], indicating that hydroxyl groups, which might be caused by the 

enlarged specific surface area [46] were present in KCN and KBCN. The latter was 

attributed to the vibration of the C≡N triple bond, probably stemming from the 

decomposition of C–N rings during the remodeling process [41]. Compared to KCN, 

peak of 1553 cm−1 become prominent and peak of 1454 cm−1 shifted to 1459 cm−1 due 

to the embedding of the benzene ring by substituting some of the NH2 groups of the 

melem framework [33]. Benzene doping was further confirmed by solid-state 13C 

NMR (Fig. 1c). Compared to the 13C NMR spectrum of KCN, weak peak appeared at 

135 ppm in the 13C NMR spectrum of KBCN and could be attributed to the aromatic 

carbon structure [47], directly proving the presence of benzene in KBCN. 

Fig. 2 shows the high-resolution XPS spectra of corresponding elements in PCN 

and KBCN. In the C1s spectrum, the distinct peaks at 284.7 and 288.1 eV correspond 

to carbon contamination and N−C=N (C2N) in heptazine heterocyclic units, 

respectively. For KBCN, a new peak appeared at 286.5 eV, which was assigned to the 

C–OH [48] and C–NHx on the edges of heptazine units [34] groups, confirming the 

FTIR results. The N1s spectrum shown in Fig. 2b could be deconvoluted into four 

peaks at 398.5, 399.9, 400.7, and 403.5 eV, which were related to C−N=C (N2C), 

N−(C)3 (N3C), N−H (NHx), and π excitations, respectively. Table S1 lists the areas of 

the N1s XPS fitting peaks. The relative content of N in the NHx groups decreased 

from 0.182 (PCN) to 0.179 (KBCN; Table S1), which could be ascribed to the 
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presence of CN≡ groups, as they bind to similar C functional groups as –NHx, or to 

the interaction between -NH- and K+ [41]. Moreover, the peak area ratio of N3C to N2C 

decreased from 0.81 for PCN to 0.49 for KBCN, indicating that more N2C was formed 

after incorporation of benzene [49]. The O1s spectrum of KBCN revealed three peaks 

at 532.9, 532.0, and 530.9 eV, corresponding to C−O, surface-adsorbed oxygen/O–H 

[50], and N−C−O [45], respectively. The K2p spectrum in Fig. 2d displays two peaks 

at 295.3 and 292.6 eV, which are characteristic of the binding energies of K+ ions, 

indicating that K+ ions were integrated into the framework of the KCN and KBCN 

structures [46]. Additionally, the atomic ratios of C and O in KBCN obtained by XPS 

analysis are higher than those values in PCN (Table S2). Thus, these results indicated 

that benzene and K+ were successfully co-incorporated into the framework of CN. 

[Figure 2] 

The morphology of as-prepared KBCN catalyst was observed by SEM and TEM. 

PCN has an aggregated layered structure (Fig. S3), while KBCN exhibited a strip-like 

structure. Moreover, a crystal lattice constant of 1.01 nm was observed in its 

high-resolution transmission electron microscopy (HRTEM) image, which is 

indicative of the (100) in-plane orientation, showing that KBCN was highly 

crystalline (Fig. S4) [39]. High-angle annular dark-field scanning transmission 

electron microscopy (HAADF–STEM) and energy-dispersive X-ray spectroscopy 

(EDS) elemental mapping imaging further showed that C, N, K, and O were 

homogenously distributed in strip-like KBCN. Moreover, KBCN has a higher SBET 

value (44.2 m2 g–1) compared to BCN (6.02 m2 g–1), and has micropores and 
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mesopores as evidenced by the BJH pore size distribution curve (Fig. S5). 

[Figure 3] 

The optical properties and band structures of the prepared samples were analyzed 

by UV–Vis diffuse reflectance spectroscopy (UV–Vis DRS). As shown in Fig. 4a, 

PCN exhibited a low visible light absorption with the adsorption edge at around 460 

nm. The absorption band tail slightly increased in the visible region after introduction 

of ATA into CN (BCN), indicating the presence of n-π* electron transition in BCN 

[33,51]. Both the ultraviolet and visible light absorption capacities were largely 

enhanced after K+ intercalation into PCN and BCN, and the light absorption ability of 

KCN was slightly stronger than that of KBCN. The extended light absorption of the 

composites is also consistent with their color changes (Fig. S6). Furthermore, the 

band gap potentials (Eg) of the prepared samples were determined, revealing values of 

2.76, 2.78, 2.74, and 2.71 eV for PCN, BCN, KCN, and KBCN, respectively (Fig. S7). 

