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Abstract

Artificial photocatalysis offers a clean approach for producing H,O>. However, the poor
selectivity and activity of H,O» production hamper traditional industrial applications
and emerging photodynamic therapy (PDT)/chemodynamic therapy (CDT). Here, we
report a well-defined CsN> photocatalyst with a conjugated C=N linkage for highly
selective and efficient non-sacrificial H2O, production both in normoxic and hypoxic
systems. The strengthened delocalization of m—electrons by linkers in CsN»
significantly downshifted the band position, which eliminated the side photoreduction
reaction of H> evolution in thermodynamics and promoted water oxidation ability in
kinetics. As a result, CsN2 had a competitive overall H2O, production with solar-to-
chemical conversion efficiency of 0.55% and more interestingly, exhibited the highest
activity so far in hypoxic condition (698 uM/h). CsN> was further applied to hypoxic
PDT/CDT, exhibiting outstanding performance in conspicuous cancer cell death and
synchronous bioimaging. It shed light on unlocking linker functions in electronic
structure engineering of carbon nitrides for highly efficient overall photosynthesis of

H>0O> and expanded the scope of their prospective application in health care.
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Introduction

Hydrogen peroxide (H20.) has drawn increasing attention due to its strong
oxidization power, environmentally friendly nature, and high energy density,™ making
it suitable for various applications such as clean fuels, wastewater treatment,
disinfection, cleaning, and organic synthesis. As a natural metabolite of many
organisms, H>O> has also been widely used in biomedicine, including sensing and
cancer therapy, due to its endogenous nature.f®! For instance, decomposition of H,0;
can alleviate O deficiency in the hypoxic tumor microenvironment, thereby enhancing
the efficacy of photodynamic therapy (PDT).[Y Moreover, H,02 can be catalyzed to
generate highly reactive hydroxyl radicals («OH) via the Fenton reaction in
chemodynamic therapy (CDT).[! Nonetheless, H.0; is primarily manufactured by the
anthraquinone method, which is high energy-consuming and environmentally
unfriendly.[®! Thus, developing an efficient, economic, and clean approach for H,O;
synthesis is imperative.

Oz + 2H* + 26 — H,0; 0.69 V vs. NHE 1)
2H,0 + 4h* — Oy + 4H* 1.23 V vs. NHE )
2H,0 + 2h* — Ho0; + 2H* 1.76 VV vs. NHE 3)
2H* + 26" — Hy 0V vs. NHE (4)
Oz + 4H* + 4~ — 2H,0 1.23 V vs. NHE (5)

Recent efforts demonstrated that semiconductor-based photocatalysts, particularly
without any sacrificial agents, hold great potential in H,O2 production due to their safe,
environmentally friendly, and sustainable processes.”! In principle, for non-sacrificial
H20, photosynthesis, both highly selective 2e~ O2 reduction reaction (ORR) and
2e /4e~ water oxidation reaction (WOR) are needed (Eq. 1-3).[] Nonetheless, due to
the mismatching between band position of photocatalysts and standard electrode
potential of the above reactions along with the overpotential, the side reactions, such as
hydrogen evolution reaction (HER) and 4e- ORR (Eg. 4-5) would also occur
substantially.[®) Among various solutions, metal-free polymeric semiconductors, such
as polymeric carbon nitrides have attracted substantial attention.*? It was because the
rich active sites of imine (C=N) in repetitive triazine/heptazine units would receive
photogenerated electrons for 2e- ORR, while the adjustable marginal sites could
capture the photogenerated holes for water oxidation reaction (WOR).*Y To further
improve non-sacrificial ORR and WOR efficiency for H>O> photosynthesis, plenty of

ingenious strategies in electronic structures engineering have emerged, such as
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heteroatom doping (e.g., P or Sb),*? surface defect engineering (e.g., C=N groups and
N vacancies),[**! construction of heterojunction (e.g. CsN4/ pyromellitic diimide),™%
131 and modulating triazine/heptazine based frameworks (e.g., by spatially separated
redox centers).[?d 113 141 For practical applications, H202 photosynthesis still suffers,
however, from low selectivity and activity, e.g., (1) most carbon nitrides could not
exclude side HER reaction in thermodynamics, which not only reduces H20:
photosynthesis efficiency but also poses safety risks for large-scale production; (2) the
efficiency of current state-of-the-art photocatalysts for non-sacrificial H.O> generation
under hypoxic environment are essentially low, thus greatly limiting PDT/CDT
application owing to key feature of the tumor microenvironment (pO, < 5 mmHg).
Therefore, discovery of highly efficient and selective metal-free photocatalysts for non-
sacrificial H202 production, particularly workable in hypoxic conditions, is a grand
challenge.

