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Abstract

Hydrogen peroxide (H,0,) is a mild, environmentally friendly, and versatile oxi-
dizer. The current main production process, the anthraquinone method, has high
energy consumption and pollution. However, the photocatalytic production of H,O,
is considered to be a green and sustainable process. In this paper, the research pro-
gress of photocatalytic production of H,0, was reviewed. Firstly, the basic prin-
ciple of photocatalytic production of H,O, and the three production pathways,
namely, oxygen reduction, water oxidation, and dual-channel were introduced. Then,
advanced photocatalysts for H,O, production were introduced with emphasis. From
the reactants and products, several new reaction systems and improvement strategies
were introduced, including the construction of a spontaneous system without a sac-
rifice agent, a gas-liquid—solid three-phase system, and inhibition of H,O, decom-
position. The in-situ applications of photocatalytic H,O, production in the environ-
mental field, including in-situ disinfection and in-situ degradation of pollutants are
discussed. Finally, the research progress and future research directions in this field
are summarized and prospected.

Keywords H,0, - Photocatalysis - Spontaneous system - Three-phase system -
In-situ environmental applications

Introduction

Hydrogen peroxide (H,0,) is one of the most important basic chemicals [1]. It is
widely used in chemical production [2], healthcare [3], and environmental treatment
[4]. The global demand for hydrogen peroxide is expected to grow to about 5.7 mil-
lion tons per year by 2027 [5]. As a green and efficient oxidizer, H,O, can oxidize
various substrates under mild conditions without any toxic by-products, and the
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only by-product is H,O. Hydrogen is a sustainable energy carrier that can solve the
world’s energy problems [6]. However, H,0, is a promising new type of liquid fuel,
and the energy density of 70 wt% H,0, (3.1 MJ L™!) is close to that of compressed
H, (2.8 MJ L") at 35 MPa. H,0, is water-soluble, which makes it easy to store and
transport, and is considered an ideal substitute for hydrogen [7]. In addition, H,O,
is an environmentally friendly disinfectant that can be used to inactivate disease-
causing microorganisms without causing secondary pollution [8]. In modern soci-
ety where epidemics are rampant, the human demand for H,O, is increasing, and
finding an efficient, clean, and sustainable H,0, production is an important research
topic.

Anthraquinone oxidation (AQ) is currently the most dominant H,O, production
process, accounting for about 95% of the total [9]. Although H,O, is a green oxi-
dant, the AQ process is not environmentally friendly. The whole process consists of
multiple steps such as hydrogenation, hydro-oxidation, extraction, and purification,
which consume a large amount of energy, organic reagents, and pressurized hydro-
gen, and generate a lot of wastewaters, waste gas, and solid waste [10]. Alcohol oxi-
dation [11] and Direct synthesis [12] are considered alternative methods, but the
alcohol oxidation method requires an oxygen-rich and high-pressure environment
and will produce organic by-products such as aldehydes or ketones. Direct synthesis
has safety hazards, requires precise control of H,/O,, fills a large amount of inert gas
to prevent the explosion, and requires the use of precious metal catalysts to increase
the cost of the reaction, which limits its industrial application. Therefore, there is an
urgent need for an efficient, safe, and clean method to produce H,0,.

Photocatalytic production of H,0, is a green and safe production process. It uses
abundant water and oxygen in nature as raw materials, sunlight as an energy source,
and semiconductors as catalysts, with almost no pollutant emission and without the
use of hazardous H,. Currently, the photocatalysts used for H,O, production include
metal oxides (TiO,, ZnO, WO;, etc.), carbon-nitrides (g-C;N,), metal sulfides
(In,S;, CdS, etc.) [13], bismuth-based oxides (BiVO,, etc.), metal-organic frame-
works (MOFs), and covalent organic frameworks (COFs), and hydrogen-bonded
organic frameworks (HOFs), etc. Although the photocatalytic production of H,O,
has a bright future, the current yield is still low and cannot meet the industrial appli-
cation [14]. In addition to the low activity of the photocatalyst itself, the photocata-
lytic H,0, production also faces the problems of low oxygen reduction activity and
selectivity, the need for a high concentration of dissolved oxygen and expensive
sacrificial agents, and the decomposition of the generated H,0,, which have con-
strained the development of this technology.

This paper summarizes the recent research progress of photocatalytic produc-
tion of H,0,, focusing on the basic principles and pathways of photocatalytic H,O,
production, advanced photocatalysts and their modification strategies, and advanced
production systems that can improve the overall efficiency and in-situ application of
photocatalytic H,O, production in environmental field from the viewpoints of reac-
tants and products (Fig. 1). Finally, an outlook on the future research direction is
presented, which inspire the design of high-performance photocatalysts and their in-
situ environmental applications by considering the photocatalytic H,O, production
systems comprehensively.
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Fig. 1 Advanced systems and elements of photocatalytic H,O, production system

Principle of photocatalytic H,0, production

Photocatalytic H,O, production follows the basic principle of photocatalysis, which
is mainly divided into three steps (Fig. 2) [15]. (i) the photocatalyst excites electrons
(e”) from the valence band (VB) to the conduction band (CB) by absorbing ultra-
violet or visible light, simultaneously creating holes (h*) in the VB, thus forming

Fig.2 a Photoexcitation and charge decay pathway in photocatalyst. b A schematic representation of the
photocatalytic system for H,0O, production. Copyright 2019 Wiley
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electron-hole pairs (e”—h*); (ii) electrons and holes are separated and migrated to
the surface of the photocatalyst, and some of them are recombined in the process;
(iii) photogenerated carriers which are separated and migrated to the surface will
react with chemical substances on the surface of the catalyst to selectively gener-
ate H,0,, and at the same time, participate in the oxidation and reduction reaction,
while the carriers that do not participate in the reaction will recombine.

The photocatalytic H,O, production occurs through three pathways: oxygen
reduction (ORR), water oxidation (WOR), and dual-channel [16], as analyzed in
detail below.

Oxygen reduction reaction (ORR) for H,0, production

ORR is generally recognized as the main pathway for H,O, production and is divided
into a one-step two-electron oxygen reduction reaction (2e”"ORR, O,—H,0,) and
a two-step one-electron oxygen reduction reaction (e”ORR, O,—-0,” —H,0,).
ORR occurs at the CB of the material and holes (h™) can be consumed at the VB
through the action of the electron donor (ED), thus reducing the recombination of
electrons and holes and enhancing the photocatalytic activity (Fig. 3a). Specifically,
h* on the VB oxidizes water or other ED to O, and H* (Eq. 1) or ED*, while e~ on
the CB reacts with adsorbed O, to generate H,O,. Equation (2) shows the 2e"ORR
process, where O, combines the two H* and the two e~ to directly generate H,0,
(Eq. 2). Alternatively, H,O, can also be obtained by the e"ORR process, where O,
receives an electron to become -O,~ (Eq. 3), followed by accepting another electron
and two protons to generate H,0, (Eq. 4). Where the reduction of O, to -O,™ is the
rate-limiting step, and this reaction can only occur when the CB edge position is
more negative than —0.33 V. The reaction potential of 2e"ORR (+0.68 Vyyg) is
greater than that of e"ORR (—0.33 V), which suggests that 2e"ORR has a good
thermodynamic property. However, from the reaction kinetics point of view, e"ORR
requires only one electron per step, so it is easier than 2e"ORR.