In addition, according to the VB–XPS plots (Fig. S8), the VB potentials were 1.82, 

1.74, 1.78, and 1.67 eV for PCN, BCN, KCN, and KBCN, respectively. Thus, the CB 

potentials were determined using the formula ECB = EVB – Eg (Fig. S9).  

3.2. Photocatalytic H2O2 production 

Because the degradation was achieved by in situ-generated H2O2, the ability of 

obtained samples to generate H2O2 was first evaluated. As shown in Fig. 4b, the 

performance of PCN was poor, as only 2.60 μM H2O2 was produced after 60 min 

visible light irradiation in pure water. The amount of produced H2O2 slightly 

increased to 3.89 μM over BCN obtained by calcination of the assembly of MA and 
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40 mg ATA (Fig. S10). However, the samples that were prepared via post-calcination 

with LiCl–KCl displayed greatly enhanced H2O2 production activity. The 

concentration of H2O2 produced over KCN reached 22.2 μM after 60 min irradiation, 

which further increased to 57.7 μM for KBCN. This value was 22.0 times larger than 

that for PCN.  

During the photocatalytic H2O2 production, decomposition of H2O2 simultaneously 

occurred by photogenerated electrons to produce ·OH, which will participate in 

Fenton-like degradation reaction. To better understand the degradation performance of 

obtained sample, the decomposition of H2O2 was investigated by subjecting 1 mM 

H2O2 solution to light illumination in the presence of the prepared samples. As shown 

in Fig. 4c, the H2O2 decomposition rates followed an order of PCN < BCN < KBCN < 

KCN. More H2O2 was decomposed over KBCN, which could beneficial for 

Fenton-like degradation. Furthermore, the H2O2 production kinetics were evaluated 

based on zero-order kinetics (H2O2 formation, [H2O2] = kf/kd (1–exp(–kd t)) and 

first-order kinetics (H2O2 decomposition, kd = –dCt/dt; Fig. S11). KBCN has the 

higher formation (kf) (0.0485 μmol min–1) and decomposition (kd) (0.0128 min–1) 

values. This suggested that the H2O2 formation and decomposition reactions were 

accelerated under activation of KBCN. 

[Figure 4] 

3.3. Fenton-like degradation of RhB and CR 

The ability of the obtained sample to degrade RhB and CR was investigated at 

natural pH and without addition of Fe2+ species. As shown in Fig. 5a,c, KBCN 
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exhibited the highest activity in the degradation of RhB and CR among all samples, as 

93.3% RhB and 96.6% CR were degraded after 60 min irradiation. Under the same 

conditions, only 48.7%, 75.8%, and 82.2% of RhB, as well as 75.5%, 84.1%, and 91.0% 

CR were removed by PCN, BCN, and KCN, respectively. The RhB and CR 

degradation efficiency follows the same orders as those H2O2 yield, implying that the 

enhanced H2O2 production played an important roles in the RhB and CR degradation. 

The removal of RhB and CR over PCN mainly attributed to its absorption capability. 

Furthermore, the degradation kinetics of RhB and CR were described by fitting the 

first-order kinetics equation. The apparent rate constants (k) of RhB and CR for 

KBCN are 0.0446 and 0.0497 min−1 (Fig. S12), which are 4.1 and 2.5 times higher 

than those of PCN (0.0107 and 0.0200 min−1, respectively). 

[Figure 5] 

The recycle experiments were performed to study the stability of KBCN for H2O2 

production and Fenton-like degradation. First, the H2O2 production over KBCN was 

repeated for up to five cycles under the same condition (Fig. 4d). After five test cycles, 

the amount of produced H2O2 slightly decreased to 56.0 μM. Moreover, the XRD 

pattern of used KBCN was similar to that of the fresh sample (Fig. S13), suggesting 

that the KBCN catalyst was stable and reusable. Then the Fenton-like degradation of 

RhB and CR over KBCN using in situ-generated H2O2 was repeated. 92.1% RhB and 

93.1% CR still can be removed after four cycles of testing (Fig. 5b,d), demonstrating 

that KBCN has good durability in Fenton-like degradation. 

