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Abstract 

Artificial photosynthesis offers a promising strategy to efficiently produce hydrogen 

peroxide (H2O2)-not only an essential industrial chemical but also a promising 

intermediate product in tumor therapy. However, the rapidly consumed dissolving O2, 

the competition between oxygen reduction reaction (ORR) and hydrogen evolution 

reaction (HER), and poor activity of water oxidation reaction (WOR) in the 

photocatalytic processes greatly restrict the efficiency of photocatalytic H2O2 

production. In this study, we report a well-defined metal-free C5N2 photocatalyst for 

efficiently H2O2 production without sacrificial reagents and stabilizers both in 

normoxic and hypoxic systems. Experimental and computational investigations 

indicated that the strengthened delocalization of −electrons by imine facilitated the 

formation of electronic structure matching H2O2 production both at the conduction band 

and valence band in thermodynamics, thus an efficient electron-hole separation and the 

realistic redox selectivity were successfully enabled. Under simulated solar irradiation, 

C5N2 achieved an apparent quantum efficiency of 15.4% at 420 nm together with a 

solar-to-chemical conversion efficiency of 0.55% for H2O2 synthesis, among the best 

H2O2 production photocatalysts in normoxic systems. More interestingly, due to the 

dual channels of H2O2 generation, C5N2 could efficiently remove hypoxia restriction 

and further induce more severe cell damage in photodynamic therapy (PDT). Our 

findings provided essential insights into the design and synthesis of the dual-channel 

H2O2 production photocatalysts at the molecular level and would pave more broad 

applications of photocatalytic H2O2 production. 

Keywords: photocatalysts, carbon nitrides, hydrogen peroxide, non-sacrificial, 

photodynamic therapy, hypoxic tumor  
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Introduction 

As an important environmentally friendly oxidant, hydrogen peroxide (H2O2) has 

drawn increasing attention for broad industrial applications [1-4]. Except for the 

conventional renewable clean fuel, chemical healthy synthesis catalyzer and 

environmental treatment disinfectant, H2O2 becoming a promising intermediate-

product in life analysis therapy due to its noninvasive features, high efficiency, and 

ideal accuracy [5-10]. It has been reported that H2O2 can be catalyzed to produce O2 to 

alleviate O2 deficiency in the hypoxic tumor microenvironment [11,12]. In addition, H2O2 

can be used as a green raw material to produce particularly plenty of cytotoxic oxygen-

related species via the Fenton reaction for cancer treatment [13-15]. Along with this 

increasing demand for H2O2, many pioneering strategies have been developed for 

sustainable production technologies. 

Currently, H2O2 is manufactured by the high energy-consuming and substantial 

wasting anthraquinone method [16]. it is imperative to develop an alternative approach 

for H2O2 manufacture based on an efficient, economical, and environmentally-friendly 

process. Based on them, artificial photosynthesis using semiconductor materials has 

attracted significant interest [17,18]. Although plenty of pioneering studies investigating 

H2O2 production in several particulate systems have been reported, such as foreign 

chemical doping, surface defects controlling, various heterogenization and molecular 

architecture modulation, most of them still exhibited general, relatively poor 

efficiencies of H2O2 production [6-8,18-21]. The ineffective hole scavenging via water 

oxidation and the resulting charge recombination often necessitates the addition of 

organic electron donors [22,23]. Besides, low selectivity toward H2O2 synthesis via two-

electron O2 reduction compared to the four-electron reduction of O2 or two-electron H2 

evolution required manipulating noble metallic sites as cocatalysts to improve both the 

activity and selectivity of H2O2 production [19,24-26]. However, the excessive addition of 

sacrificial agents and heavy metal ions not only raises the consumption of raw materials 

but also increases the subsequent purification difficulty of H2O2 in industrial production, 

which is more adverse to the development of efficient H2O2 application in life and 

health field, such as cancer therapy [20,24].  

For the highly efficient production and wide application of H2O2, metal-free 

semiconductors, as best exemplified by polymeric carbon nitrides (pCNs) of graphitic 

structure, have emerged many pioneering strategies for electronic structures 

engineering to enhance spatially separating redox with various molecular structures 
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or/and foreign dopants [28-32]. They have been envisaged as promising photocatalysts 

for the light-driven synthesis of H2O2 without any sacrificial reagents. The rich active 

sites of imine (C=N) in triazine or heptazine repetitive units facilitate good catalytic 

activity in receiving photogenerated electrons for O2 reduction, and the intrinsic 

oxidative active sites can capture the photogenerated holes for water oxidation [34-35]. 