The e"ORR produces intermediates such as 'O, (Eq. 5) that are unfavorable to the
H,0, yield, and the generated -O,” may also interact with organics in solution and
reduce the H,0, yield. In addition, the 4¢”ORR (+1.23 Vg, Eq. 6) is thermodynami-
cally more favorable due to its more positive electrode potential, which would reduce
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Fig.3 Three pathways of photocatalytic H,O, production: a oxygen reduction pathway; b water oxida-
tion pathway; ¢ Dual-channel approach
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the selectivity of the 2e”ORR (40.68 V), and the 4e"ORR reaction to generate
H,0 detracts the H,O, yield.

2H,0 + 4h* - O, + 4H* Ey = +1.23 Vg (1)
0, + 2H" + 2¢~ - H,0, E) = +0.68 Vg )
O,+ ¢ — -0; E;=-0.33Vyy 3)

‘0] + e+ 2H" » H,0, Eyj= +1.44 Vg 4)
0; + h* =10, Ey= +0.34 Vg )

0, + 4H" + 4™ - H,0 E;= +1.23 Vi 6)

Water oxidation reaction (WOR) for H,0, production

Similar to ORR, the water oxidation reaction (WOR) occurs at the VB of the mate-
rial, which is divided into one-step two-electron water oxidation reaction (2e”WOR,
H,0—H,0,, Eq. 7) and two-step single-electron water oxidation reaction (¢~ WOR,
H,0—-OH—H,0,). At the same time, electrons (¢”) are consumed through elec-
tron acceptors (EA) at the CB, thereby reducing the recombination of electrons and
holes and enhancing the photocatalytic activity (Fig. 3b). e"WOR synthesizes H,O, in
two consecutive steps using -OH as an intermediate (Eqs. 8 and 9). The lower reaction
potential of 26" WOR means that it is more thermodynamically favorable, but e"WOR
is more kinetically favorable. WOR eliminates the need for organic sacrificial agents to
capture h*, which reduces production costs. However, 4e"WOR generates O, (+1.23
Vyues Eq. 10) which is thermodynamically more favorable than 2e”WOR (4+1.76
Vyue)> 0 26" WOR is often less likely to occur.

2H,0 + 2h* - H,0,+ 2H" E, = +1.76 Vyur @)
H,0 + h* - -OH + H* E;= +2.73 Ve (8)
‘OH +-OH - H,0, Ey,= +1.14 Vg )
0, + 2H,0 —» 2H,0, E,= +1.23 Vs (10)
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Dual channel path for H,0, production

The synergistic dual-channel production of H,O, by 2e”"ORR and 2e"WOR s the
most optimal pathway to increase the utilization efficiency of h* and e~ (Fig. 3c),
with an atomic utilization of up to 100% (Eq. 11). The production of H,0O, by O, and
H,O in the absence of a sacrificial agent is thermodynamically an “uphill” reaction,
whereby the solar energy is stored in H,O,. However, a fully dual-channel pathway
is difficult to achieve because the 46"WOR is thermodynamically more favorable,
resulting in the 2e"WOR being less likely to occur, and the reaction produces an
excess of O,.

0, + 2H,0 - 2H,0, AG® = +117 kJ mol™ (11)

Advanced photocatalysts for the photocatalytic H,O, production

In general, the catalytic activity of a material depends on its structural composition,
surface area, number of active sites, physical, chemical and thermal stability, good
controllability and strong electron transfer ability. The following describes several
photocatalysts that can be used for photocatalytic synthesis of H,0,, as well as mod-
ification methods through various principles [17].

TiO,-based photocatalysts

TiO, has become the most widely studied photocatalyst due to its low cost, non-
toxicity, and good chemical stability [18]. Since the TiO, CB bottom (-0.19 V
vs. NHE, pH=0) is more negative than the 2e” ORR potential (+0.68 V), which
can generate H,O, via ORR, it has received much attention in the field of photo-
catalytic H,O, production. However, TiO, has poor light absorption due to its
large band gap (~3 eV) and only responds to UV light (<400 nm), which accounts
for 4-5% of the solar spectrum [19, 20]. The product H,O, is easily adsorbed on
the surface of TiO, and decomposed, and reacts with Ti-OH group to form the
Ti—-OOH complex, which is electronically decomposed into Ti—-OH and OH™
(Ti-OOH+H* +e~ —Ti—~OH+OH") [21]. In addition, the slow oxidation of water
leads to the easy accumulation of h* at VB resulting in a high electron-hole recom-
bination rate. Therefore, the photocatalytic activity of TiO, is low, and the modifica-
tion of TiO, by deposition of metal nanoparticles, modification of carbon nanoma-
terials, and construction of heterojunctions can improve the yield of H,0,. When
sunlight is the only irradiation source, the photocatalytic activity of TiO, is not suffi-
cient for industrial applications. In order to improve the photocatalytic performance
of TiO,, many efforts have been made to develop new TiO, materials [22].

Metal nanoparticles (NPs) with O, affinity and high electron density can act as
electron traps to trap photogenerated electrons [23], thus promoting the efficient
separation of photogenerated charges and inhibiting the reduction of Ti-OOH by
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photogenerated electrons. Teranishi et al. deposited Au NPs on anatase TiO, with
H,0, yields exceeding 10 mM. This was attributed to the electron transfer at the
interface of Au and TiO, to improve the charge separation efficiency, and Au NPs
have an affinity for O, as reduction sites for ORR [24]. The work function of metal
nanoparticles is related to their size, and the interfacial barrier between metal nano-
particles and TiO, can be adjusted by changing the size to promote photogenerated
charge generation. Kim et al. deposited Au on porous TiO, membranes by physi-
cal vapor deposition, and the millimolar level of H,O, could be rapidly produced in
a few minutes. Au NPs of different sizes formed a potential gradient with TiO, to
reduce the interfacial potential between the small-sized Au and TiO, interface bar-
rier (Fig. 4a), and the porous film facilitates the scattering of UV light and promotes
the production of more photogenerated electrons and holes (Fig. 4b) [25]. However,
it has been reported that H,O, is strongly adsorbed and reduced by the captured
electrons on Au NP [26], and the modulation of Schottky barriers and electron
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Fig. 4 a Size effect of the Au NPs-loaded TiO, on H,0, generation. b UV light scattering in porous TiO,
films [25]. Copyright 2019 American Chemical Society. ¢ Schematic energy-band diagrams for Au/TiO,,
Ag/TiO,, and Au-Ag/TiO, heterojunction. d Mechanism for photocatalytic production of H,O, on Au—
Ag/TiO, catalyst [27]. Copyright 2012 American Chemical Society. e Preparation process and surface
oxygen reduction mechanism of PA/APTMS/TiO, [28]. Copyright 2019 American Chemical Society
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density through the formation of alloys is beneficial to increase the final yield of
H,0,. Tsukamoto et al. utilized Au—-Ag/TiO, to efficiently promote the formation
of H,0, and inhibit its decomposition. Compared with Au/TiO,, the appropriately
lowered Schottky barrier height of Au—Ag/TiO, promotes effective charge separa-
tion and facilitates electron transfer from TiO, to Au—Ag (Fig. 4c). In addition, the
alloy leads to an increase in the electronegativity of Au, and the transfer of elec-
trons from Ag to Au increases the electron density of Au and thus promotes the
2e”ORR. Meanwhile, H,0, is more easily adsorbed by Ag in the alloy, whereas the
positively charged Ag is inactive for the reduction of H,O, (Fig. 4d) [27]. Promoting
charge transfer by introducing electron-rich organic ligands is beneficial to increase
the electron density of metal nanoparticles and improve the yield and selectivity of
H,0,. Chu et al. modulated the electron density of Pd by ligating Pd NP depos-
ited on TiO, with surface amine groups, and the yield of H,O, was 10 times higher
than that of Pd/TiO,. The TiO,/Pd Schottky barriers are lower than those of TiO,/
H,O0 thus forming an asymmetric electric field, and the band edge shift drives elec-
tron transfer to Pd, the introduction of amine group coordination further reduces
the Schottky barrier and enhances the charge separation. The amine group and Pd
attract protons to migrate to the surface of TiO, to promote the formation of perox-
ides (Fig. 4e), which improves the selectivity of the ORR to generate H,O, [28].