Herein, we report the synthesis of well-defined CsN2 with a conjugated C=N linkage
via Schiff base reaction to address the above restrictions in photosynthesis of H.Ox.
Due to the strengthened delocalization of w-electrons, CsN. showed unusually low
conduction (> 0V vs. NHE) and valence band position, promoting a realistic selectivity
of in thermodynamics and high activity in kinetics for overall H2O, production via
synergistic 2e° ORR and 2/4e- WOR. As a result, CsN rivaled the state-of-the-art
photocatalysts without sacrificial reagents and co-catalysts for H.O production, [*2al
[2d]. [8] [11a. 1411 and exhibited the best activity in hypoxic conditions among metal-free
polymers to our knowledge. Based on this, CsN. was successfully applied to hypoxic
tumor PDT/CDT for the first time, demonstrating competitive performances. This work
would open a new avenue for highly efficient and selective photosynthesis of H20,
particularly in hypoxic conditions, and advance their intriguing applications from
energy, environments, and chemical synthesis to health.

Results and discussion
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Figure 1. (a) Scheme of conjugated linker formation in the synthesis of CsN2 (5) from
melamine (1) and p-phthalaldehdye (2) via Schiff base reactions. (b) FT-IR spectra of
CsNa, 1, and 2. (c) Solid-state '*C NMR spectra of the insoluble part and liquid-state
13C NMR spectra of the dissoluble part of CsNa. (d) High-resolution N5 XPS spectra
of CsN» and traditional g-C3N4. (e) LDI mass spectrum of CsN»> and their possible

assignments.

Fig. 1a illustrates the general principle of the synthesis of CsN (5), using melamine
(1) and p-phthalaldehdye (2) as the monomers in an idealized molar ratio of 3:2 via the
Schiff base reaction with the intermediate product 3 and 4.!'> To understand the reaction
kinetics, the influence of reaction time on CsN; formation was explored. It was found

that the yield of insoluble solid products gradually increased with the increase of the
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reaction time and reached a plateau after 5 days (Table S1). Moreover, 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.['®! From the FT-IR spectra of the solid products collected at different time
intervals (Fig. S1), the relative intensity of characteristic vibration peaks of NH> (3100-
3500 cm™) and C=0 (1688 cm™) groups gradually weakened, and almost disappeared
in the final CsN, (Fig. 1b). The peaks at 1545 cm™ and 1445 cm’, assigned to
characteristic vibrations of the aromatic C=N heterocycles and imine (C=N) linkage,
were observed in CsNz (Fig. 1b), indicating the stepwise consuming of the monomers
and the retention of the triazine unit during Schiff base polymerization reaction.!'”! The
combustion elemental analysis showed that the C/N molar ratio gradually increased
with the longer reaction times and reached a plateau (Table S2) of 2.52. It was very
close to the theoretical value of 2.5, suggesting the successful Schiff base reaction for

CsN; synthesis (Fig. 1a).['®]

The solid-state *C NMR spectrum of CsN; (Fig. 1¢) further confirmed the successful
synthesis of CsN>. The C (1) atoms in triazine units at 164.5 ppm, generally, were
observed at lower chemical shifts due to the strengthened delocalization of t—electrons
by imine in compared to that of 1 (Fig. S2). The peaks at 136.3 and 127.2 ppm verified
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 3C spectrum and the peak at 10.1 ppm in 'H of 2 in CsN; (Fig. ¢ and S2) were
noted, indicating the complete depletion of the aldehyde carbonyl in 2.'1 In addition,
some CsN» oligomer was also found in the decanted supernatant after careful separation
and purification. Thanks to good solubility in methanol-d4, the liquid-state '*C NMR
spectrum gave peaks with a much narrower full width at half maximum (FDHM),
indicative of a higher resolution compared with the solid-state one (Fig. 1¢).**! The
sharp peaks with chemical shifts at 126.0 and 138.4 ppm can be more readily assigned
to the phenyl ring C (4) and C (3) atoms. And, the peaks 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 CsN» was obtained by X-ray
photoelectron spectrum (XPS) and laser desorption/ionization (LDI) mass spectrum.