Both of them significantly suppressed the recombination of photogenerated charge and 

formatted a high density of electrons/holes reactive centers. Nonetheless, the reduction 

of O2 is still the primary route toward H2O2 production for most photocatalysts; 

meanwhile, nearly all pCNs commonly manifest the poor efficiency of H2O2 production 

when no sacrificial reagents or stabilizers are cooperatively used [33-35]. The challenge 

lies in maintaining the stable existence of rapidly consumed dissolving O2 and 

strengthening the ability of water oxidation reaction in the reaction system [22,34-36]. 

Similar challenges also exist in another essential application of photocatalysis. The O2 

deficiency in the hypoxic tumor microenvironment along with the inefficient electron-

hole separation in photocatalysts dramatically limits photodynamic therapy efficacy [38-

42]. Therefore, the development of non-sacrificial, novel, efficient visible-light-

responsive of photo non-metal semiconductor materials is of particular interest to 

address the restrictions mentioned above; however, it has been rarely reported to our 

knowledge. 

Herein, we report the synthesis of graphitic C5N2 with a conjugated imine (C=N) 

linkage via Schiff’s base reaction in a liquid phase [43]. Simply by varying reaction time, 

the degree of polymerization could be successfully tuned, making the molecular weight 

of pCN be quantitatively characterizable by gel permeation chromatography (GPC) for 

the first time. More interestingly, due to the strengthened delocalization of −electrons 

by imine, the as-obtained C5N2 demonstrated the appropriate conduction and valence 

band position in the pCN family, promoting an efficient electron-hole separation ability 

and the realistic redox selectivity by the thermodynamics. As a result, the C5N2 exhibits 

remarkable non-sacrificial photocatalytic H2O2 synthesis ability in pure water under 

both a normoxic and hypoxic environment. The optimized photosynthetic rate of H2O2 

reached 1550 μM h-1 under one standard sunlight at 298 K in a water and oxygen 

mixture, which was 298 times higher than that for traditional g-C3N4 (5.2 μM h-1). The 

apparent quantum efficiency (AQE) of C5N2 at 420 nm was more than 15.4 %, and the 

solar-to-chemical conversion (SCC) efficiency of C5N2 reached as high as 0.55%, 

comparable with the most efficient water-splitting photocatalysts [8,22,32-35]. Thanks to 
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the unusually high efficiency of photocatalytic H2O2 production in the hypoxic 

environment without any sacrificial agents, C5N2 was further successfully applied to 

photodynamic hypoxic tumor therapy with very appealing performances. Our findings 

revealed that disclosure of critical functions of linkers in electronic structure 

modulation for pCN would greatly enrich the intriguing properties of carbon nitrides 

family and expand the scope of their prospective applications. 

 

Results and discussion 

 

Figure 1. (a) Reaction pathway of imine formation in the synthesis of C5N2 (5) from 

melamine (1) and p-phthalaldehdye (2) through Schiff base reactions. (b) FT-IR spectra 

of C5N2-5d, C5N2-1d, 1, and 2. (c) Solid-state 13C NMR spectra of the insoluble part 

and liquid-state 13C NMR spectra of the dissoluble part of C5N2-5d. (d) High-resolution 

N1s XPS spectra of C5N2-5d and traditional g-C3N4. (e) LDI mass spectrum of C5N2-5d 

and possible assignments. 



5 

 

Fig. 1a illustrates the general principle of using melamine (1) and p-phthalaldehdye 

(2) as the monomers in an idealized molar ratio of 3:2 via the Schiff’s base reaction 

with the intermediate 3 and 4 to synthesize C5N2 (5). To understand the reaction kinetics 

and polymerization degree, the influence of reaction time on C5N2 formation was 

explored. It is worth mentioning that the yield of insoluble solid products gradually 

increased and reached a plateau with the increase of the reaction time up to 5 days 

(Table S1). Moreover, it was found that superacid catalysts (e.g. Sc(OTf)3) could 

accelerate the formation and exchange of double-bond linkage between aromatic 

aldehydes and primary amines, thus improving the yield up to 3 times [44]. From the FT-