3.4. Mechanism studies 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



3.4.1. Mechanism for enhanced H2O2 production 

Compared to PCN and BCN, KCN and KTCN show significant improved H2O2 

production (Fig. 5) but negligible changes in band positions. This indicates that the 

enhanced H2O2 production cannot be explained by their changed band positions. To 

explain highly enhanced H2O2 production over KBCN, the charge separation 

performances of obtained samples were first evaluated by electrochemical 

measurements (Fig. S14). KBCN exhibits slightly weaker PL intensities, has the 

highest photocurrent and the smallest EIS Nyquist plot semicircle compared to PCN, 

BCN, and KCN, indicating that molten salt treatment can suppress charge 

recombination, benzene and K+ co-doping could more efficiently promote the 

separation and transfer of electron-hole pairs of CN. In addition, the Kohn−Sham 

orbitals of KCN and KBCN were constructed by Gaussian calculation to analyze their 

electron distribution (Fig. S15). As shown in Fig. 6a, The LUMO of KCN exhibited π 

and π* characteristics arising from the contributions of C 2p and N 2p orbitals, which 

is in agreement with a previous report [43]. The HOMOs were not located on the 

same tri-s-triazine rings (Fig. 6b), indicating that K+ doping was beneficial for the 

separation of photogenerated charge carriers. However, the electrons of KBCN were 

redistributed due to benzene doping. As shown in Fig. 6c, the LUMO of KBCN was 

dominated by a bridging benzene and two tri-s-triazine rings, whereas the HOMO was 

mainly distributed over the benzene moiety and other tri-s-triazine rings (Fig. 6d). 

These separated frontier orbitals were conducive to the spatial separation of 

photogenerated charge carriers [49]. Therefore, the inserted benzene could act as a 
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bridge to facilitate spatial electron transfer in tri-s-triazine, resulting in charge 

rearrangement and enhanced charge separation. 

[Figure 6] 

Control sample of KBCN4h obtained by soaking KBCN in 80°C water for 4 h to 

remove K+ were prepared [25], and the yield of H2O2 over KBCN4h is 51.2 μM in 60 

min (Fig. S16), lower than that for KBCN (57.7 μM). Thus, combination the 

negligible changes in band positions and high charge separation efficiency of KBCN, 

we assume that the high H2O2 production activity resulted from the synergistic effects 

of the benzene and K+ dopants. First, K+ doping by recalcination in LiCl–KCl 

increases the light absorption, diminishes the defects that could induce charge carries 

recombination. Second, positive charged K+ can act as Lewis acidic sites for 

facilitating oxidation of water, as well as enhance the capability of O2 [25]. Third, the 

doped benzene could act as the bridging N atoms for reducing the symmetry of the 

tri-s-triazine ring of CN, promotes electrons-holes separation, resulting in more 

electrons participating in O2 reduction. 

3.4.2. Possible mechanism for Fenton-like degradation with in situ-generated H2O2 

The mechanism was elucidated from two aspects. One was the photocatalytic H2O2 

production, and the other was the Fenton-like degradation of RhB and CR. First, 5, 

5-dimethyl-l-pyrrolidine N-oxide (DMPO) spin-trapping electron paramagnetic 

resonance (EPR) technique was employed to measure whether ∙O2
− had been 

generated. As shown in Fig. 7c, the characteristic peaks of DMPO–∙O2
− were detected 

for KBCN after 3 min irradiation, and the H2O2 concentration suddenly decreased to 
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5.7 μM in the presence of the ∙O2
− scavenger BQ (Fig. S18a), confirming the presence 

of ∙O2
− during H2O2 production. In addition, Koutecky–Levich plots (Figs. S 17 and 

18b) confirm that the number of electrons (ne) which takes part in the reduction of O2 

are 1.21, 1.31, 1.24, and 1.33 for PCN, BCN, KCN, and KBCN, respectively. Thus, it 

can be concluded that single-electron two-step reduction route dominate the H2O2 

production process (O2 + e− →·O2
− and ·O2

− + 2H+ + e− → H2O2) but a two-electron 

one-step reduction route also exist (O2 + 2H+ + 2e− → H2O2) [51]. 

To reveal the mechanism for Fenton-like degradation of RhB and CR, the 

degradation tests over KBCN in the presence of ·OH scavenger of TBA were 

conducted (Fig. 7a,b). Compared to the blank sample, the RhB and CR degradation 

efficiency significantly decreased, proving that ∙OH was the active species to degrade 

RhB and CR. In addition, the degradation tests were carried out under N2 atmosphere, 

and merely 28.4% RhB and 32.4% CR were degraded after 60 min irradiation. Similar 

suddenly decreased degradation efficiency was observed in the presence of BQ. 

Under N2 atmosphere or with BQ, little H2O2 was produced (Fig. S18a), which means 

that little ·OH was evolved and consequently the degradation efficiency of RhB and 

CR greatly decreased. Furthermore, TA photoluminescence probing technique (TA-PL) 

was employed to confirm the generation of ·OH radicals in KBCN [5]. TA can trap 

the ·OH radicals to form fluorescent 2-hydroxy terephthalic acid (HTA), which has a 

PL emission peak at 426 nm. Then, the PL intensities of the KBCN/TA system at 

different irradiation time were investigated. As shown in Fig. 7d, the PL intensity 

gradual increased with irradiation time, suggesting the formation of ·OH radicals in 
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KBCN. Thus, all above results proved that efficient degradation of RhB and CR 

comes from the oxidization of ·OH which derived from in situ-generated H2O2. 