Fig. 1d showed the high-resolution Nis XPS spectra of traditional g-C3N4 and CsNo.
5



Due to the formation of the bridging N=C bond, the Nis XPS peak positions of CsN>
were altered from those in g-C3Ns; namely, the peak at 400.9 eV can be ascribed to the
bridging N=C, and the peak for the C=N-C bonding shifted to 399.2 eV. High-resolution
Cis XPS spectra (Fig. S3) also revealed similar information. ?!) Consistently, the laser
desorption/ionization mass spectrum (LDI-MS) of CsN» in Fig. 1e demonstrated m/z
peaks attributable to the ablation products of the repetitive imidazole units of different

[22

link manners in CsN,.[?2) Therefore, the proposed CsN» with conjugated linkage was

successfully synthesized by Schiff base reaction.
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Figure 2. (a) TEM and (b) HAADF-STEM and fast Fourier transform (FFT) image of
CsNo. Inset: enlarged HR-TEM images from the red square marked area. (c)
Experimental and Pawley-refined PXRD patterns of CsN». (d) CB/VB position of CsN»
and other reported metal-free photocatalysts. /2 ¢ . 10-11. 120, 13-14.23] Gimyjated HOMO-

LUMO electronic structure distribution of (e) g-C3N4 and (f) CsN2 by DFT calculations.

The morphology of the CsN> was studied with transmission electron microscopy
(TEM), which demonstrated a layered texture with a lateral size over a few hundred
nanometers (Fig. 2a). The high-angle annular dark-field scanning TEM (HAADF-
STEM) image (Fig. 2b) and the fast Fourier transform (FFT) image of the CsN; revealed
a locally ordered highly crystalline characteristic. The lattice fringes with a spacing of

0.31 nm corresponded to the (002) plane, consistent with the facet in the X-ray
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diffraction (XRD) pattern (Fig. 2c¢). The XRD pattern further disclosed minor peaks at
20 values of 22.1° and 33.4°, which matched well with other lattice fringes in the high-
resolution TEM image. Besides, the Pawley refinement plot provided good agreement
factors for the experimental XRD data.’*) The high crystallinity, associated with
average surface area (10.717 m? g!, Fig. S4), indicated the high efficiency of Schiff
base reaction in synthesis of condensed carbon nitride frameworks.

Owing to the strengthened delocalization of n—electrons by linkers, the electronic
band structures of CsN2 were supposed to change remarkably. The UV-Vis spectra of
CsN» 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 CsN» red-shifted by 97 nm.
Likewise, the maximum fluorescent emission wavelength of CsN» red-shifted over that
of g-C3N4by 90 nm (Fig. S6). To further estimate the conduction band (CB) and valence
band (VB) position of CsN>, XPS VB scan of CsN> and g-C3Ns4 (Fig. S7) and Es of g-
CsNa4 (Fig. S8) were recorded and compared. > Interestingly, a significant downshift of
the CB and VB position of CsNz with respect to conventional g-C3N4 and other metal-
free polymers, was noted (Fig. 2d, S9). The CB of CsN» was even exceptionally lower
than 0 V vs NHE, which was highly envisioned to drive a highly selective O reduction
into H202 without competitive HER in thermodynamics; meanwhile the lower CB
would lead to a stronger WOR in kinetics.

The DFT calculation of g-C3N4 and CsN» was explored to get molecular insights into
the significantly altered electronic structure (Fig. S10, S11). As nodes, Fig. 2e showed
the tertiary N linkage in g-C3N4 broke the conjugation over the heptazine rings, which
restricted the electrons to be fully delocalized in the HOMO/LUMO orbitals. In contrast,
the charge density in the conjugated linkers was redistributed in CsN> units, resulting
in the strengthened delocalization of m—electrons (Fig. 2f). Such integral charge
accumulations should be account for the downshift of the CB and VB positions.
Moreover, the more delocalized m—electrons would improve the charge separation
efficiency of carbon nitrides.?!? To support this assumption, the hole- and electron-
extraction properties were evaluated by measuring anodic and cathodic photocurrents
in the presence of an electron donor (triethanolamine, TEOA), assuming the maximum