IR spectra of the solid products collected at different time intervals (C5N2-X, X stands 

for the reaction time in day), the relative intensity of characteristic vibration peaks of 

NH2 (3100-3500 cm-1) and C=O (1688 cm-1) groups gradually weakened (Fig. 1b and 

S1), indicating the stepwise consuming of the monomers during the Schiff-base 

polymerization processes. Some peaks at 1545 cm-1 and 1445cm-1 that were assigned 

to characteristic vibrations of the aromatic C=N heterocycles, were also observed in 

C5N2-1d and C5N2-5d, indicating the retention of the triazine unit during the Schiff-

base reaction. Nonetheless, the stretching vibration of the imine (C=N) linkage was 

inapparent, which was supposed to be overlapped by that of the aromatic C=N 

heterocycles. The combustion elemental analysis verified (Table S2) that the C/N molar 

ratio gradually increased with the longer reaction times and finally reached a plateau. 

Notably, the C/N molar ratio of C5N2-5d (2.52), the highest one in this study, was very 

close to the theoretical value of 2.5, a strong evidence of the successful Schiff-base 

reaction for C5N2 preparation (Fig. 1a). The surface area of C5N2-5d (10.717 m2 g−1, 

Fig. S2) is only about 1/3 of C5N2-3d (27.818 m2 g−1), also indicating that the increasing 

degree of polymerization. 

Solid-state 13C NMR spectrum of C5N2-5d solid (Fig. 1c) was further used to confirm 

the successful synthesis of C5N2. Notably, the C (1) atoms in triazine units at 164.5 ppm, 

generally, were observed at lower chemical shifts due to the strengthened delocalization 

of −electrons by imine in compared to that of 1 (Fig. S3). The 136.3 and 127.2 ppm 

confirmed the C (3) and C (4) atoms in the resolved resonances for peripheral phenyl 

ring units, respectively, almost identical to 2. Moreover, the disappearance of the peak 

at 193.5 ppm in 13C spectrum and the peak at 10.1 ppm in 1H of 2 in C5N2 (Fig. 1c and 

S2) were noted, indicating the complete depletion of the aldehyde carbonyl in 2. More 

interestingly, some C5N2 oligomer was also found in the decanted supernatant after 
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careful separation and purification. Thanks to good solubility, the liquid-state 13C NMR 

spectrum in methanol-d4 gave peaks with a much narrower full width at half maximum 

(FDHM), indicative of a higher resolution compared with the solid-state one (Fig. 1c). 

The sharp peaks with chemical shifts at 126.0 and 138.4 ppm can be more readily 

assigned to the peripheral phenyl ring C (4) and C (3) atoms. And, the peak at 167.1 

and 150.1 ppm were ascribed to the C (1) atom signals from the triazine ring and C (2) 

atom signals of the conjugated imine linkage (C=N), further validating the analysis of 

the solid-state NMR data. 

More information on the chemical structure of C5N2 was obtained by X-ray 

photoelectron spectrum (XPS) and laser desorption/ionization (LDI) mass spectrum. 

Fig. 1d showed the high-resolution N1s XPS spectra of traditional g-C3N4 and C5N2, 

which were deconvolved into three peak components of C=N-C bonding, i.e., the 

tertiary nitrogen N–(C)3 and the bridging N–H, respectively. Due to formating the 

bridging N=C bond, the N1s XPS peak positions were altered from those in g-C3N4; 

namely, the peak at 400.9 eV can be ascribed to the bridging N=C and the peak for the 

tertiary nitrogen N–(C)3 shifted to 399.9 eV. High-resolution C1s XPS spectra (Fig. S4) 

also revealed similar information. Notably, due to the high solubility, the C5N2 oligomer 

was measurable by GPC, one of the most popular and versatile analytical techniques 

available for understanding and predicting polymer performance. The average 

molecular weight distribution of 4700-5300 was obtained for the C5N2-5d oligomer 

(Table S3), indicative of approximately eight triazine repetitive units. In this sense, the 

more condensed insoluble C5N2-5d should have more triazine repeating motifs. Despite 

still appealing for more future exploitation, to our knowledge, this is the first 

quantitative measurement of molecular weights for the carbon nitride family since most 

as-synthesized carbon nitrides are insoluble and practically inapplicable by GPC. More 

