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Abstract

Artificial photocatalysis could be the choice of technology for producing H>O:
considering the abundant sunlight exposure in global regions. However, despite recent
technological advances, current catalyst systems still remain challenging that the need
for high density sunlight, poor selectivity/activity and unfavourable thermodynamics.
Here, we reported that carbon nitride with extended conjugation CsN» harness
piezoelectric-effect to both change the selectivity/activity of WOR and photogenerated
charge kinetics in non-sacrificial H>O, production. Here, CsN2 achieves a H20:
photosynthesis rate of 918.4 uM/h and a solar-to-chemical conversion efficiency of 2.6%
under a weak sunlight (0.1 sun) and ultrasonic irradiation. Additionally, CsN2 exhibited
by far the highest piezocatalytic H>O2 synthesis activity at rates up to 480.1 uM/h. The
new strategy was further applied to efficient SPCDT and water purification in low
density light input conditions. This work not only presents piezoelectric-effect of
carbon nitride to harness the selectivity/activity of WOR and the migration/transport of
photogenerated charges as an available innovative concept in energy, but also sheds

light on rising potentials in health and environment.
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Introduction

Hydrogen peroxide (H20.), one of the most valuable multifunctional chemicals with
strong oxidation power and high energy density!”, is widely used in industrial
applications, such as clean fuels, wastewater treatment, cleaning, and organic
synthesis®!!. As an endogenous long-life reactive oxygen species (ROS), H,O2 also
participate in biological processes and exert versatile physiological and pathological
functions, thus has also been extensively used in biomedical sensing, disinfection, and
cancer photodynamic therapy (PDT)!%!°. The primary methods for H,O synthesis
encompass the anthraquinone process, electrocatalytic O reduction, and direct H>-O2
reaction'®2°. However, these methods are challenged by high energy consumption, high
cost, and/or serious safety issues. Therefore, an innovative, onsite, green, safe and low-
cost H>O» production is imperative desired.

Artificial photocatalysis offers a potential way to drive chemical conversions under
very mild conditions®!?°, Recently, engineering polymeric carbon nitride (pCN)-based
photocatalysts has become a promising strategy for overall H>O2 production by using
water and oxygen as raw materials without any sacrificial agents?¢-?°. It involves a 2e”
oxygen reduction reaction (ORR, Eq. 1) and a 2e” or 4¢” water oxidation reaction (WOR,
Eq. 2-5)*°. Nonetheless, direct 2e° WOR process occurs at higher oxidation potential
(+1.76 V vs. NHE, Eq. 3), compared to the 4e- WOR (+1.23 V vs. NHE, Eq. 2). The
stepwise 2e” WOR process (Eq. 4-5) requires intermediate hydroxyl radicals (-OH,
+2.73 V vs. NHE, Eq. 4), which makes indirect 2¢° WOR difficult to occur’!-2.
Therefore, the high uphill thermodynamics of 2e” WOR process significently limit the
overall photocatalytic H>O2 production, resulting in a low solar-to-chemical conversion
(SCC) efficiency®¢. In addition, most photocatalysts work under strong light
irradiation in laboratory conditions. It makes pratical challenge in photocatlytic H>O»

generation in weak light conditions, e.g., under cloudy/overcast circumstances or for

deep tissues PDT owing to light scatters®” .
2e- ORR:
O, +2H" +2e” — H20, 0.69 V vs. NHE (1)
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4e- WOR:

2H>0 +4h" — O, +4H" 1.23 Vvs. NHE (2)

Direct 2e- WOR:

2H,0 + 2h" — H,0, + 2H" 1.76 V vs. NHE (3)

Indirect 2e- WOR:

H,O +h"— «OH + H" 2.73 V vs. NHE 4)

2+0H — H20» 1.14 V vs. NHE (5)