photocurrent can be obtained without any hole- or electron-transfer limitations.!*¢! As
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shown in Fig. S12, both anodic and cathodic photocurrents at CsN> were less improved
than that of g-C3N4 by adding TEOA, indicating a superior hole- and electron-extraction
property.>> 271 Therefore, the theoretical calculations and experimental results
collaboratively depicted the critical roles of conjugated linkers in triazine motifs for

electronic structure modulation and charge separation efficiency.
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Figure 3. (a) Photocatalytic H2O> production by CsNz or g-C3N4 (100 mg) in water (10
mL). (b) Wavelength dependent apparent quantum efficiency (AQE) of CsN2 (800 mg)
in water (80 mL). (c¢) Solar-to-chemical conversion (SCC) efficiency of CsN> (1500 mg)
in water (150 mL). (d) Stability tests of CsN2 (1500 mg) in water (150 mL) for
photocatalytic H2O> production. Light source: Xenon lamp, A> 400 nm, 100 mWcm™.

Error bars represent the standard deviations of three replicate measurements.

In principle, semiconductors with lower CB and VB positions are highly desirable
for participating in direct H,O» generation (Eq. 1-3 and Figure 2d). The photocatalytic
H>O> production performance of the as-prepared catalysts was evaluated under

simulated sunlight irradiation (A > 400 nm) without any sacrificial agents and co-



catalysts. Fig. 3a and fig. S13 showed the photocatalytic generation H>O; rates of CsN»
and g-C3Ns. The CsN» showed the highest H,O> production rate (1550 pmol L per
hour), which was about 298 times higher than g-C3N4 (5.2 pmol L™ per hour). Fig. 3b
and c¢ show the apparent quantum efficiency (AQE) and solar-to-chemical conversion
(SCC) efficiency of H>O; production over CsN» in pure water, respectively. The AQE
of CsN; at 420 nm was determined to be 15.4% by monochromatic light irradiation,
and the SSC efficiency of CsN» reached as high as 0.55% in an oxygenated environment,
among the most efficient metal-free photocatalysts for non-sacrificial HO2 production
(Table S$3).[2% 230 In addition, the H,O, production rate of CsN» was well maintained
after several repeated cycles, suggesting its excellent stability (Fig. 3d).
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Figure 4. (a) Photocatalytic H2O2 production of CsN> with different concentrations of
dissolved oxygen. (b) Summary of photocatalytic activity of H>O, production under
hypoxic microenvironment by different metal-free polymers in the literature. (c)
Photocatalytic H2O2 production of CsNz with an electron acceptor (AgNO3, 0.1 M) or
an electron donor (TEOA, 10% v/v). Light source: Xenon lamp, 2> 400 nm, 100 mW
cm. (d) Mass spectra of luminol before (black curve) and after oxidation (red curve)
using hydrogen peroxide generated by photocatalytic H,'®0 splitting in air. (e)
Photoelectrochemical production of H,O, and Oz by CsN2 in N2 and air-saturated
electrolyte. Biased potential: 0.6 V vs Ag/AgCl. Inset: the proposed pathway of charge
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WOR and ORR were then investigated separately to understand insights into the
unusually high efficiency of photocatalytic H2O. production. For this purpose, the
aqueous solutions containing different concentrations of dissolved oxygen (Fig. 4a)
were explored. It was found that the photocatalytic H>-O> production rate was the
highest in the O»-saturated water, while photocatalytic H.O> production rate in Argon
(Ar)-saturated solution was still nearly half of that in the O,-saturated one. Capping the
reactor without the supplemental air during the photocatalytic reaction showed a lower
reaction rate of H2O> production than in an open-air condition. Strikingly, unlike many
previous H>O» photocatalysts,[11@ 259 28] the CsN, exhibited a negligible photocatalytic
activity for the hydrogen evolution reaction (Fig. S14), owing to the unusual low CB
position (> 0 V vs. NHE). These facts suggested that CsN» exhibited a high intrinsic
selectivity in O reduction into H>O,. Moreover, notably, to our knowledge, CsN:
demonstrated the highest H.O> photocatalytic activity under a hypoxic condition among
polymeric photocatalysts (Fig. 4b).[2¢: d 12b. 14,236 1. 291 It could be explained by that
accompanying the exceptionally low CB position, the VB position of CsN2 was also
relatively low (Fig. 2d), at which, WOR would be more kinetically favorable. In this
case, when 2e” ORR was inhibited owing to hypoxic conditions, the pathway of WOR
would still work for H2O> production and O production.