[Figure 7] 

A possible mechanism for photocatalytic RhB and CR degradation via a 

Fenton-like reaction over KBCN with in situ-generated H2O2 production is proposed 

(Fig. 8). Initially, upon illumination, electron and holes are generated, and then 

separate and transfer to the surface, where the holes oxidize water under the help of 

doped K+ ion25 and release the protons for H2O2 production; Simultaneously, O2 

molecules is reduced by electrons to form ∙O2
−. After that, the released H+ reacts with 

∙O2
− to generate H2O2. Subsequently, the produced H2O2 was reduced to ∙OH radicals, 

which then oxidize the RhB and CR. 

[Figure 8] 

The formed intermediate products and degradation pathways of RhB and CR over 

KBCN were further analyzed by liquid chromatography-mass spectrometry (LC–MS). 

As shown in Figs. S19 and 9, degradation of CR occurred via cleavage of two 

sulfonate groups [52], leading to the formation of m/z 491 and 475, which could 

transformed into m/z 473. Then, m/z 301, 267, 258, 249, 226, 222, 199 and 197 were 

formed via cleavage of azo (–N=N–) double bond, C–C and C–N bonds. The 

oxidation products of m/z 289, 208, 46 were further formed under actions of ·OH. For 

RhB degradation process (Figs. S20 and 10), first, one of ethyl groups of 

ethylethanaminium in RhB (m/z 443) was removed from RhB to form m/z 415 [53]. 

When more ethyl groups were removed, m/z 387, 361, 359 were produced. Then, m/z 
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304 and 288 were formed by oxidization of carboxyphenyl group, and m/z 182 was 

transformed into m/z 132 through the ring-opening, which was then transformed into 

low-molecular-weight compounds of m/z 104, 102, 86, 74 and 62. 

[Figure 9] 

[Figure 10] 

4. Conclusions 

Highly efficient benzene and K+ co-doped CN was successfully prepared by 

thermal polymerization of an assembly of melamine and 2-aminoterephthalic acid, 

followed by post-calcination with LiCl–KCl molten salt, which then used to degrade 

RhB and CR via Fenton-like reaction with in situ-generated H2O2. KBCN can 

produce 57.7 μM H2O2 in pure water after 60 min irradiation. It also exhibits high 

H2O2 decomposition rate. Consequently, KBCN could degrade 93.3% RhB and 96.6% 

CR after 60 min with H2O2-derived ·OH radicals at natural pH, which were higher 

than those of PCN (48.7% and 75.5%, respectively). KBCN also exhibited excellent 

stability and recyclability of H2O2 production, RhB and CR degradation. The 

enhanced performance was mainly due to the synergy effects of benzene and K+ 

dopants, and efficient charge carriers separation. This work demonstrates an efficient 

approach to modify CN for efficient production of H2O2 and degradation of dyes. 
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Figure captions 

Fig. 1. (a) XRD patterns, (b) 13C CP-MAS NMR of KCN and KBCN samples, (c) 

FTIR spectra of prepared PCN, BCN, KCN, and KBCN samples. 

Fig. 2. High-resolution XPS spectra of (a) C1s, (b) N1s, (c) O1s, and (d) K2p in PCN 

and KBCN samples. 

Fig. 3. (a) SEM, (b) TEM, (c) HRTEM, and HAADF-STEM images of KBCN, as 

well as the elemental mapping of C, N, O, and K. 

Fig. 4. (a) UV–vis DRS, (b) Photocatalytic production of H2O2 in pure water, (c) 

Photocatalytic decomposition of H2O2, (d) Reusability of KBCN sample in H2O2 

production. 

Fig. 5. Results of degradation efficiencies and stability tests for RhB (a, b) and CR (c, 

d) over KBCN.  

Fig. 6. Theoretical calculated LUMO (a, c) and HOMO (b, d) for KCN and KBCN, 

respectively. Gray, blue, red, purple, and white spheres represent the C, N, O, K, and 

H atoms, respectively. 

Fig. 7. Degradation efficiencies of (a) RhB and (b) CR in various conditions, (c) ESR 

spectra of DMPO-∙OH adducts and (d) Fluorescence spectra of TA in the presence of 

KBCN. 

Fig. 8. Schematic of Fenton-like degradation of RhB and CR with in situ-generated 

H2O2 for KBCN. 

Fig. 9. Degradation pathway of CR over KBCN. 

Fig. 10. Degradation pathway of RhB over KBCN. 
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