Photocatalytic intermediate water decomposition (PIWS) (2H,0 —H, +H,0,) is
considered a promising method as it can obtain both H, and H,O, at the same time,
and H, gas and H,0, liquid can be separated automatically. Piao’s team used in-situ
photodeposition of Pt/TiO, photodegraded water to obtain a high yield of H,0, and
H, in pure water, with the yield of H,0, (5096 umol g~ h™!) was 1.9 times that of
the commercial anatase. The anatase TiO, VB position (2.97 eV) provides sufficient
oxidation potential for WOR production of H,0, [29]. The team then loaded Pt onto
porous platelet titanite TiO, nanoflutes, and the H,O, yield was further increased to
8.2 mmol h™! ¢!, The Pt NP was uniformly distributed on the TiO, surface to pro-
mote charge separation. The abundant hydroxyl groups on the surface promote the
adsorption of water, and the adsorbed water provides protons for the TiO, oxygen
sites to form *OH, and the two *OH combine to form H,0, [30]. Sun et al. devel-
oped a new titanium dioxide/single layer Ti,C,T,/MXene/Au composite material
for photocatalytic synthesis of H,0,. The optimal addition ratios of MXene and Au
are 0.4% and 15%, respectively, which help to separate and transfer photogenerated
electron—hole pairs and inhibit carrier recombination, thereby improving the produc-
tion efficiency of H,0,.

Compared with expensive metal-loaded modifications, the modification of TiO,
with carbon-containing materials such as graphene and Ti;C, can reduce the synthe-
sis cost while increasing light absorption and improving the charge transfer. Zero-
dimensional quantum dots (QDs) are often used as photosensitizers to extend the
light absorption range and as co-catalysts to promote photogenerated charge sepa-
ration. Zheng et al. found that sulfur-nitrogen co-doped graphene quantum dots
(SN-GQD) modification significantly red-shifted the light absorption edge (Fig. Sa),
positively charged S and C in the quantum dots enhanced the adsorption of O, and
the formation of internal peroxides, and the negatively charged N and C capture pro-
tons to promote the proton-coupled electron transfer (PCET) process (Fig. 5b) [31].
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2021 Elsevier

Two-dimensional reduced graphene oxide (rGO) has a lower Fermi energy level than
the CB edge of TiO,, so it is often used as an electronic mediator for facilitating the
electron transfer of TiO,. Moon et al. found that rGO/TiO, has a higher H,O, gen-
erating activity than that of TiO,, and the in-situ generation of CoPi on rGO/TiO,
further improves the performance, which is attributed to the promotion of WOR by
CoPi (Fig. 5c) [32]. Zeng et al. developed the Z-scheme heterojunction TiO,/rGO/
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WO;. rGO, as a mediator for interfacial electron transfer, promoted the migration of
CB e™ from WO; to TiO,, leading to electron enrichment of TiO, to promote ORR
[33]. Due to the fast excitation or vibrational excursion of hot electrons in graphene
(0.4-3 ps), it is difficult to trigger the ORR efficiently. Hu et al. found that con-
structing a Schottky junction at the interface of graphene and TiO, promotes the
rapid injection of excited hot electrons from graphene into TiO,, which significantly
improves the charge carrier lifetime (0.5 ps—4.0 ns) (Fig. 5d). The light response
range of TiO,/Gr has been extended from the original visible light region to 800
nm, and H,0, can be efficiently produced by visible light or even near-infrared light
(Fig. 5e) [34] By adjusting the Schottky barrier of graphene/rutile TiO,, the yields
of H,0, under visible and near-infrared light were further improved [35]. Ti;C, is
a typical MXene, which can be used as a co-catalyst to promote carrier separation
and migration in combination with TiO,. Chen et al. synthesized the H,0, yield of
Ti;C,/TiO, under UV light is 21 times higher than that of P25, which is uniformly
distributed on the surface of Ti;C, nanosheets, and the strong interfacial interactions
induce the transfer of electrons from P25 to the surface of Ti;C,, which prevents the
formation of Ti—~OH and thus inhibits the decomposition of H,O,. In addition, Ti;C,
significantly increases the light absorption intensity (Fig. 5f), reduces the complexa-
tion rate of photogenerated carriers, and accelerates the separation and transfer of
photogenerated charges [36].

A composite of TiO, with another semiconductor to form a heterojunction is a com-
mon modification strategy, which can effectively promote charge separation and trans-
fer. Feng et al. found that Au-modified Bi,0;-TiO, Type-II heterojunction can effec-
tively promote charge separation by retaining the electrons and holes on the CB of
Bi,0; and on the VB of TiO, under the irradiation of UV-visible light [37]. Z-scheme
heterojunction not only achieves spatial separation of oxidation and reduction sites but
also maintains strong oxidation and reduction capabilities. Behera et al. found that het-
erojunctions constructed of TiO, (n-type semiconductor) and B-doped g-C;N, (BCN,
p-type semiconductor) follow the Z-scheme electron transfer mechanism, with high
conductivity and low electron—hole complexation rate, and the highest generation rate
of H,0, under visible light is 110 pmol h™'. The excited state e~ in TiO, migrates into
the VB of BCN, the CB e~ of BCN reduces O, to generate H,0,, and h* in the VB of
TiO, oxidizes phenol to CO, and H,O (Fig. 6a, b). Simultaneous occurrence of the
Z-scheme and p-n heterojunction charge transfer mechanisms decreases electron—hole
complexation rate and enhances charge separation and migration [38]. When the two
semiconductors have an interlaced band configuration, the resulting heterojunction can
be divided into Type-II heterojunction and Z-scheme heterojunction. However, there
are many types of Z-scheme heterojunction and the concept is fuzzy, which is easy to
cause confusion. S-scheme heterojunction is a new concept which is based on Type-II
heterojunction and Z-scheme heterojunction to describe the photocatalytic mechanism
more clearly and vividly. Additionally, the relative positions of the original Fermi lev-
els of the two semiconductors before contact differ between Z-scheme heterojunction
and S-scheme heterojunction. For Z-scheme heterojunction, the Fermi levels of the
two semiconductor materials are close, indicating that their work functions are similar.
In contrast, for S-scheme heterojunction, there is a larger difference in the Fermi level
positions of the two semiconductor materials, meaning there is a greater difference in

@ Springer



Photocatalytic production of H,0, and its in-situ...

2927

(a) (a)

1.0=

Potential vs RHE (eV)

20+

(©)

C

Energy (eV vs vacuum level)

1
e

1
w

1
&
T

1
wn

|
o

U
~

TiO,

Before contact

HOMO

vB

| TiO, PDA

) &

Potential vs RHE (eV)
g
)

ln,S_.