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 H>O>
production by CsN, decrease, indicating not only ORR but also WOR occurred. Isotope
experiments were then performed to verify the existence of 2" WOR in the first set of
experiments. It was supposed that using H»'80, H2'0, would be produced if 2e
photocatalytic WOR occurred. However, H,'®0, was unstable and difficult to be
detected by mass spectroscopy. To circumvent this problem, the 20 atom in H,'20;
was transferred into luminol oxide (Fig. 4c inset) by a well-known horseradish
peroxidase  (HRP)-catalyzed oxidation reaction, accompanying a blue
chemiluminescence (Fig. S15).% The Liquid chromatography-mass spectra (LC-MS)
of the oxidized luminol demonstrated a normal luminol oxide-1%0 (m/z: 180) peak and
a new luminol oxide-®0 (m/z: 182) peak, while the control not, confirming the
occurrence of the 2e” WOR.

As 4e WOR is more favorable than 2¢- WOR in thermodynamics,*! the
photoelectrochemical (PEC) experiments under normoxic and hypoxic conditions were

explored to check whether O, was generated via 4¢- WOR at the holes or not, using
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CsN2 modified indium tin oxide (ITO) photoelectrodes. Under anodic photocurrents,
the excited electrons in the conduction band were collected by the ITO electrode, and
thus the O, consumption in the conduction band could be eliminated.?”l As shown in
Fig. 4e, the photocatalytic generation of O, by CsN2 under N2-saturated electrolyte, was
apparent, indicating 4 WOR existed in the photocatalytic water oxidation by CsNo.
Under air-saturated electrolyte, it was suppressed to a similar level of H2O2 production,
presumably ascribed to the chemical equilibrium. In these regards, H.O> was not only
produced by a cooperated photocatalytic 26" ORR and 2e” WOR pathway but also by
a synergistic photocatalytic 2e” ORR and 4e~ WOR route. In the latter, O2 generated
from 4~ WOR was consumed by the 2e” ORR process to produce H20; (Fig. 4f).
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Figure 5. (a) Scheme of therapeutic processes using CsN> through the Fenton reaction
generating *OH under light irradiation in hypoxic environments. (b) ESR spectra of
CsNo-Fe-NS, CsN2-NS, g-C3Ns powder, DMPO after irradiation. (¢) Confocal
fluorescence images of 4T1 cells upon incubation with CsNz-Fe-NS. Scale bar: 15
pum. (d) Biocompatibility evaluation of CsN2-Fe-NS upon incubation with 4T1 cells
by WST-8. (e) Cell viability assay of CsN»-Fe-NS treated 4T1 cells under light
irradiation in hypoxic and normoxic environments. (f) Live/dead double staining of
CsN»-Fe-NS treated 4T1 cells under light indicated by FDA (green, live cells) and PI
(red, dead cells). Scale bar: 100 um.

In conventional cancer therapy, the PDT utilized light-activated photosensitizers to

convert dissolved oxygen (O2) to attackable ROS,?l whereas CDT takes advantage of
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an in situ Fenton or Fenton-like reaction between H>O» and catalysts to generate
cytotoxic *OH.! However, hypoxia in PDT, insufficient H2O, in CDT, and excess
glutathione (GSH) depletion on ROS seriously limit therapy efficiency.** As such,
many ingenious strategies have been developed to provide the additional intratumoral
H202/02 supply, e.g., utilizing poly-mersomes to transport H,02/Oz into tumor site, !
applying reactive peroxides (CuO2, CaO. and MgO.) react with H2O to improve
H,0,/0, concentration,’®* and in situ O, production via water splitting by using
photocatalysts containing photosensitizer, co-catalysts or heterojunction.® 3]
Nonetheless, despite great success in non-sacrificial H,O production,[ref] metal-free
polymeric photocatalysts have been rarely explored for PDT/CDT cancer treatment
under hypoxic environment.

As H20: could not be provided direct potent injury to cancer cells, Fenton reaction
are used to produce -OH via the reaction between Fe**/Fe** pair and H>O,. For this, the
pristine CsN2 was exfoliated into nanosheets by ultrasonication and decorated with Fe
ions by the traditional impregnation method (CsN»-Fe-NS, Fig. S16).581 We then
developed a CsN»>-based -‘OH generator and fluorescence agent for photodynamic
hypoxic tumor therapy, which exhibited a competitive tumor inhibition effect (Fig. 5a).