interestingly, the LDI mass spectrum of C5N2-5d (Fig. 1e) demonstrated m/z peaks 

attributable to the ablation products of the repetitive imidazole units of different link 

manners in C5N2-5d. Therefore, the proposed C5N2 with conjugated linkage was 

successfully synthesized by the Schiff’s base reaction.  
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Figure 2. (a) TEM and (b) High-Resolution TEM (HR-TEM) and Fast Fourier 

transform (FFT) images of C5N2-5d. Inset: HR-TEM image from the red square marked 

area. (c) Experimental and Pawley-refined PXRD patterns of C5N2-5d. (d) Calculated 

band structure of C5N2 and g-C3N4 by UV−vis absorption and XPS VB scan spectra. 

The simulated HOMO-LUMO electronic structure distribution of (e) g-C3N4 and (f) 

C5N2 by DFT calculations.  

 

The morphology of the C5N2-5d was studied with TEM, which demosntrated a 

layered texture over a few hundred nanometers (Fig. 2a). The high-resolution TEM 

image (Fig. 2b) and its corresponding fast Fourier transform (FFT) image of the C5N2-

5d revealed a locally ordered highly crystalline characteristic. The lattice fringes with 

a spacing of 0.31 nm, corresponding to the (002) planes of C5N2-5d, which consisted 

with the facet in the XRD pattern. The X-ray diffraction (XRD) pattern (Fig. 2c) of 

C5N2-5d further disclosed minor peaks at 2θ values of 22.1° and 33.4°, corresponding 

to other lattice fringes in the high-resolution TEM image. Besides, Pawley refinement 

plot provided good agreement factors for the experimental XRD data. The higher 

crystallinity indicated the high efficiency of the Schiff-base reaction in the condensation 

of the carbon nitride framework.  

Owing to the strengthened delocalization of −electrons by imine bonds, the 

electronic band structures of C5N2 were supposed to be significantly altered. The UV-
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Vis spectra of C5N2 with different polymerization degrees showed a characteristic broad 

absorption band with a distinctive absorption edge for semiconductors (Fig. S5). The 

absorption edge gradually increased from 515 to 544 nm, corresponding to the bandgap 

from 2.42 to 2.28 eV, with the increase of the polymerization time. Compared with g-

C3N4, whose absorption edge was at ca. 447 nm, the absorption edge of C5N2-5d red-

shifted 97 nm. Likewise, in the photoluminescent spectrum (Fig. S6), the maximum 

emission of C5N2-5d red-shifted over that of g-C3N4 by 90 nm. To further estimate the 

conduction band (CB) and valence band (VB) position of C5N2, the VB X-ray 

photoelectron spectra (VB-XPS) between C5N2 and g-C3N4 (Fig. S7) and Efb of g-C3N4 

(Fig. S8) were recorded and compared. As summarized in Fig. 2d, during the gradual 

narrowing of bandgap with the increase of polymerization time, the downshift of the 

CB and VB position of C5N2 played a predominant role. The CB of C5N2 was even 

exceptionally lower than 0 V vs NHE, which was highly envisioned to drive a highly 

selective O2 reduction into H2O2 without competitive H2 evolution in thermodynamics. 

Thus, the conventional metal-containing cocatalysts were not required anymore. 

The DFT calculation of g-C3N4 and C5N2 was explored to get molecular insights into 

the significantly altered electronic structure (Fig. S9, S10). As shown in Fig. 2e, the 

tertiary amines act as nodes, breaking the conjugation over the heptazine rings, making 

the electrons far less than fully delocalized in the HOMO/LUMO orbitals electronic 

structure distribution of g-C3N4. In contrast, the charge density in imine bonds that was 

redistributed with increasing conjugation was linked to C5N2 units, resulting in the 

strengthened delocalization of −electrons (Fig. 2f). Such integral charge 

accumulations led to the downshifting of the CB and VB and strikingly improved the 

charge separation efficiency of C5N2 
[48]. In this sense, the hole- and electron-extraction 

properties were evaluated by measuring anodic and cathodic photocurrents, 

respectively, in the presence of an electron donor (triethanolamine, TEOA), assuming 

the maximum photocurrent can be obtained without any hole- or electron-transfer 

limitations. As shown in Fig. S11, both anodic and cathodic photocurrents at C5N2-5d 

were less improved with respect to g-C3N4 by adding TEOA, indicating superior hole- 

and electron-extraction proper, which was well consistent with the theoretical results 

[45,46]. Both theoretical calculations and experimental results collaboratively depicted 

the critical roles of linkers for repeating triazine motifs in electronic structure 

modulation, an overlooked fact in previous studies.  
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Figure 3. (a) Photocatalytic H2O2 production by C5N2-5d and g-C3N4 at different 

concentrations in water. (b) Solar-to-chemical conversion (SCC) efficiency of C5N2-5d. 