£—9)
TiO,

After contact

IEF
—

TiO, ' PDA

Phenol

Electric field
P —
~n=a= 0,
(4 g
e E(_@
v 7S H,0,
<.> EF EF
)'\‘
N h h‘_h.'Ev
C:II(OH\E In.S
h ViEThey 11293
CH,CHO+ h_hh'
i0,
Irradiation
IEF
—
O, +H*

oxidation
products

C;H;OH TiO,

hea

&H,o,

PDA

Fig.6 Charge-transfer mechanism of BCN/TiO, photocatalyst under visible light a p-n heterojunction
mechanism and b Z-scheme charge-transfer pathway of double charge [38]. Copyright 2021 Royal Soci-
ety of Chemistry. ¢ S-scheme photocatalytic mechanism in TiO,/In,S; heterojunction [39]. Copyright

2023 Springer. d S-scheme charge transfer mechanism of TiO, and PDA [40] Copyright 2022 American
Chemical society

their work functions. This difference in energy levels results in a variation in their band
structures when forming heterojunctions. In the S-scheme heterojunction, the band
structure of the two semiconductor materials presents an arrangement that is close to an
“S”. The S-scheme heterojunction is an emerging heterostructure consisting of oxidiz-
ing photocatalysts (OP) and reducing photocatalysts (RP) with staggered energy band
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structures, which can retain photogenerated carriers with superior redox capabilities.
In,S; has a narrow bandgap of 2.0-2.3 eV and has been considered as a potential mate-
rial to form heterojunctions with TiO,. Yang et al. synthesized S-scheme heterojunc-
tion TiO,/In,S; with TiO, nanofibers (NFs) as the core and ultrathin In,S; nanosheets
(NSs) as the shell. WOR and ORR occurred on the TiO, and In,S; sides, respectively,
and the H,O, yields were more than 5 times those of pristine TiO,. When TiO, is in
close contact with In,S;, €™ transfers from In,S; to TiO, at lower Fermi levels, form-
ing an interface built-in electric field (BIEF) from In,S; to TiO,. The energy band edge
of TiO, bends downward due to the accumulation of electrons, whereas that of In,S;
bends upward due to the loss of electrons. Upon photoexcitation e~ is again reverse
transferred from TiO, back to In,S;, and TiO, CB e~ spontaneously complexes with
In,S; VB h* (Fig. 6¢). As a result, electrons and holes with superior redox capacity are
retained in the CB of In,S; and VB of TiO,, respectively [39]. Polydopamine (PDA) has
a m-conjugated structure and abundant quinone groups that can accept and give elec-
trons and facilitate electron transfer, so PDA is widely used to construct S-scheme het-
erojunctions. Wang et al. designed an antiproteinite TiO,/PDA (TP, 5) that follows the
S-scheme charge transfer mechanism. The anti-opal structure provided a large surface
area and enhanced light scattering. Due to the higher Fermi energy level of PDA, free
electrons are transferred from PDA to TiO,, a built-in electric field (BIEF) is formed
and bent at the interface, and the electrons in the BIEF-driven CB of TiO, are rapidly
transferred (~5 ps) to the highest occupied molecular orbital (HOMO) of PDA, which
is subsequently photoexcited to the lowest unoccupied molecular orbital (LUMO) of
PDA, while the holes stay in the VB of TiO, (Fig. 6d). The PDA has electron stor-
age and charge/discharge properties, accumulating electrons under light exposure, and
the accumulated electrons flow back from the PDA into the TiO, after stopping light
exposure. In addition, PDA forms a coating on the surface of TiO,, which effectively
inhibits the decomposition of H,O, [40]. Jiang et al. prepared an S-scheme heterojunc-
tion photocatalyst by coupling TiO, with 3D-ordered macroporous sulfur-doped graph-
ite carbon nitride (3DOM SCN/T) using the electrostatic self-assembly method. The
H,0, yield of the optimized photocatalyst is 2128 pmol h~'g™! without adding a hole
scavenger. This remarkable performance is due to the synergy of the 3DOM framework
and the S-scheme heterojunction. The former enhances the light-trapping ability and
provides abundant active sites for surface reactions, while the latter promotes the spa-
tial separation of photogenic carriers and improves the redox ability [41]. Elika et al.
coupled TiO, nanotubes (NT) with a wide band gap to a 3D flower-like ZnIn,S, with
a narrow band gap to form an S-scheme heterojunction. Using ZnIn,S, as a reduction
photocatalyst and TiO, NT as an oxidation photocatalyst, efficient carrier separation
and enhancement of photocatalytic activity were realized [42] (Table 1).

g-C;N,-based photocatalysts

Graphitized carbon nitride (g-C;N,) is the most widely studied nonmetallic semi-
conductor, where C and N are hybridized with sp? to form n-conjugated bonds, and
most of them have a stacked two-dimensional structure with C¢N; as the structural
unit. g-C;N, is considered a promising photocatalyst because of its visible-light
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Table 1 Summary of H,0, production rate of TiO,-based photocatalyst
Photocatalyst Experimental conditions H,0, yields  Reaction path References
Catalyst (g/L) Sacrificial Light
agent
Au/TiO, 1 4% EtOH A>300nm 10mM (24h) - [24]
Au NPs/TiO, - 5% EtOH A=365nm 17.3 mmol - [25]
h—l g—l
~1.5 mM
(0.5 h)
Au-Ag/TiO, 1 4% EtOH A>280nm 3.6mM (12 - [27]
h)
Pd/APTMS/ 0.5 None AM 1.5G 300 umol ™! 2e"ORR [28]
TiO, g
Pt NPs/TiO, 0.05 None A>300nm 5096 pmol 2¢"WOR [29]
hlg!
Pt/b-TiO, / None A>300nm 8.2mmolh™" 2¢e"WOR [30]
-1
g
SN-GQD/ 0.5 2-propanol A>420nm  82.8 uM (1.5 2e"ORR [31]
TiO, A>300 nm h)
451 pM (1 h)
CoPi/rGO/ 0.5 5% 2-pro- A>320nm 45mM@G3h) - [32]
TiO, panol
TiO,/rGO/ 1 2-propanol AM 1.5G 360 uM (80 — [33]
WO, min)
TiO,/Gr 0.1 Acetonitrile  A>400nm 0.67mMh~! ORR [34]
A>800nm g
0.14 mMh™'
g !
r-Ti0,/Gr 0.1 Acetonitrile  A>400nm 1.05mMh~' ORR [35]
A>800 nm g!
0.39mMh™'
g !
Ti;C,/TiO, 1 10% EtOH A=365nm 359.43 uM ORR [36]
(100 min)
Au/Bi,05- 1 4 wt% EtOH  Xe lamp 11.2 mM e"ORR [37]
TiO, (12h)
BCN/TiO, 1 5% EtOH Visible light 110 umol - [38]
(2h)
In,S,/TiO, 0.5 10% EtOH Xe lamp 376 M h™'  ¢"ORR [39]
TiO,/PDA 0.5 10% EtOH Xe lamp ~2.2 mmol ORR [40]
hlg!
3DOM 0.2 None Xe lamp 2128 pmol Dual-channel [41]
SCN/T hlg™!
TiO, NT/ZIS 0.5 10% 2-PrOH  Xe lamp 9.78 mM ORR [42]
(0.5h)
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responsiveness (bandgap of about 2.7 eV), special band structure, and stable chemi-
cal structure. The 2e”ORR selectivity of g-C;N, is high because the 1,4-endoper-
oxide to which O, is reduced on g-C;N, can inhibit the formation of the e"ORR
intermediate *OOH and promote the two-electron reduction of O, [43]. However,
the layered stacking structure, insufficient ability to capture visible light, and high
electron—hole complexation rate constrains their activity for the production of H,O,.
Morphology control, defect control, elemental doping, and construction of hetero-
structures can be used to modify g-C;N,, and the use of multiple modifications can
lead to photocatalysts with better performance.

