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Artificial photocatalysis offers a promising strategy to sustainably produce hydrogen peroxide (H,0;) that
is one of the most valuable multifunctional chemicals. Among various photocatalysts, polymeric carbon
nitride (pCN) has drawn continuous attention in non-sacrificial H,0, production. However, the poor activ-
ity of half reactions, i.e., the oxygen reduction reaction (ORR) and water oxidation reaction (WOR), greatly
restricts the efficiency of photocatalytic H,O, production. In this highlight, we discuss the significant ad-
vances in molecular engineering of carbon nitrides for H,0, photosynthesis and the importance of the
deep understanding of the photocatalysis process for rational design and reaction pathways of organic
conjugated polymers to address the growing H,0, demand. Furthermore, we summarize the emerging
applications of photocatalytic H,0, productions beyond energy and environment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H,0,) is one of the most valuable multi-
functional chemicals with widespread applications. Currently, the
well-established industrial anthraquinone-based method for H,0,
production is energy-intensive and environmentally unfriendly [1].
In addition to eco-friendly and economical electrochemical meth-
ods [2], artificial photosynthetic H,0, generation is also considered
as a clean and energy-saving approach that has attracted signif-
icant interest. Substantial efforts have been devoted to develop-
ing new photocatalysts with high efficiency, good selectivity, and
stability [3]. Visible-light-responsive organic polymers [4], such as
polymeric carbon nitrides, have been widely investigated as po-
tential catalysts for H,0, photosynthesis because of their high
physical and chemical stability, low cost, and adjustable electronic
bandgaps.

In 2014, Shiraishi et al. first reported that graphitic carbon
nitride (g-C3N4) could produce H,0, under photoirradiation us-
ing alcohol as an electronic donor [5]. Inspired by this semi-
nal work, numerous polymeric carbon nitride-based photocatalysts
have emerged in recent years for the photocatalytic production
of H,0,, especially for solar-driven H,0, production without any
sacrificial agents [6]. However, most carbon nitride materials can-
not produce effective holes or form active surface sites to directly
oxidize H,O into H,0,, and tend to undergo the thermodynami-
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cally favorable 4e~ WOR process [7]. Molecular engineering of car-
bon nitrides, including heteroatom doping (e.g., P or Sb) [8], mod-
ifying heteromolecules (e.g., pyromellitic diimide or biphenyl di-
imide) [9], surface defect engineering (e.g., C=N groups and N va-
cancies) [10], and modulating triazine/heptazine based frameworks
(e.g., by spatially separated redox centers) [11,12], plays a key role
in the formation of architectures with great topologies [13]. Indeed,
some substantial significant advances have been made to improve
the non-sacrificial ORR and WOR efficiency for H,O0, photosynthe-
sis; however, the efficiency and stability of current state-of-the-art
photocatalysts are still low.

Each half-reaction includes different reaction pathways deter-
mined by the electron transfer number (Fig. 1a) [14-16]. For ORR
half-reaction, the direct two-electron process exhibits a thermo-
dynamically more favorable energy level (4+0.695V vs. NHE) and
the indirect stepwise single-electron reduction firstly reduce O, to
form hydroperoxyl radicals (-OOH, —0.05V vs. NHE) which then
couple with protons to generate H,0, (+1.44V vs. NHE). For the
WOR half-reaction, H,O can be directly oxidized by two holes
to form H,0, (+1.76V vs. NHE), and the stepwise single-electron
WOR process requires high concentrations of hydroxyl radicals
(-OH, +2.73V vs. NHE) to form the desired H,0,. Theoretically,
based on the combination of different ORR and WOR pathways,
there are four different pathways for the overall photosynthesis of
H,0,: 2e~ ORR and 4e~ WOR pathways [8], stepwise 1e~ ORR
and 4e~ WOR pathways [10], stepwise 1e~ ORR and le~ WOR
pathways [17], and 2e~ ORR and 2e~ WOR pathways [11,12,18,19],
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(a) ORR 0, +H"+e" — -OOH 0.05Vvs. NHE (1)
half-reaction  -OOH+ H* +e” — H,0, 1.44Vvs.NHE  (2)