Enhancing the adsorption/activation of water and the formation of *OH intermediate
is the key rate-determining step for WOR half-reaction (Fig 1a)’!. Zare et al. proposed
a microdroplet method to prepare H>O2, in which an extremely high electric field was
formed at the gas-liquid interface of the microdroplet*'*>. The surface hydroxyl radicals
and free electrons were generated at microdroplet interface, which further recombined
and generated H>O,. Similarily, manipulating piezoelectric effect of noncentral
symmetric semiconductors induced by mechanical energy can also change both the
selectivity and activity of WOR®*S, Piezoelectric effect induced electron hole
separation in the polar field can overcome the thermodynamic potential of WOR to
directly generate surface active hydroxyl groups that continue to generate hydrogen
peroxide*’. Nonetheless, although these investigations have been carried out at the
macroscopic level, the production yield of H2O2 was relatively low.

Herein, we proposed a facile approach for the directly enhancement of H»>O»
photosynthesis efficiency, relying on piezoelectric-effect of carbon nitrides in deionized
(DI) water without any sacrificial agents. Under ultrasound treatment, electron
exchange could occur between pCN and water with repeated contact and separation
cycles at the interface due to the piezoelectric effect. The results shown that the H,O»
production rate of CsN, could reached to 918.4 uM/h in weak light (10 mW/cm?) and
480.1 uM/h in dark without any sacrificial agents and co-catalysts, which exceeds most
piezo-photocatalytic processes on carbon nitride and piezo-catalytic processes**-1,
Based on this, CsN> was successfully applied to sono-photo-chemodynamic therapy

(SPCDT) for the first time, demonstrating competitive performances. This work would
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open a new avenue for highly efficient and selective photosynthesis of H2Og,
particularly in realistic low density solar conditions, and pave their intriguing

applications in energy, health and environments.

o
@ I g I @ m SN
@ _ . ©cs
AN B el
& ¢ & = °
V' B
v- @
=) v =& big
v e V- "
R 3 " \ 5
o~ ¢ Ve _ho "N
/ N W VB ht e ( P
#o, LNy N . R0,
\
h* Photoinduced hole @3 Photoinduced electron ‘ V- Polarization electic field /
(b) o . (c)
Ny j\ KN
N NN NH N —~
2 B .. :
B NN NN 3
c
SRS S S :
Jofu’“" NK@\. NI*N SN NIJ\N*N NIJ\N SN NIJ\N SN 2
NN NN N/)\N/)\E)\N/J\N/ N’)\N’*rg*u’*n’ <
NN NN
3 ki
CsN, g-C3Ny PHI 400 500 600 700 800
Wavelength (nm)
24
25
d) ] e s (e)I
14 088V f":: 20
. CN, |4M —
L:IL:' 04 - 043V ~ g E1 5 A
z F-5& a |
2 1] osmo 5 g 1.0 I} l‘
2 L6 2 j
2 190V ) 3 0.5 L
218V ~
3 7 0.0 b i _ . daduia L
S L g 240 250 260 270 260 270 280 290 300 290 300 310 320
Frequency (kHz) Frequency (kHz) Frequency (kHz)
M1 : ‘

Figure 1. Strategy of a piezoelectric field promoting photocatalytic H,O, overall production.
(@) Mechanism of the piezoelectric effect to promote the overall photocatalytic H>O» production. T
Photocatalyst without a piezoelectric effect under light irradiation; II Photocatalyst with a
piezoelectric effect in the dark and under an external ultrasonic force irradiation; IIT Photocatalyst
with a piezoelectric effect under both light and ultrasonic force irradiation. (b) Molecular structural
units of CsNa2, g-C3Na4, and PHI. (c) UV-vis DRS of CsN2, g-C3N4, and PHI. (d) Band positions of
g-CsNa, PHI and CsNo>. (e) Resonant peaks for different applied voltages on CsN2 g-C3Ng4, and PHI.