The dynamic light scattering analysis showed the exfoliated CsNz-Fe-NS had a
hydrodynamic size of 140 nm, and the transmission electron microscopy (TEM) image
confirmed the formation of thin nanosheets with small size (Fig. $17).1 To determine
the production of -OH over different samples, electron spin resonance (ESR)
spectroscopies were applied (Fig. 5b and S18). No evident ESR signals for CsNa
nanosheets (CsN2-NS), g-C3N4 powder, 1-pyrroline N-oxide (DMPO), and CsN»-Fe-
NS in the dark were observed, whereas CsN>-Fe-NS exclusively demonstrated typical
signals under light irradiation, corresponding to DMPO—OH adducts. Besides, the
production of -OH was further demonstrated through the Fenton-like reaction using
coumarin (cou) as a probe (Fig. S18). 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 CsN2-Fe-NS, indicating that the aptitude of the Fenton-like reaction could be
sustainably amplified by light irradiation.[4"]

To investigate the accumulation of the CsN2-Fe-NS in tumor cells, 4T1 cells were
cultured and incubated with CsN»-Fe-NS, and the fluorescence confocal imaging was

then measured. As shown in Figure 5c, the cytoplasm of the 4T1 cells displayed
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prominent fluorescence signals in the red channel, leaving the nucleus with no
fluorescence. This observation indicated that CsN>-Fe-NS was internalized into the
cells with specific localization in the cytoplasm. The in vitro cytotoxicity of CsN»-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. 5d,
no noticeable adverse effects were observed in cells after 24 h, indicating the excellent
biocompatibility of CsN>-Fe-NS. To corroborate the critical role of ROS in the
therapeutic effect of CsN2-Fe-NS, the contribution of PDT/CDT to total cell death was
accessed by carrying out the cell viability (Fig. 5e). Under soft LED light ( A>400nm,
30 mW/ cm2) for 30 min, CsN>-Fe-NS (200 pg/mL) displayed an efficient cell ablation
ability (the cell viability of ~12.7%) in a normal microenvironment. Notably, for CsN>-
Fe-NS in microenvironment containing 1% O, the viability of 4T1 cells increased, but
was still low (ca. ~35.9%), exhibiting a significant photo-mediated -OH generation in
the 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. 5f) confirmed the comparable significant cell death
caused by CsN»-Fe-NS in both normoxic and hypoxic cell environments, consistent
with the CCK-8 tests. The CsN» with outstanding overall photosynthesis of H20»
exhibited great potential to reverse the hypoxia-triggered therapy resistance with
remarkable therapeutic effect. It’s worth mentioning that the CsN> could also serve as
novel bioimaging agents owing to its superior PL property, and thus provide crucial
information for therapy. These results indicate that the CsN> offer an opportunity for
building up synchronous imaging and therapy system.

Conclusions

In summary, we report a well-defined metal-free CsN> photocatalyst for selective,
efficient, and stable H>O2 production without any sacrificial reagents and co-catalysts
in both normoxic and hypoxic systems. It was revealed that the strengthened
delocalization of m—electrons in CsN» by linkers significantly downshifted the CB/VB
position, which facilitated the formation of ideal band position for H>O> production in
thermodynamics and kinetics. Accordingly, it intrinsically eliminated the side reaction
of HER in photocatalytic H>O» production, promoted the realistic redox selectivity, and
endowed an efficient electron-hole separation. As a result, CsN> had an apparent

quantum efficiency of 15.4% at 420 nm and a solar-to-chemical conversion efficiency
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of 0.55% for H>0» synthesis, among the best overall H>O> production photocatalysts in
normoxic systems. More intriguingly, CsN> exhibited the highest efficiency of non-
sacrificial photocatalytic H>O, production in hypoxic environments (698 uM/h) so far
to our knowledge. Along this line, parallel to industrial H2O> production to address
energy and environmental challenges, CsN2 was successfully applied to remove
hypoxia restriction and further induce conspicuous cancer cell damage in PDT/CDT
with synchronous bioimaging. Our findings provided essential insights of linker
engineering for idealized electronic structure of carbon nitrides in task specific
photocatalytic applications, such as overall H>O production in this study and presented
rising potentials of metal-free carbon nitride not only for sustainable energy and

environments but also for emerging PDT/CDT in health.
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