0, + 2H* + 2™ — H,0, 0.695Vvs. NHE  (3)

O, + 4H* + 4™ — 2H,0 1.23Vvs.NHE  (4)

WOR 2H,0 +4h* — O, + 4H* 1.23Vvs.NHE  (5)

half-reaction  2H,0 +2h*— H,0, +2H*  1.76 Vvs. NHE (6)

H,0 +h* — -OH +H* 273Vvs.NHE  (7)
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Fig. 1. (a) Reaction scheme for photocatalytic H,0, production and the correspond-
ing energy diagrams for the ORR and WOR pathways. (b) Four classical combina-
tions of ORR and WOR pathways for the overall photosynthesis of H,0,. Reprint
with permission [14,15]. Copyright 2022, ACS.
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Fig. 2. (a) Schematic structures of O, adsorption on metal surface. (b) ORR mecha-
nism on a metal particle (top) and isolated atomic site (bottom). (c) Action spectra
of PCN, PCN_Na15, and Sb-SAPC15 towards H,0, production in phosphate buffer
solution. (d) Solar-to-chemical conversion efficiencies of PCN, PCN_Na15, and Sb-
SAPC15 under AM 1.5, illumination in a phosphate buffer solution. (e) Reaction
mechanism of CN with Sb sites for photocatalytic H,O0, production. The white, gray,
blue, red and magenta spheres refer to hydrogen, carbon, nitrogen, oxygen and Sb
atoms, respectively. Reprint with permission [8]. Copyright 2021, Nature.

which provide potent guidance for the design of photocatalytic
processes (Fig. 1b) [14].

The creation of heteroatom-doped photocatalysts is an essen-
tial strategy in the pursuit of advanced photocatalytic processes.
In an elegant study, Ohno et al. reported a Sb single-atom carbon
nitride photocatalyst (Sb-SAPC) for non-sacrificial photocatalytic
H,0, synthesis under ambient conditions [8]. The introduction of
highly active and selective Sb sites for the 2e~ ORR to consume the
0, generated from 4e~ WOR in the photocatalytic system offers
a high yield and selectivity for H,O, photosynthesis (Figs. 2a and
b), with an apparent quantum yield of 17.6% at 420nm (Fig. 2c),
together with a solar-to-chemical conversion (SCC) efficiency of
0.61% (Fig. 2d) for H,0, synthesis. The d'© electronic configuration
of Sb single-atom sites produces a new 0-O stretching mode in
the Sb—-OOH species with an end-on adsorption configuration ap-
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Fig. 3. (a) Molecular structure of g-C3N4/PDL. (b) Molecular structure of g-C3N4/BDI.
(c) Electronic band structures of g-C3Ng4, g-C3N4/PDI, and g-C3N4/BDI. (d) Mecha-
nism of g-C3N4/PDI for photocatalytic H,O, production in pure water. (e) Mecha-
nism of g-C3N4/BDI for photocatalytic H,O0, production in pure water system. (f)
Change in the amount of H,0, formed and SCC efficiency under simulated AM1.5G
sunlight (1 sun) with time. Reprint with permission [9]. Copyright 2016, ACS.

pearing under photo-irradiation, which reduces the possibility of
0-0 bond breaking and enhances the trapping of photogenerated
electrons for the 2e~ ORR. Moreover, these sites are energetically
unfavorable for the side hydrogen evolution reactions. In contrast,
the photogenerated holes were concentrated at the N atoms in the
s-heptazine moiety next to the Sb site to catalyze the 4e~ WOR.
Both the 2e~ ORR and 4e~ WOR pathways formed a prime overall
photosynthesis of H,0, (Fig. 2e). Further examples of Ga- and Co-
doped carbon nitrides also proved that the single atoms in carbon
nitride certainly tailor the electronic structure and induce charge
redistribution. It was supposed to not only promote the separa-
tion/transfer of charge carriers and the absorption/activation of O,
in the 2e~ ORR reaction but also effectively enhance the 2e~/4e~
WOR reaction [19,20].