(f) PFM amplitude images of  of (1) CsNy, (1) g-CsNa and (I11) PHI.
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Results and discussion

Materials characterization

CsN2 was synthesized via a mild liquid Schiff base reaction, and the control g-CsN4 and
PHI samples were prepared by a conventional thermal polymerization'®®2. The
molecular structure of pCN-based photocatalysts consist of repetitive triazine or
heptazine rings units (Fig.1b). Compared to the idealized g-CsN4, CsN2 contained a
distinct conjugated C=N and benzene linker, and PHI consist of an incomplete
heptazine ring with cyanide terminator (C=N,). The transmission electron microscopy
(TEM) images showed g-CsNs and PHI had sheet-like morphologies. The X-ray
diffraction (XRD) pattern shown typical two diffraction peaks that can be attributed to
the (100) and (002) planes of CsN2, g-CsNa and PHI, respectively®. The UV-visible
absorption spectroscopy was used to explore the optical absorption properties (Fig. 1c).
Compared to g-CsNas, CsN2 and PHI both shown a redshift absorption edge above 460
nm, corresponding to a more narrowed bandgap the g-CsNa. It can be explained by the
enhanced m-electronic transitions in conjugated CN framework. Likewise, the
maximum of photoluminescence wavelength gradually red-shifted, consistent with the
narrowed bandgap. As calculated by using UV-Vis spectra and XPS-VB scan spectra®,
a significant downshift of the CB and VB position of CsN with respect to g-CsN4 and
PHI was observed, which indicated the order of the water oxidation ability followed as
CsN2 > PHI > g-C3aN4 (Fig. 1d).

The anomalous piezoelectric properties of g-C3N4, PHI and CsN2 were investigated by
the piezoresponse force microscopy (PFM). As shown in Figure le, three distinct

resonant peaks reflecting the piezoelectric vibration excited by voltage in different
carbon nitrides were observed. The piezoelectric amplitude of CsN2 at the same voltage
was comparative to the bulk g-CsNas, while that of PHI was weaker. The amplitude
exhibits a significant linear correlation with the excitation voltage, confirming the linear
piezoelectricity of the pCN-based materials®. Moreover, the amplitude signals of all

the materials were observed in PFM amplitude mapping (Fig. 1f) and the relaxation of
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the piezoelectric domain polarization were also clearly catched through PFM phase
analysis®. Besides, the PFM amplitude mapping and phase mapping are entirely
consistent with the topography, indicating the uniform distribution of polarization in all
materials. These results demonstrate that the presence of piezoelectric response in pCN-
based materials and could transform pCNs particles into pCNs piezoelectric electrets

with sono-catalytic activity during ultrasonic irradiation®’°8,
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Figure 2. Activity of H,O; piezophotocatalytic production from water and oxygen. (a) Time
profiles of H.O production catalyzed by CsN in various scenarios. Experimental conditions: 40
mg catalysts in 40 mL of pure water (pH =7) in an ultrasonic cleaner (US, 40 kHz, 400 W) and
under weak light (WL, 2> 400 nm, 10 mW cm™) irradiation, T = 25 <. (b) Contrastive
photosynthetic H,O; activity of g-CsN4, PHI and CsN2 under WL, US or a combination of them. (c)

Comparison of H,O; yields by CsN. under different light intensity in US. (d) Solar-to-chemical
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conversion (SCC) efficiency of CsN2 (40 mg) in water (40 mL) under WL and US, and summarized
SCC efficiencies from reported photocatalysts for H.O, production. () Summary Piezoactivity of
H20, production from different reported catalysts under US. (f) Cycling performance for H.O;
production under WL and US. Error bars represent the standard deviations of three replicate

measurements

Piezoelectric effect in catalytic H20O2 production.