Increasing the specific surface area by shape modulation can provide more
potential reaction sites and diffusion channels, which can help accelerate the mass
transfer. Shiraishi et al. synthesized mesoporous g-C;N, by thermal polymeriza-
tion using SiO, as a hard template and exhibited higher H,O, generating activ-
ity than the nonporous g-C;N,. However, H,0, yield decreased when the surface
area of mesoporous g-C3N, was larger than 228 m* g~!. The authors suggested
that the primary amine defects on the surface of the mesopore were the active
site of the 4¢e"ORR and accelerated H,O, decomposition [44]. Wang et al. syn-
thesized g-C;N, aerogel by sol-gel method, and the H,O, precipitation rate under
visible light irradiation was much higher than that of pure g-C;N,. The porous
aerogel structure can rapidly transport reactants and products through the pores,
and it has a more effective photogenerated carrier separation efficiency under
visible light excitation, which is conducive to the formation of 1,4-endoperox-
ides and thus selectively promotes the 2e"ORR [45]. Ultrathin two-dimensional
structures (< 10 nm) such as ultrathin nanosheets often have fully exposed active
sites and more effective charge separation efficiency [24]. Ultrathin carbon nitride
nanoplates (m-CNNP) prepared by Liu et al. using glucose-assisted mechanical
layering had thicknesses and average lateral dimensions of 2.98 and 100.4 nm,
with a specific surface area (89.5 m%/g) that was 9 times higher than that of the
original graphitized carbon nitride (GCN), which provided more potential reac-
tive sites and altered the pathway for the production of H,0,. H,0, is produced
mainly by 2e"ORR under visible light irradiation, and the yield is increased
by four times (Fig. 7) [46]. The H,0, generating activity of phosphate-doped
ultra-thin hierarchical mesoporous carbon nitride nanosheets synthesized by our
research group is 7 times that of non-porous carbon nitride. The special morphol-
ogy of the coexistence of mesopores and macropores not only provides abundant
reactant sites and diffusion channels but also shortens the charge transfer distance
to facilitate carrier transfer to the interface. After the introduction of phosphorus,
the charge is redistributed, and P replaces part of the C atoms, resulting in car-
bon defects that trap electrons and thus inhibit photogenerated carrier complexa-
tion, improving the photoelectric performance. In addition, P doping induces a
positive shift of the CB, and the generation pathway of H,O, is transformed from
e ORR to 2e"ORR [47]. Xu et al. constructed a hollow core—shell OCN@In,S;
composite photocatalyst by growing In,S; ultra-thin nanosheets on the surface of
O-doped hollow g-C;N, nanospheres by a two-step hydrothermal method. The
hollow structure provides a high specific surface area and enhanced light absorp-
tion. O doping increases the number of active sites, and heterojunctions promote

@ Springer



Photocatalytic production of H,0, and its in-situ... 2931

(a) 50 (b)
Counts: 42 20+ — Counts: 42
40+ Average: 2.98nm =" Average: 100.4 nm
g Q154
=30+ >
:
] 10+
g2 4
I w
10} 5t
0 0 TI N |:] D &l
1 2 3 4 5 6 7 8 60 80 100 120 140 160
Height (nm) Lateral size (nm)
(© (CY)
b o | —a— m-CNNP
—— m-CNNP 40F . mCONNP+BQ
—~ 35} —=—GCN
- —e— GCN+BQ
© =30t /
2 225¢
2 o 20t
(] ™~
E T 15
10¢
5t
1 ) L 1 A 0 L 1 1 1 A i i
3181 3182 3183 3184 3185 3186 3187 0 10 20 30 40 50 60
Magnetic field (G) Time (min)

Fig.7 The size statistics of a thickness and b lateral size over m-CNNP. ¢ ESR spectra of DMPO--O,™ in

isopropanol and d the effect of reactive species during the H,0O, production by GCN and m-CNNP [46].
Copyright 2021 Elsevier

the rapid separation and transfer of photogenerated carriers. The synthesized
OCN@In,S; maintained a high selectivity of double electron ORR (n=1.67) and
inhibited the recombination of photogenerated carriers during the catalytic reac-
tion. Under visible light irradiation, the H,0, yield of OCN@In,S; reaches 632.5
pmol h™! ¢!, which is 5.7 times that of g-C;N, and 12.3 times that of In,S;,
which is also higher than that of most g-C;N,-based photocatalysts [48].

Proper introduction of defects is not only conducive to the inhibition of pho-
togenerated carrier complexation, forming active centers to promote redox reac-
tions but also forming intermediate gap states to change the electronic energy
band structure and expand the visible light absorption range. The introduc-
tion of CB and nitrogen vacancies are two common defect engineering strate-
gies. By forming carbon vacancy through thermal annealing in an argon gas
stream, Li et al. improved the photogenerated carrier separation efficiency and
expanded the visible light region, and the H,0, yield was much higher than that
of g-C;N, [49]. Xie et al. rapidly prepared oxygen-doped g-C;N, (O-CNC) with
carbon vacancies by microwave heating in 7 min, and the photocatalytic H,0,
yield under simulated sunlight irradiation was more than four times that of the
g-C;N, [50]. Our group introduced both an inverse opal (I0) structure and carbon
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vacancies (Cv) into g-C;N,. The IO structure increased the specific surface area
and promoted the absorption and utilization efficiency of visible light, while
the carbon vacancies effectively facilitated the separation and migration of pho-
togenerated carriers, thus improving the production efficiency of H,0,. At high
temperatures, carbon atoms gained energy from Ar and escaped from the triple
azide ring to form carbon vacancies, which was confirmed by the electron spin
resonance (ESR) spectra and decrease of C/N after the introduction of carbon
vacancies (Fig. 8a, b) [51]. An appropriate amount of nitrogen vacancies can not
only shorten the band gap by forming a medium gap state but also enrich elec-
trons as a trapping site and facilitate O, adsorption, which improves the catalyst’s
light absorption and enhances the surface charge separation and migration. Zheng
et al. calcined graphitic carbon nanospheres (NVCNS) containing nitrogen vacan-
cies in H, plasma, and the yields of H,O, were 2.5 times higher than those of
graphitic carbon nanospheres (CNS) [52]. Wang et al. obtained a nitrogen-rich
vacancy g-C;N, (CNKj,) by thermal decomposition after KOH treatment, with a
shortened band gap and a 30-fold higher yield of H,O, than that of g-C;N, under
visible light [53]. Nitrogen defects introduced alone are capable of enriching
electrons, while double defect sites have the potential to further promote charge
density distribution localization. Zhang et al. introduced cyano (-C=N) and N
vacancies sequentially into g-C3;N, (Nv-C=N-CN) (Fig. 8c), and experimental
and theoretical calculations show that N vacancies effectively adsorb and activate
0,, while the -C=N group enhances the adsorption of H*. The synergistic inter-
action of —C=N and nitrogen vacancies not only enhances visible light absorp-
tion and carrier separation but also promotes the formation and hydrogenation
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Fig.8 a ESR spectra, and b C/N molar ratio of different photocatalysts [51]. Copyright 2019 American
Chemical Society. ¢ different defect structure models of cyano and nitrogen vacancies were introduced
successively [54]. Copyright 2022 Royal Society of Chemistry
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of *OOH, ultimately facilitating the production of H,0O, [54]. Cong et al. used
a feasible method to synthesize oxygen-modified graphite-carbon nitrogen com-
pounds (g-C;N,-ND,-OM;) with N defects. Due to the presence of N vacancy
and oxygen-containing functional group, the absorption band generated by the
electron transition is enhanced, thus expanding the visible light response range of
the catalyst. Nitrogen defects can trap electrons and effectively inhibit the recom-
bination of photogenerated electrons and holes. The introduction of oxygen-con-
taining functional groups can improve the hydrophilicity of g-C;N, and facilitate
the adsorption of dissolved oxygen. The introduction of N vacancies and oxygen-
containing functional groups also changed the electrostatic potential distribution
of the structural units of G-C;N,-based photocatalysts and improved the electron-
donating ability of g-C;N,. As a result, the precipitation rate of H,0, catalyzed
by g-C3N,-ND,-OM, was as high as 146.96 umol g~! L™! under visible light irra-
diation. Photocatalyzed hydrogen peroxide is produced by direct 2e”ORR [55].