In addition to heteroatom doping, incorporating hetero-
molecules, such as aromatic diimides, an important class of n-type
organic semiconductors with high electron mobility and stability,
also positively adjusts the electronic structure and shifts the oxi-
dation and reduction potentials, owing to their high electron affin-
ity [9]. It has been demonstrated that the VB position of g-C3Ny4 is
not thermodynamically feasible for the concurrent WOR. The intro-
duction of pyromellitic diimide (PDI, Fig. 3a) and biphenyl diimide
(BDI, Fig. 3b) into the g-C3N,4 structure can generally positively
shift the CB and VB positions and improve the thermodynamic
driving force for catalyzing the O, evolution reaction (Fig. 3c).
Figs. 3d and e show the reaction pathways for the overall photo-
synthesis of H,0, via the coupling of the 2e~ ORR pathway with
the 4e~ WOR pathway on g-C3N4/PDI and g-C3N,4/BDI. Accordingly,
g-C3N4/PDI and g-C3N4/BDI exhibited considerable H,0, produc-
tion rates without sacrificial agents in a pure water system, and
the average SCC efficiencies of the optimized g-C3N,4/PDI and g-
C3Ny4/BDI reached 0.10% and 0.13%, respectively (Fig. 3f).

Furthermore, engineering defects on a photocatalyst surface is
a universal and powerful method for improving the photocatalytic
conversion efficiency. Recently, Zheng et al. sequentially intro-
duced the -C=N groups and N vacancies into g-C3N4 (Ny-C=N-CN,
Fig. 4a) [10]. The synergistic effect of the dual defect sites en-
hanced the visible-light absorption (Fig. 4b) and carrier separation
capabilities (Fig. 4c). Besides, it has been verified that N vacan-
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Fig. 4. (a) Defect structure in g-C3N4 heptazine units. Inset: C=N groups and N vacancies. (b) UV-Vis DRS of all samples. Inset: Photographs of PCN and N,-C=N-CN. (c)
Photoluminescence (PL) spectra of all samples. (d) O, adsorption energy and (e) H* adsorption energy on g-C3N, with different defect models. (f) Free energy profiles
for photocatalytic H,O, evolution reactions over PCN, C=N-CN, N,-CN, and Ny-C=N-CN. (g) Photocatalytic H,0, generation rates of N,—-C=N-CN under different reaction
gasses or sacrificial agents. (h) Comparison of photocatalytic H,0, generation activity of different samples under the same conditions in a pure water system. Reprint with

permission [10]. Copyright 2022, RSC.

(@)

%N 3
N__>-NH OH
) N
HaN Ng HN-CN
=N
N oNe Qg e,
PN o Y0 methanol e
HoN \/ °
’ fa
) N
Fa L2
4

1
)

. 800 C:N,
- s,

400

200

BOLCTF
A -

Hypoxic H,0, production (uM h

Metal-free polymers for overall H,0, photoproduction

N s
% NN

600 ¥ /""'""

® o

CIN=5:2
Yield: 7.46 ~41.6%
M, (soluble): 4700~5300

(e)

Urasonication 1204
mpregnation o T & . =, Control
CNyFeNS 32100 Normoxia
R— 2 W Hypoxia
N g 804
Y Sl >
3 601
o
2
© 404
°
@
20
04

0 25 50 100 200
— Concentration (ug/mL)

Fig. 5. (a) Conjugated linker formation in the synthesis of CsN, (5) from melamine (1) and p-phthalaldehyde (2) via Schiff base reactions. (b) Bandgap position of C5N,
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in hypoxic environments. (e) Cell viability assay of CsN,—Fe—NS-treated 4T1 cells under light irradiation in hypoxic and normoxic environments. Reprint with permission

[12]. Copyright 2022, Wiley.