To investigate the role of piezoelectric effect in photocatalytic H.O> production, CsNo,
g-CaN4 and PHI were placed in a reactor under both ultrasonic (US) force and visible
light (L) conditions. Figure 2a exhibited the H.O> generation rates in 40 minutes
achieved on CsN> driven by a weak light (WL) in various scenarios, following the order
CsN2/US/WL > CsN2/US > CsNo/ WL. As shown, piezoelectric effect via
ultrasonication improved the H20> production rate of CsN2to 918.4 piM/h in weak light
without any sacrificial agents and co-catalysts, which was a nearly 34 times and 2 times
enhancement than that under only weak light and ultrasonication driven conditions. The
photosynthetic H20- activity of g-CsN4 and PHI were enhanced via the piezoelectric
effect (Fig 2b), reaching 73.9 uM/h and 155.8 uM/h, respectively, but far less than that
of CsN2. Moreover, g-CsNs and PHI can hardly produce H>O> under weak light
irradiation. Fig. 2c showed that piezoelectric effect can enhance the photosynthetic
H20, process under different light intensity, and the H20 production rate of CsN2 can
reach 1343.6 M/h without any sacrificial agents in one sun irradiation (100 mwW/cm?).
The SCC is the most reliable criterion for photosynthetic H>O> process, which was
demonstrated in Fig. 2d. The SCC of CsN: reached 2.6 % in 10% intensity of one sun
(10 mW/cm?), a record in this areass=, The as-prepared CsN2 not only had advantages
in piezophotocatalysis, but also demonstrated by far the highest H.O, piezocatalytic
activity (480.1 uM/h) under ultrasonic irradiation among the reported piezocatalysts
(Fig 2e) 54578571 In addition, the piezophotocatalytic H.O2 production rate of CsN2 in
weak light was well maintained after several repeated cycles, suggesting its excellent

stability (Fig 2f).

https://doi.org/10.26434/chemrxiv-2023-tbzmh ORCID: https://orcid.org/0000-0003-2932-4159 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-tbzmh
https://orcid.org/0000-0003-2932-4159
https://creativecommons.org/licenses/by-nc-nd/4.0/

(@) (b)3o
Sl DMPO--OH =
] E o4 i
~ D -
>
s 218 \
~ (]
z g
w
§ é 1.2
= L-C:N, g -
0064 -
US-L-DMPO <
; ; ; . 0.04 '/ = __ .
3480 3500 3520 3540 0 4 7 10 14
Magnetic field (G) pH

—_
Q
o
_—

o
~—

— Blank
TiO,
g-C3N,
PHI

— GC;N,

2

Transmittance (%)
Absorbance (a.u.)

96 : . . . . . —————
4000 3500 3000 2500 2000 200 250 300 350 400 450

Wavenumber (cm™) Wavelength (nm)

Figure 3. Mechanism of piezophotocatalytic H,O; production. (a) EPR spectra for DMPO--OH
in the presence of CsN2 powders under ultrasonication and light irradiation in air atmosphere. (b)
Sonophotocatalytic H2O, production by CsN2 over a wide pH range (pH 0-14). (c) In situ FTIR
spectra of the H.O dissociation process over CsN2 under ultrasonication and light irradiation. (d)
UV-Vis absorbance spectra of Cou after reaction with *OH generated by CsN., g-C3N4, PHI and

TiO, before and after ultrasonication and light irradiation.

General charge migration behaviors in photocatalytic H2O2 production

Compared with g-C3N4 and PHI, the higher performance of CsN2 for H20. production
under ultrasonication and weak light suggested the enhanced activity and selectivity of
half-reactions during the catalytic process. To identify the mechanisms in H2O-
production, WOR and ORR processes were investigated separately to understand
insights into the exceptionally high efficiency of piezophotocatalytic H2O- production.
For this purpose, the aqueous solutions containing different concentrations of dissolved