Alkali metal (Na, K) doping synergized with defect engineering (vacancies, func-
tional groups) can further promote the production of H,O,. Wu et al. introduced
alkali metal dopants (KOH or NaOH) and nitrogen vacancies on g-C;N, by ion-
thermal method. The bandgap was shortened from 2.85 to 2.63 eV, and the nitrogen
vacancies rapidly trapped photogenerated electrons to promote charge separation.
The synthesis rate of H,O, was 89.5 times higher than that of the g-C;N, [56]. The
Na-doped cyanide-deficient porous carbon nitride photocatalyst developed by Chen
et al. showed about 220 times higher yield of H,0, than that of g-C;N, under vis-
ible light. The introduction of cyano defects (—C=N) can narrow the band gap, and
—C=N acts as an oxygen adsorption site via local charge polarization to promote
the adsorption and protonation of O, under the assistance of Na* [57]. It can be
seen that the defect-engineered modified g-C;N, has excellent photocatalytic activ-
ity, and the synergistic effect with alkali metal element doping can further promote
the efficient production of H,0,. What is often overlooked is that the general g-C;N,
material contains a large number of suspension bonds and defects, which are the
recombination centers of photogenerated carriers, greatly hindering their catalytic
activity. Yang et al. proposed a new approach to solving this problem by reason-
ably customizing ordered g-C;N, nanorods (CNR) through molten salt-assisted anti-
defect engineering. The resulting highly crystalline CNR exhibits high efficiency in
the artificial photosynthesis of H,0O,. The experimental results show that increasing
the crystallinity of g-C;N, and decreasing the defect concentration can effectively
promote charge separation and transport. The results of this study reveal the effec-
tiveness of molten salt-assisted anti-defect engineering in improving catalyst activity
[58].

Doping of non-metallic and/or metallic elements can modulate the energy band
structure of g-C;N,, enhance the light absorption ability, and change the redox
potential to promote ORR and/or WOR. Wang et al. synthesized oxygen-doped
g-C;N, (OCN) with positively shifted CB and VB, which enhanced water oxidation
ability and achieved dual-channel production of H,O, [59]. Feng et al. developed
boron-doped g-C;N, using KBH,-assisted thermal polymerization, the leaf vein-
like special morphology exposes a large number of reaction sites, and boron dop-
ing expands the photoresponsive range and improves the charge transfer ability, and
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enhances the 2e”ORR selectivity [60]. In another study, Feng et al. prepared sulfur-
doped g-C;N, by sulfide-assisted annealing and found that sulfur doping promotes
light absorption and locally enriches electrons, which is beneficial to charge separa-
tion and transfer [61]. The introduction of P element into carbon nitride can help
to reduce the band gap and inhibit the recombination of photogenerated charges.
Xue et al. prepared P-doped carbon nitride by calcining urea and (NH,),HPO,, and
the yield of H,O, was 6.6 times higher than that of CN. P doping can effectively
inhibit the electron-hole complexation, and density functional theory (DFT) calcu-
lations and oxygen temperature-programmed desorption (O,-TPD) characterization
demonstrated that P doping facilitates the adsorption of O, and the generation of
intermediates [62]. Kim et al. used a bottom-up approach to dope O and P elements
into g-C;N,, which not only increased the visible light absorption but also prevented
the decomposition of H,0,, and the C-O and P-O bonds acted as active sites for
charge trapping and adsorption of *OOH [63]. Zhang et al. doped halogens (Br or
Cl) into g-C;N, by hydrothermal treatment with NH,Br or NH,ClI, respectively, and
the doped halogens broadened the visible absorption edge and effectively promoted
charge transfer. After Br doping and CI doping, the H,0, yield is increased by 2
times and 1.6 times, respectively [64]. Che et al. found that iodide ions could termi-
nate the polymerization process of polymeric carbon nitride (PCN), and prepared
ultrathin fragments with small size and large specific surface area, and the yield
of H,0, (3265.4 pM h™') was 25.4 times higher than that of PCN. The abundant
cyano and hydroxyl groups on the surface of fragmented PCN photocatalyst by the
terminating polymerization (TP-PCN) significantly increased the adsorption capac-
ity of O,, and DFT calculations demonstrated that the electrons in § spin orbitals
could directly jump to the n* orbitals of O, to promote O, activation and reduce the
energy barrier generated by H,0, (Fig. 9) [65]. The lack of Lewis acid sites in car-
bon nitride hinders the adsorption and oxidation of alcohols, so it is usually neces-
sary to add a high concentration of alcohols (>5%) for the photocatalytic production
of H,0,. Zhang et al. significantly enhanced the yield of H,O, after the introduc-
tion of K intercalation into carbon nitride by the salt-melting method. Only 0.5%
isopropyl alcohol (IPA) was added to produce 1800 pM H,O, within 2.5 h, and the
H,0, yield was positively correlated with the K content. This was attributed to the
fact that K doping modulated the active sites of the CN framework, and the Lewis
acid sites generated on the catalyst surface formed bonds with the O atoms in IPA
to promote the adsorption of IPA, and the protons released from IPA tended to bind
to Lewis base sites to promote the activation of O, [66]. Hu et al. synthesized Cu-
doped g-C;N, hollow microspheres by a template-assisted method and found that
the band gap was narrowed and the photogenerated carrier separation was enhanced
by Cu doping. As the active site, Cu(I)-N adsorbs and activates O,, promoting elec-
tron transfer to O, to generate ORR [67]. Du et al. developed O-doped carbon nitride
loaded with Ni nanoparticles to produce H,0, efficiently under visible light. The
tubular hollow structure provides a large number of active sites for the reaction and
promotes the absorption of visible light, and the O doping and Ni loading improve
the charge separation efficiency and exhibit a high selectivity for 2e"ORR [68].

In general, metal particle doping showed better performance, and the research-
ers attributed this performance boost to the additional reaction center induced by
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of O, on different sites and the free-

precious metal particles. However, due to the high cost of precious metal particles,
the metal-free approach is promising. Metal-free modification has inherently lower
productivity compared to metal. To further increase the yield, a basic understanding
of the reaction pathway is required. Hu et al. have developed a range of cost-effec-
tive metal-free H,O, photocatalysts consisting of graphitized carbon nitride (melem)
and common imine groups, including 4,4'-diphenyl phthalic anhydride (ODPA),
1,4,5,8-naphthalene tetracarboxylic dihydride (NPDA) and 4,4’-diphenyl phthalic
anhydride (BPDA). Using ODPA-modified g-C;N, as a catalyst, which also showed
a higher H,0, yield than other non-metal photocatalysts [69]. Transient absorption,
off-site fourier transform infrared spectroscopy (FT-IR), and in-situ electron para-
magnetic resonance (EPR) show that ultrafine charges transfer from the melem core
to water at~3ps to form unique N-OH intermediates. This high wellbore transfer
rate ensures high production rates. The electron absorption capacity of the anhy-
dride group controls the electron transfer rate and ensures effective charge separa-
tion. Our strategy represents a new way to achieve renewable energy applications
with low material costs, simple synthesis strategies, good environmental impact, and
high H,0, yields.