(c) Apparent quantum efficiency (AQE) of C5N2-5d. (d) Stability tests of C5N2-5d in 

photocatalytic H2O2 production. Light source: Xenon lamp, λ> 400 nm, 100 mWcm-2. 

Error bars represent the standard deviations of three replicate measurements  

 

In principle, semiconductors with lower CB position and higher VB position are 

highly desirable for participating in direct H2O2 generation. The photocatalytic H2O2 

production performance of the as-prepared catalysts was evaluated under simulated 

sunlight irradiation (λ > 400 nm) without any sacrificial agents or stabilizers. Fig. 3a 

revealed the photocatalytic rate of H2O2 in 10 mL water with different amounts of C5N2-

5d and g-C3N4 in 80 min. The 10 mg/mL C5N2-5d showed the highest H2O2 production 

rate (1550 mol L-1 per hour) among the samples, which was about 298 times higher 

than g-C3N4 of 10 mg/mL (5.2 mol L-1 per hour). Furthermore, the C5N2-5d displayed 

negligible photocatalytic activity for the hydrogen evolution reaction (Fig. S12). It was 

verified that C5N2 exhibited the efficient electron-hole separation and highly selective 

O2 reduction into H2O2 ability 
[49]. When decreasing the catalyst concentration, the H2O2 

production rate became lower, confirming that extensive catalyst sites improved the 

efficiency of H2O2 production. Fig. 3b, and c show the SCC efficiency and AQE of 
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H2O2 production over C5N2-5d, under the optimal concentration (10 mg/mL) in 150 mL 

and 80 mL water, respectively. The AQE of C5N2-5d at 420 nm was determined to be 

15.4% by monochromated light irradiation and the SSC efficiency of C5N2-5d reached 

as high as 0.55% in an oxygenated environment, among the most efficient metal-free 

photocatalysts for non-sacrificial H2O2 production. Besides, the H2O2 production rate 

of C5N2-5d was well maintained after several repeated cycles, suggesting its good stable 

catalytic performance (Fig. 3d). 

 

Figure 4. (a) Photocatalytic activity H2O2 production of C5N2-5d with different 

concentrations of dissolved oxygen. (b) Photocatalytic activity H2O2 production of 

C5N2-5d with an electron acceptor (NaIO3, 0.1 M) or an electron donner (TEOA, 10% 

v/v). Light source: Xenon lamp, λ> 400 nm, 100 mW cm-2. (c) Mass spectra of luminol 

before and after oxidation with hydrogen peroxide generated by photocatalytic H2
18O 

splitting. (d) Photoelectrochemical production of H2O2 and O2 by C5N2-5d in N2 and 

air-saturated electrolyte. Biased potential: 0.6 V vs Ag/AgCl. Inset: the proposed 

pathway of charge transfer and reactions. (e) Mechanism of photocatalytic H2O2 

production by C5N2-5d 
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Water oxidation and oxygen reduction were then investigated separately to 

understand insights into the unusually high efficiency of photocatalytic H2O2 

production. For this purpose, the aqueous solutions containing different concentrations 

of dissolved oxygen (Fig. 4a) were explored. It was found that the photocatalytic H2O2 

production rate was the highest in the O2-saturated water and that in Argon (Ar)-

saturated solution was still nearly half of that in the O2-saturated one. Moreover, 

capping the reactor without the supplemental air during the photocatalytic reaction 

showed a lower reaction rate of H2O2 production than that in an open-air condition. 

These facts suggested that the O2 reduction was profound but was not only the major 

pathway for the H2O2 production in our work. 