molecular oxygen were explored. The H20: production efficiency of CsN2 was
9
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relatively higher in the presence of O during the reaction as well as kept nearly half of
that in the O»-saturated one, suggesting an ORR and WOR mode under the
CsN2/Us/WL system’. In this case, when 2e- ORR was inhibited owing to hypoxic
conditions, the pathway of WOR would still work for H2O production. Moreover, the
characterization of the intermediates during the photocatalytic H,O> production process
via CsN2 with ultrasonication (Fig. 3a) were explored to get the formation mechanism
for H,O2. DMPO and TEMP were used to capture the in situ generated *O.", *OH and
10,, respectively™ . As shown in Figure 3a after ultrasonication and weak light were
applied, the «O, and O, signals could not be observed, indicating a direct 26 ORR
process in H20, production. Moreover, the CB position of CsN2 was exceptionally
lower than the one-electron ORR potetianal in thermodynamic (-0.33 V vs. NHE),
making one-electron reduction of O2 to form O, be excluded. In contrast, an increasing
significant characteristic quadruplet peak of DMPO-«OH were observed during
ultrasonication and weal light irradiation, while negligible signals were observed from
the light irradiation-only experiment. In addition, the ability of *OH generation was
correlated to the intensity of light irradiation in the CsNo/US/WL system.

Next, trapping experiments were performed to examine whether the radicals were
produced by electron- hole transfer. It was observed that by adding superoxide, hole,

*OH, or electron scavengers, the H20. production efficiency of CsN: in the
CsN2/US/WL system demonstrated a various degree of inhibition, indicating not only

ORR but also WOR occurred.

In addition, the processes of H.O> production over CsN> for a wide pH range (pH 0-
14) were also explored (Fig. 3b). Negligible H202 was observed from the experimental
system with high concentration of H" or OH", and the optimum pH was at 7. It indicated
that both high concentration of H* or OH" would affect the ORR and WOR half-reaction.
Isotope experiments were then performed to verify the existence of 2e” WOR in the
CsN2/Us/WL system'®7>76 It was supposed that using H2'®0, H»'®0, would be
produced if 2e” photocatalytic WOR occurred. However, H,'®0, was unstable and

demanding to be detected by mass spectroscopy. To circumvent this problem, a well-
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known horseradish peroxidase (HRP)-catalyzed oxidation reaction were performed to
transfer the 80 atom in H2'®0; into luminol oxide. The liquid chromatography-mass
spectra (LC-MS) of the oxidized luminol demonstrated a normal luminol oxide-%0
(m/z: 180) peak and a new luminol oxide-80 (m/z: 182 and 184) peaks, while the
control in only light irradiation shown a weak luminol oxide-20 (m/z: 182) peak,
confirming the enhancement of the 2e” WOR in this CsN2/US/L system.

This activity enhancement mechanism on CsN2 was further studied by in situ FTIR to
analysis of the H2O dissociation process (Fig. 3c) and by Coumarin oxidation method
to quantify the free intermediate via variation absorbance spectra (Fig. 3d)*’’.
Compared to g-CsN4 and PHI, the in situ FTIR spectroscopy of CsN2 shows a more
increased peak between 3400-3600 cm™ with reaction time. The wavenumber of
~3,630 cm ™! was assigned to the stretching vibration of the OH group in water, and a
shoulder at a lower wavenumber of ~3,450 cm *was attributed to the production of *OH
intermediate from water dissociation. This indicates that *OH is an important
intermediate on the surface of CsN2.The UV-Vis absorbance variation spectra of Cou
shown a similar trend that more cous are consumed in the reaction with CsN. after
ultrasonic and light irradiated, indicating that CsN2 generates more free hydroxyl

radicals.

11
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Figure 4. Proposed mechanism of H,O generation. (a) Free energy profile of the ORR reaction
and energies are displayed in kcal/mol at the PCM (H20)/B3LYP-D3/6-31G(d,p) level. (b) Free
energy profile of the WOR reaction and energies are displayed in kcal/mol at the PCM
(H20)/B3LYP-D3/6-31G(d,p) level. (c) Free energy profile of the WOR reaction and energies in
photocatalysis field are displayed in kcal/mol at the PCM (H20)/B3LYP-D3/6-31G(d,p) level. (d)
Free energy profile of the WOR reaction and energies in photocatalysis and electric field are
displayed in kcal/mol at the PCM (H.0)/B3LYP-D3/6-31G(d,p) level. The free energy of the
photoinduced INTA is set as zero and energies (INTC and TSCD) under electric field (Fx =—0.01
a.u, red arrow) are represented in red. (e) Reaction processes and pathways of ORR and WOR on

CsNo.