Co-catalysts can modulate the electronic structure, enhance light absorption, and
promote photogenerated carrier separation. The addition of appropriate co-catalysts
to g-C;N, is a simple and effective modification strategy. Carbon nanomaterials such
as carbon nanotubes and carbon nanofibers have the unique property of sp> hybrid-
ized carbon bonds, which are often used as photosensitizers and electron transfer
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agents to broaden the absorption edge of incident light and enhance the photogen-
erated electron mobility. The carbon nanomaterials fixed on g-C;N, can receive and
transport g-C;N, CB e~ and improve ORR activity. Carbon nanotubes (CNTs) have
a m-conjugated structure that is capable of receiving, transmitting, and storing elec-
trons. The H,0, synthesis rate of CNTs (48.7 umol h™') was significantly higher
than that of g-C;N, (2.5 pmol h™') when CNTs were introduced into g-C5N, nano-
plates to form g-C;N,. CNTs promote electron generation by enhancing the reduc-
ing capacity and contributing to the transfer of CB e~ [70]. The surface of cellu-
lose nanofibers is rich in functional groups such as -OH and -COOH, which can be
tightly linked to g-C;N, edge amino groups. The amino-rich g-C;N, was first syn-
thesized by two-component thermal polymerization and then assembled by pyrolysis
of functional groups on the surface of cellulose nanofibers connected with g-C;N,
edge aminos to produce carbon/g-C;N,, and the synthesis rate of H,O, under vis-
ible light (1100 uM h~!) was 4.2 times higher than that of the single-component
g-C;N,. Carbon nanofibers not only improve the porosity of the material but also
strongly affect the photophysical properties of the material, that is, the narrow-
ing of the band gap, the enhancement of visible light absorption, the increase of
photogenerated carrier, and the acceleration of electron transfer rate [71]. Transi-
tion metal phosphides (TMPs) are considered to be good alternatives to precious
metals due to their abundant reserves, low cost, metal-like, and excellent electronic
properties. The electron transfer properties of bimetallic phosphides are superior to
those of monometallic phosphides. The NiCoP/g-C;N, photocatalytic production of
H,0, prepared by continuous in-situ growth and bimetallic phosphide modification
method performed much better than CoP/g-C;N, and Ni,P/g-C;N,. As a co-catalyst,
NiCoP nanoparticles are uniformly dispersed on the surface of g-C;N, nanosheets
with good electronic conductivity, which not only enhances visible light absorption
but also effectively transfers charge and improves charge separation efficiency [72].
Transition metal carbides or carbon nitrides (MXenes, such as Ti;C,, Ti,C, Nb,C,
and Mo,C) can be used as electron traps to capture photogenerated electrons, sig-
nificantly improving carrier separation and migration, in addition to their surface
functional groups to promote binding to g-C;N,. The large specific surface area and
a large amount of exposed transition metal ions provide a rich variety of active cata-
lytic sites for the reaction. The photocatalytic H,O, yield of Ti,C,/g-C;N, (TC/pCN)
under visible light irradiation is about 2.1 times that of g-C;N,. The formation of
the Schottky junction between Ti;C, nanosheets and host porous g-C;N, nanosheets
facilitates the space charge separation and provides the active sites for the produc-
tion of H,O,, which enhances the photocatalytic activity [73]. The OD Ti;C, quan-
tum dots (QDs) have better dispersion and richer active edge sites than 2D Ti;C,
sheets. The Ti;C, quantum dots modified defective antiproteinite g-C;N, (TC/CN)
with a high concentration of carbon vacancies, prepared by our group by electro-
static self-assembly method, showed an optimal H,0, yield of 560.7 pmol L™! h™!
under visible light, which is 9.3 times higher than that of CN. Schottky junctions
were formed between the intimate interfaces of Ti;C, QDs and defective g-C;N,,
which realized the spatial separation of electrons and holes. The recombination of
carriers in the defect sites is effectively avoided (Fig. 10) [74]. Metal single-atom
catalysts are emerging photocatalysts that act as co-catalysts to trap photogenerated
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carriers and promote charge separation. Chu et al. used Co single atoms and anth-
raquinone molecules as oxidation and reduction centers, respectively, to achieve
spatial segregation of photogenerated carriers. The water molecules were strongly
adsorbed on Co single atoms leading to the enhancement of WOR, while anthraqui-
none molecules attached to the edge amino group of g-C;N, improved the ORR
selectivity [75]. Zhang et al. report a carbon nitride highly loaded Ni single-atom
photocatalyst with a porous ultra-thin structure that achieves an apparent quantum
yield of 10.9% and a solar-chemical conversion efficiency of 0.82% at 420 nm. By
using in-situ synchrotron X-ray absorption spectroscopy and Raman spectroscopy,
the author directly observed the changes in Ni sites after O, adsorption. Comprehen-
sive theoretical calculation found that Ni load reduced the energy barrier of *OOH
formation and inhibited the dissociation of O=0 bonds, which was conducive to the
formation of key intermediate *OOH, and further promoted the generation activity
and selectivity of H,O, [76].

The design and synthesis of heteroatom sites aim to improve photocatalytic selec-
tivity by introducing heteroatoms with different electronic structures and regulat-
ing the electronic states on the catalyst surface. Tan et al. designed a macroporous
inverse opal-type carbonitride (CNIO-GaSA) with a Ga—N; atomic site. The photo-
catalyst showed high reactivity, H,0, yield of 331.7 pmol L' h™!, and solar chemi-
cal conversion efficiency of 0.4%. It is much higher than the efficiency of natural
photosynthesis in plants (~0.1 percent). Combined experimental evidence and den-
sity functional theory simulations reveal that mixed states at the Ga—Nj site, includ-
ing hybrids from Ga 4p and N 2p, can not only enhance charge carrier separation
and transfer but also promote water adsorption, activation and *OH intermediates
formation, which is the rate-determining step of 2e"ORR [77] (Table 2).

Other novel photocatalysts
BivVO,
BiVO, is considered to be an ideal narrow bandgap (2.4 eV) photocatalyst for