cies can effectively adsorb and activate O, (Fig. 4d), while the C=N
groups enhance the adsorption of H* (Fig. 4e), which synergisti-
cally promotes the formation and hydrogenation of OOH* to H,0,
(Fig. 4f). Accordingly, the N,-C=N-CN group achieved overall pho-
tosynthesis of H,0, in pure water via concurrent stepwise single-
electron ORR and four-electron WOR pathways (Fig. 4g). Mean-
while, the Ny-C=N-CN photocatalyst exhibited 8.5 times H,O,
production rates higher than pristine bulk carbon nitrides without
sacrificial agents, leading to a significant SCC efficiency of 0.23%
(Fig. 4h).

Expect for the above-mentioned engineering of g-C3N4, the
modulation of triazine/heptazine-based frameworks has great po-
tential for the photocatalytic synthesis of H,0,. Rationally de-
signed monomers for pre-assembly and precise regioselective cou-
pling polymerization play key roles in the formation of architec-
tures with separated redox centers. Very recently, Zhang et al
modulated a triazine-based framework with spatially separated re-
dox centers and reported well-defined CsN, with a conjugated
C=N linkage to photosynthesize H,0, from H,0O without sacrifi-
cial agents under hypoxic conditions (Fig. 5a) [12]. Compared with
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the tertiary N linkage in g-C3N4 breaking the conjugation over
the heptazine rings, the conjugated linkers were redistributed in
the CsN, units, resulting in the strengthened delocalization of 7-
electrons, which downshifted the CB and VB positions. CsN; with
unusually low conduction (>0V vs. NHE) and valence band posi-
tions promoted realistic selectivity in thermodynamics and high
activity in kinetics for overall H,0, photosynthesis through syn-
ergistic 2e~ ORR and 2/4e~ WOR (Fig. 5b), and CsN, demon-
strated the highest H,0, photocatalytic activity (698 umolL~1h-1)
under hypoxic conditions among the polymeric photocatalysts
(Fig. 5c). For the first time, CsN, was successfully applied to hy-
poxic/normoxic tumor photodynamic therapy/chemodynamic ther-
apy (PDT/CDT) (Fig. 5d) and exhibited competitive performance un-
der hypoxic and normoxic conditions (Fig. 5e). These results indi-
cate that C5N, offers an opportunity to potentially cut the cost of
H,0, production in a large scale and opens new avenues for highly
efficient and selective H,0, photosynthesis, particularly under hy-
poxic conditions in biomedical therapy systems.

Although previous studies have been devoted to enhancing the
SCC efficiency toward solar-driven H,0, production via the de-
sign of polymer photocatalysts, the efficiency of non-sacrificial
H,0, generation has not yet fulfilled the industrial requirements.
Thus, the technical and economic feasibility of H,O, photosynthe-
sis should be rigorously analyzed. Apart from the wide use of H,0,
in the energy field owing to its high energy density, its strong oxi-
dation power, and endogenous nature may achieve a potential ap-
plication in environmental and biomedical fields, such as coupling
solar-driven H,0, production with dye degradation [18], conver-
sion of organic molecules [21], bacterial disinfection [22], and can-
cer therapy [12], which could potentially lower the cost of large-
scale production of H,0,.

In summary, we highlight the significant advances in H,O, pho-
tosynthesis in the molecular engineering of carbon nitrides, a deep
understanding of the photocatalysis process for the rational de-
sign and reaction pathways of carbon nitrides, and the technical
and economical emerging applications of classical examples to ad-
dress the growing H,0, demand. The high energy density, strong
oxidation power, and endogenous nature of H,O, make it poten-
tially applicable in energy, environmental, and biomedical fields

Chinese Chemical Letters 34 (2023) 108784

by coupling solar-powered technologies for H,0, production with
carbon nitride. Furthermore, other potential catalysts, such as or-
ganic conjugated polymer resorcinol formaldehyde resins with a
low bandgap, also exhibit outstanding efficiency without sacrificial
reagents for the overall photosynthesis of H,0, [3,23].
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