12

https://doi.org/10.26434/chemrxiv-2023-tbzmh ORCID: https://orcid.org/0000-0003-2932-4159 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-tbzmh
https://orcid.org/0000-0003-2932-4159
https://creativecommons.org/licenses/by-nc-nd/4.0/

In order to disclose the reaction pathway of the CsN»-assisted H.O> generation, density
functional theory (DFT) calculation has been carried out and for the sake of simplicity
and saving resource, only one building block of the bulk CN is taken into consideration.
As shown in Figure 4a (O reduction reaction, ORR), the adsorption configuration of
O2 onto the CN complex surface has been optimized, and the O—N bonding is observed
on the NH moieties, which act as the reaction sites in the ORR. For the consequent O
reduction, the activated O, molecules would combine with protons in the solution to
generate *OOH and *HOOH intermediates and finally the product H.O> can be
obtained. The transition state involving the formation of H>O, from *OOH is the rate-
determining step in the ORR reaction and the calculated free energy barrier (AG) of this
step is about 22.5 kcal/mol. The process of the water oxidation reaction (WOR) is
shown in Figure 4b. H20O molecules are adsorbed and activated on the benzene ring,
and such a transformation would be achieved with a Gibbs activation energy value of
about 0.9 kcal/mol. Then H.O would decompose with generating *OH intermediates.
However, the calculated AG value for the *OH species formation on the benzene ring
through TSAB seems thermodynamically unfavorable under the ground state (115.4
kcal/mol). As the reaction is light-induced (Fig. 4c), TD-DFT computational
investigation is carried out, in which the result conclusively indicates that the excitation
energy of INTA is around 98.0 kcal/mol. The activation energy of transition state
TSAB would decrease to 20.6 kcal/mol, making the following photocatalytic H.O>
process possible. Therefore, considering the excitation energy, it is possible for species
before INTA to serve as kinetically more stable structures with longer lifetime. The
photoinduced states are energetically accessible for performing the subsequent bond
activation and initiating thereby *OH generation. However, another transition state
exhibits a relatively high free energy barrier (64.5 kcal/mol) during the formation of
*OH intermediate. Considering the promoting effect of the ultrasonic experimental
condition, here the electric field effect is applied to give a qualitative analysis on the
reaction mechanism (Fig. 4d). Taking account of the electric fields through calculation,

when the electric field intensity increases, the AG of *OH generation exhibit a tendency
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to decrease, varying from 64.5 kcal/mol (without electric field) to 61.2 and 41.1
kcal/mol (Fx = —0.005 and —0.01 a.u. respectively, Figure S1). Moreover, when the
electric field magnitude increases (Fx = —0.012 and —-0.0125 a.u.), the reaction
mechanism would change, proceeding via a barrierless model. Through theoretical
calculation, it can be indicated that the O reduction is thermodynamically more
favorable than the water oxidation reaction while both pathways are likely to occur
under the experimental conditions. More importantly, the crucial transition state in
WOR turns to be more advantageous under applied field, effectively demonstrating the
necessity of external ultrasonic environment. These computational findings are not only
consistent with the experimental results, but also theoretically prove the high efficiency
in the ultrasonic-combined CsN» photocatalytic system. Based on the above
experimental and theoretical results, a mechanism of ultrasonic induced WOR to
promote photocatalytic synthesis of H.O, over CsNz in the H.O/O. system is proposed
(Fig. 4e).