Interestingly, trapping experiments in Fig. 4b showed that not only electron acceptors 

(e.g., AgNO3) but also electron donors (e.g., TEOA, 10% v/v) made the photocatalytic 

H2O2 production decrease by C5N2-5d, indicating the co-existence of water oxidation 

reaction (WOR) as well. Isotope experiments were further performed to verify the 

existence of 2e− WOR. It was supposed that when H2
18O was used, H2

18O2 would be 

produced if 2e− photocatalytic WOR occurred. However, H2
18O2 was unstable and 

difficult to be detected by mass spectroscopy. To circumvent this problem, the 18O atom 

in H2
18O2 was transferred into luminol oxide by a well-known oxidation reaction 

catalyzed by horseradish peroxidase (HRP) that was accompanied by 

chemiluminescence (Fig. 4c inset). The Liquid chromatography-mass spectra (LC-MS) 

of the oxidized luminol demonstrated a strong luminol oxide-16O (m/z) peak and a weak 

luminol oxide-18O (m/z) peak, while the control not, confirming the occurrence of the 

2e− WOR. 

As 4e− WOR is more favorable in thermodynamics, the photoelectrochemical (PEC) 

experiments under aerobic and anaerobic conditions were also explored to check the 

generation of O2 at the holes or not, using C5N2 modified indium tin oxide (ITO) 

electrodes. An advantage of the PEC method was that under anodic photocurrents, the 

excited electrons in the conduction band could be collected by the ITO electrode; thus, 

the interferent O2 consumption in the conduction band for the detection of generated 

O2 in the valence band could be eliminated [50]. As shown in Fig. 4d, O2 was 

successfully detected under an anaerobic condition photocatalyzed by C5N2-5d using 

the dissolved oxygen meter, with a concentration ca. three times of H2O2. Interestingly, 

under aerobic conditions, the photocatalytic generation of O2 was suppressed to a 

similar level of O2 production, presumably ascribed to chemical equilibrium. In these 
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regards, 4e− WOR should also exist in photocatalytic water oxidation by C5N2-5d. 

Based on the above characterizations and analyses, H2O2 was not only produced by 

photocatalytic 2e− ORR and 2e− WOR pathways, but also by photocatalytic 2e− ORR 

and 4e− WOR routes, in which the O2 generated from 4e− WOR was consumed by the 

2e− ORR process to produce H2O2 (Fig. 4f). 

 

Figure 5. (a) Scheme of C5N2-Fe therapeutic process through simultaneously 

generating ROS under LED light irradiation in hypoxic environments. (b) ESR 

spectra of C5N2-Fe NS, C5N2 NPs, g-C3N4 powder, DMPO after irradiation. (c) 

Confocal fluorescence imaging of 4T1 cells upon incubation with C5N2-Fe-NS. Scale 

bar: 15 μm. (d) Biocompatibility evaluation of C5N2-Fe-NS upon incubation with 

4T1 cells by WST-8. (e) Cell viability assay of C5N2-Fe-NS treated 4T1 cells under 

the LED light irradiation in hypoxic and normoxic environments. (f) Live/dead 

double staining of C5N2-Fe-NS treated 4T1 cells under LED light indicated by FDA 

(green, live cells) and PI (red, dead cells). Scale bar: 100 μm.  

 

It should be noted that the photocatalytic production of H2O2 without sacrificial 

reagents using metal-free photocatalysts in an oxygen gas-free environment have been 

rarely reported, but which is central of the next generation of PDT cancer treatment 

under hypoxic microenvironment. As H2O2 could not be provided direct potent injury 
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to cancer cells, it is a feasible to utilize Fenton or Fenton-like reaction to generate 

particularly plenty oxygen-related species via the reaction between Fe3+/Fe2+ pair and 

H2O2. In this case, the pristine C5N2 were decorated with Fe by the traditional 

impregnation method [51] and exfoliated into nanosheets by ultrasonication [47] (Fig. 

S13). We next developed a C5N2-based ·OH generator and fluorescence agent for 

photodynamic hypoxic tumor therapy, which exhibited a commendable tumor 

inhibition effect (Fig. 5a). 