Potential application of Photo/Sono/Chemdynamic Therapy

In conventional cancer therapy, light has been used as a non-invasive therapeutic tool
and PDT combined light, photosensitizer(s) and molecular dissolved oxygen (O) to
generate reactive oxygen species (ROS) that give rise to cellular toxicity'>"3%° As
another kind of ROS-based therapeutic modality, CDT exploits the endogenous
stimulus to in situ generate highly harmful hydroxyl radicals (<OH) from hydrogen
peroxide (H20;) through an in-situ Fenton or Fenton-like catalytic reaction®#, As two
emerging cancer treatment, PDT and CDT still faces two notable limitations, first, PDT
has a lower penetration of light into deep tumor sites as light is required for sensitizer
activation; and second, hypoxia and insufficient H.O> cellular environment unable to
guarantee sufficient original reagents for ROS synthesis, which seriously limit the
therapy efficiency®*®®. To overcome the drawbacks, many ingenious strategies have
been developed, e.g., Improving the light response range of photosensitizers (IR

responsed photosensitizers or introducing IR to Vis technology); external transportation
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or internal reaction (reactive metal peroxides or water splitting photocatalysts
containing photosensitizer, co-catalysts or heterojunction) for improving H>02/O-
concentration in tumor site; the introduction or combination of external energy fields
such as light, ultrasonic, and magnetic field to significantly improve the catalytic
reaction kinetics®®®°. Nonetheless, despite great success in non-sacrificial H2O;

production, metal-free polymeric photocatalysts have been rarely explored for

SDT/PDT/CDT cancer treatment to enhance the efficiency.
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Figure 5. Potential biomedical application of CsN.. (a) Scheme of therapeutic processes using
CsN2 through the Fenton reaction generating *OH under ultrasonic and light irradiation. (b) PL
spectra of Cou after reaction with *OH generated by CsN2-Fe-NS before and after ultrasonic and
light irradiated. (c) PL spectra of Cou after reaction with *OH generated by CsN»-Fe-NS before and
after ultrasonic and light irradiated. (d). (d) Confocal fluorescence images of 4T1 cells upon
incubation with CsN.-Fe-NS. (e) Biocompatibility evaluation of CsN2-Fe-NS upon incubation with

4T1 cells by WST-8. (f) Cell viability assay by CsN2-Fe-NS and CsN2-NS treated 4T1 cells in
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various scenarios. (g) Cell viability assay by different concentrations of CsNo-Fe-NS treated 4T1
cells under ultrasonic and light irradiation. (h) Live/dead double staining of CsN2-Fe-NS treated
4T1 cells under ultrasonic and light irradiation indicated by FDA (green, live cells) and PI (red,

dead cells).

Controlling intracellular generation of highly toxic hydroxyl radical (*OH) via
transition metal ion-mediated Fenton or Fenton-like reaction has been reported as an
effective antitumor approach to provide direct potent injury to cancer cell**#, We then
developed a CsN2-based *OH generator and fluorescence agent for photodynamic and
sonodynamic tumor therapy, which exhibited a competitive tumor inhibition effect (Fig.
5a). For this, the pristine CsN2 was exfoliated into nanosheets and decorated with Fe
ions by a ball milling method (CsN2-Fe-NS,)%°%. After simple separation, the DLS
analysis showed that CsN2>-Fe-NS displayed a narrow size distribution in aqueous
solution, with a hydrodynamic size of ~80 nm; the inset transmission electron
microscopy (TEM) image confirmed that CsN2-Fe-NS was present as layered
nanosheets. Besides, the production of *OH was further demonstrated through the
Fenton-like reaction using coumarin (cou) as a probe (Fig. 5b). The probe displayed a
new fluorescence emission enhancement at 455 nm upon the reaction to *OH.
Compared in light-only, as-produced 7-hydroxy-cou exhibited a gradual amplification
of fluorescence intensity with CsN2-Fe-NS after adding ultrasonic and light irradiation.
Meanwhile, metal ions can react with H202 generated to produce more *OH, CsN2-Fe-
NS exhibit the higner fluorescence signal than unmodified CsN2-NS. With increased
the time of ultrasonic and light irradiation, 7-hydroxy-cou exhibited a gradual
amplification of fluorescence intensity, indicating that the ability of the Fenton-like
reaction could be sustainably amplified by ultrasonic and light irradiation with CsNo-
Fe-NS (Fig. 5¢)1>%,