The dynamic light scattering analysis showed Fe-decorated C5N2 after 

ultrasonication exfoliation had a hydrodynamic size of 140 nm, and the transmission 

electron microscopy (TEM) image confirmed the formation of nanosheets with smaller 

size compared to the pristine C5N2 (Fig. S14). To determine the production of ·OH over 

different samples, electron spin resonance (ESR) spectroscopies were applied. No 

evident ESR signals for C5N2 nanoparticles (C5N2 NPs), g-C3N4 powder and DMPO 

were observed, whereas that for C5N2 nanosheets decorated with Fe (C5N2-Fe NS) 

demonstrated typical signals, corresponding to DMPO−·OH adducts under the soft 

white light irradiated (Fig. S12). Meanwhile, there were no signals for C5N2-Fe NS in 

the dark, whereas free Fe3+ ions exhibited typical DMPO−·OH adducts signals, which 

indicated that free Fe3+ were completely complexed with strengthened delocalization 

of −electrons (Fig. S15). Besides, the production of ·OH through the Fenton or 

Fenton-like reaction using coumarin (cou) as a probe was investigated (Fig. S16). The 

probe displayed a new fluorescence emission enhancement at 455 nm upon the reaction 

to ·OH. With increased irradiated time, as-produced 7-hydroxy-cou exhibited a gradual 

amplification of fluorescence intensity with C5N2-Fe NS, indicating that the aptitude of 

the Fenton or Fenton-like reaction could be amplified by the soft white light irradiation. 

To investigate the accumulation of the C5N2-Fe NS in tumor cells, 4T1 cells were 

cultured and incubated together, and the fluorescence imaging was then measured. The 

cytoplasm of the 4T1 cells displayed prominent fluorescence signals in the red channel, 

leaving the nucleus with no fluorescence This observation indicated that C5N2-Fe NS 

was internalized into the cells with specific localization in the cytoplasm. The invitro 

cytotoxicity of C5N2-Fe NS was accessed in 4T1 cells by 2-(2-Methoxy-4-nitrophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium Sodium Salt (CCK-8) assay. 

As shown in Fig. 4d, no noticeable adverse effects were observed in cells without any 

external stimuli after 24 h, indicating the excellent biocompatibility of C5N2-Fe NS. 

Interestingly, the efficacy of the Fenton or Fenton-like reaction was accelerated by the 
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molecular turbulence created by irradiation. Under soft LED light ( >400nm, 30 mW/ 

cm−2) for 30 min, C5N2-Fe NS (200 μg/mL) displayed an efficient cell ablation ability 

(the cell viability of ∼12.7%) in normal microenvironment under the photo-

driving ·OH generation (Fig. 4c). Compared to that of C5N2-Fe NS in hypoxic 

microenvironment (1% O2), the viability of 4T1 cells also noticeably decreased to about 

∼37.5%, exhibiting photo-mediated ·OH generation in hypoxic tumor 

microenvironment. Meanwhile, fluorescein diacetate (FDA) and propidium iodide (PI) 

were utilized to stain the live and dead cells, respectively. Live/dead cell staining assay 

(Fig. 4e) further confirmed the comparable significant cell death caused by C5N2-Fe NS 

in normoxic and hypoxic cell environment under soft LED light irradiation, consistent 

with the WST-8 tests. The outstanding photocatalytic activity of C5N2 in 2e− ORR and 

2e−/4e− WOR under hypoxic environments exhibited a high potential in the application 

of tumor therapy (Fig. 4f). 

 

Conclusions 

In summary, we report a well-defined metal-free C5N2 photocatalyst for selective, 

efficient and stable H2O2 production without any sacrificial reagents and stabilizers in 

normoxic and hypoxic systems. Our investigations revealed that the strengthened 

delocalization of −electrons by imine facilitated the formation of bandgap matching 

for H2O2 production by the thermodynamics, thus promoted an efficient electron-hole 

separation ability and the realistic redox selectivity. Under simulated solar irradiation, 

C5N2 achieved an apparent quantum efficiency of 15.4% at 420 nm together with a 

solar-to-chemical conversion efficiency of 0.55% for H2O2 synthesis, among the best 

H2O2 production photocatalysts in normoxic systems. Moreover, parallel to industrial 

H2O2 production to address energy and environment challenges, it was confirmed that 

C5N2 could be efficiently removed hypoxia restriction and further induced more severe 

cell damage for PTD, due to the dual channel property of generating H2O2-like radicals. 

Our findings provided important insights into the design and synthesis of the dual-

channel H2O2 production photocatalysts at the molecular level and presented rising 

potentials of metal-free carbon nitride not only for sustainable energy and environments 

but also for superior PTD therapies in health. 
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