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

then measured. As shown in Figure 5d, the cytoplasm of the 4T1 cells displayed
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prominent fluorescence signals in the red channel, leaving the focal nucleus with no
fluorescence. This observation indicated that CsN2-Fe-NS was internalized into the
cells with specific localization in the cytoplasm. The in vitro cytotoxicity of CsNo-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. 5e,
no noticeable adverse effects were observed in cells after 24 h, indicating the excellent
biocompatibility of CsN2-Fe-NS. To corroborate the critical role of ROS in the
therapeutic effect of CsN2-Fe-NS, the contribution of SDT/PDT/CDT to total cell death
was accessed by carrying out the cell viability under different conditions (Fig. 5f). The
cell-killing effect of CsN2 or CsN2-Fe under US and light irradiation (1.0 MHz, 1.0 W
cm™2, 3 min, 50% duty cycle; A>400nm, 30 mW cm™2, 3min) was significantly
increased compared to that of alone treatment of only with US irradiation (1.0 MHz,
1.0 W cm2, 3 min, 50% duty cycle) or light irradiation (A>400nm, 30 mW cm™2, 6min),
which was mainly attributed to the fact that the CsN2-Fe-NS-induced synergistic
enhanced effect of SDT, PDT and CDT could produce more significant *OH to induce
apoptosis. Meanwhile, compared with the non-Fe involved CsN2, CsN2-Fe exhibited a
significantly increased cell apoptosis and the cell death rate was proportional to the
CsN2-Fe concentration (Figure 5g), which further evidenced the Fenton-like effect of
CsN2-Fe for «OH generation to induce cell death. Furthermore, fluorescein diacetate
(FDA) and propidium iodide (PI) were utilized to stain the live and dead cells,
respectively. Live/dead cell staining assay (Fig. 5h) confirmed a more significant cell
death caused by CsN2-Fe-NS under both US and light irradiation than only US or light
irradiation in cell environments, which were both in accordance with the above cell
viability data. These results overall point out that CsN, as a photocatalysts with
piezoelectric effect is promising as a highly effective, multifunctional, and safe sono-
photosensitizer for enhanced sono-photo-chemodynamic therapy (SPCDT). It’s worth
mentioning that CsN2 not only revealed effective in biomedical therapy systems, but

also been allowed its use as novel potential solar-based water purification agents which
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are crucial to achieve water disinfection technology in realistic low density sunlight

environments.

Conclusion

In summary, we report the polymerization of a triazine and benzyl framework to form
extended conjugation CsN2, which generates a strong adsorption/activation of water for
*OH intermediate groups due to its ideal piezophoto-responsed ability.Compared with
traditional carbon nitride (g-C3N4 and PHI), the as-prepared CsN2 showed an ultrafast
photocatalytic H.O> production rate of 918.4 piM/h under weak sunlight and ultrasonic
conditions, which surprisingly exhibited a solar-to-chemical conversion efficiency of
2.6% for H2O; synthesis in one-tenth intensity of sun. In addition, CsN. displays a
marvelous H20. yield under only ultrasonic condition, which exceeded most
piezosynthetic processes based on carbon nitride or other polymers. Our experimental
and theoretical results provide direct evidence for the piezoelectric effect in raising the
formation of *OH intermediate groups and speedy generation of H,O2 in WOR process.
Along this line, a novel CsN2 based therapeutic sono-photo-chemodynamic therapy
(SPCDT) modality was successfully applied to remove limited light penetration
restriction and further induce apparent amplified cancer cell damage in SPCDT with
synchronous bioimaging. The potential for piezoelectric effect of the photocatalytic
material will be a primary challenge for the continued development of such technology

over long-term operation in energy environmental and biomedical fields.
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