the production of H,O, with a suitable energy band structure for ORR and
WOR. In addition, BiVO, can resist the oxidation of -OH (H,O,+hv—2-OH or
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H,0,+e~ +H" —-OH+H,0) accompanying the production of H,0,, so it has
long-term stability. However, due to severe photogenerated charge complexation,
the yield of H,O, from BiVO, in the presence of a sacrificial agent was less than
12 uM h™! and less than 5 uM in pure water. In 2016, Hirakawa et al. used BiVO,
loaded with gold nanoparticles to produce H,O, from O, and pure water under
visible light, significantly increasing the yield to 40.2 pM (10 h). Since the CB
bottom of BiVO, (0.02 V vs. NHE, pH=0) was between the e"”ORR potential
(—0.13 V) and the 2e”"ORR potential (+0.68 V), the authors concluded that the
special CB position could selectively promote the 2e”ORR to generate H,0,, and
the electron spin resonance (ESR) and rotating disk electrode (RDE) tests con-
firmed that the main production pathway of Au/BiVO, was 2e"ORR [78]. Precise
loading of co-catalysts on the crystal faces by photodeposition promotes the spa-
tial separation of electrons and holes, which is conducive to the enhancement of
photocatalytic activity. Liu et al. developed a molybdenum-doped faceted BiVO,
(Mo:BiVO,), which was accurately loaded with CoOx and Pd as co-catalysts for
the 4¢e"WOR and the 2e"ORR on the {110} and the {010} facets, respectively,
by photodeposition, which adjusted the two crystalline faces’ interfacial energies
and enhanced charge separation (Fig. 11). In the sacrificial-free system, the H,0,
synthesis rate of CoOx/Mo:BiVO,/Pd up to 1425 uM h~! without sacrificial agent
[79]. On this basis, the research group also developed CoOx/BiVO,/(Ag/Pd) to
construct Ag/Pd binary cocatalyst with core/shell structure on the {010} surface
of BiVO,. Ag nuclei significantly reduce the Schottky barrier on the {110} reduc-
tion surface, enhancing the overall asymmetry of energetics and charge separation
[80]. Dr.Dai et al. prepared BiVO, photocatalyst doped with rare earth element
yttrium (Y) by hydrothermal method. Y doping can improve the adsorption of
oxygen on the surface of BiVO, photocatalyst, and this doping process induces
the in-situ formation of monoclinic/tetragonal BiVO, heterojunction, which fur-
ther improves the photogenerated carrier separation efficiency. The optimized

(@)

{110} {010} {110}

Intensity (a.u.)

00 03 06 09 12 15
Distance (um)

Fig. 11 a Schematic deposition processes of CoOx and Pd on Mo:BiVO, and the corresponding SEM
images of b Mo:BiVO,, ¢ CoOx/Mo:BiVO,, and d CoOx/Mo:BiVO,/Pd. e, f Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping and line profile along with the white arrow of CoOx/Mo:BiVO,/
Pd [79]. Copyright 2022 Nature.
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Y-doped BiVO, photocatalyst has 4 times higher production activity than BiVO,
under simulated sunlight [81].

Organometallic frameworks (MOFs)

Metal-organic frameworks (MOFs) are a class of porous materials composed of
metal oxide clusters and organic ligands with large surface area, controlled open
channels and pores, and good chemical stability. Some amine-functionalized MOFs
have been reported to be capable of absorbing visible light. MIL-125-NH, consist-
ing of TigOg(OH), clusters and 2-aminoterephthalic acid is one of the common pho-
tocatalysts. In 2018, Yamashita’s group used MOFs for the first time for the photo-
catalytic production of H,O,. Whether in triethanolamine (TEOA), benzyl alcohol,
or aqueous solution, the deposition of NiO nanoparticles on MIL-125-NH, can sig-
nificantly increase the synthesis rate of H,O, [82]. However, the process of separat-
ing benzaldehyde and the product H,O, is energy intensive. To avoid the additional
energy consumption caused by the separation of the products, the group also pre-
pared MIL-125-R, with hydrophobicity by grafting alkyl chains onto MIL-125-NH,,
which not only significantly increased the synthesis rate of H,0,, but also promoted
the spontaneous separation of benzaldehyde and H,O, in benzyl alcohol/water (BA/
H,0) phase [83]. However, the grafted alkyl chains would block some pores, result-
ing in a decrease in the surface area of the material. To preserve the original pores of
the MOF, the group alkylated MIL-125-NH, with octadecyl phosphonic acid (OPA)
to develop OPA/MIL-125-NH, with hydrophobicity, which further enhanced the
yield of H,0O, in the two-phase system (Fig. 12a). Alkylation using OPA modified
only TigO4(OH), while retaining most of the pores. Due to the blockage of the pores
by the alkyl chains, the BET surface area of MIL-125-R; (560.7 m? g~!) was only
about 37% of that of the original MIL-125-NH, (1498 m? g™'), whereas OPA/MIL-
125-NH, was able to maintain about 83% of the surface area (1242 m? g_l) [84].
Zirconium-based MOFs are structurally stable, and the charge separation can be
promoted by doping Ti ions as an electronic medium to partially replace Zr ions
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Fig. 12 a Structures of MIL-125-R; and OPA/MIL-125-NH,. The two-phase system is composed of a
BA/H,0 phase containing OPA/MIL-125-NH, in the BA phase [84]. Copyright 2019 Royal Society of
Chemistry. b Proposed mechanism for photocatalytic H,O, production by hydrophobic OPA/Fe-Zr-MOF
in a BA/H,0 two-phase system [86]. Copyright 2021 American Chemical Society
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in zirconium MOF. Chen et al. developed hydrophobic titanium-zirconium-based
MOFs (OPA/Zr,,_,Ti,-MOFs), in which the H,0, yield of metal Zr clusters after
alkylation by OPA is 4.5 times that of Zr,;,,-MOF in BA/H,0O two-phase system.
Ti species effectively promote charge transfer and inhibit photogenerated charge
complexation. The hydrophobicity promotes the spatial separation of MOF in BA
and H,O, in water, which is conducive to the reduction of H,O, decomposition, and
the generation of benzaldehyde in the organic phase, so there is no need to separate
the sacrificial agent and the product H,O, again [85]. The team then developed a
hydrophobic solution for benzaldehyde in the organic phase. Subsequently, the team
developed a hydrophobic iron-doped zirconium-based MOF (OPA/Fe—Zr-MOF),
and the yield of H,O, was further increased to 13.1 mM h™!. Doped Fe** promoted
visible light absorption and participated in the ORR as an electron donor, whereas
the hydrophobic material and the product H,O, were located in BA and aqueous
phases, respectively, thus inhibiting the subsequent Fenton-like reaction of Fe**
(Fig. 12b) [86]. Li et al. developed a boron-containing zirconium MOF with UiO-66
topology (UiO-66-B) by replacing terephthalic acid (PTA) with 4-carboxyphenylbo-
ronic acid (PBA) in zirconium-based MOF (UiO-66). The adsorption capacity of O,
was significantly improved by the introduction of boron elements and promoted the
proton-coupled double electron transfer process. In addition, the carrier separation
and charge transfer rates were accelerated, and the synthesis rate of H,0, (314 pM
h~!) was 3.2 times higher than that of the original UiO-66 [87].

Covalent organic frameworks (COFs)

COFs are emerging porous covalent crystalline polymers connected by cova-
lent bonds with visible light response. The highly ordered porous crystal structure
effectively prevents electron and hole recombination, has high charge separation
and migration efficiency, and can be regulated at the molecular level. In addition,
COFs have the advantages of low density, high specific surface area, thermal stabil-
ity, adjustable skeleton and pores, and abundant active sites, which are considered
promising photocatalysts [88]. There is much research on photocatalytic hydrogen
production and CO, reduction of COFs, but the research on photocatalytic H,O,
production has just started. In 2020, Krishnaraj et al. were inspired by the Wurster
system, and for the first time, COFs were used in the photocatalytic production
of H,0,, and two (diaryl amino) phenyl covalent organic frameworks with strong
reducing properties, TAPD-(Me), and TAPD-(OMe),, whose high crystallinity
(Kagome lattice) and large specific surface area (1165 m? g=!) allow for efficient
charge transfer and diffusion, and the catalysts are stable and reusable [89].

COF photocatalysts prepared by structural design and optimization showed
high stability and catalytic activity. Hydroxyl groups are active sites for O,
adsorption, contributing to the conjugation effects of electron donation as well as
ORR in the photocatalytic synthesis of H,O,. Zhou et al. reported the preparation
of “segmented” COFs (TxHy-COFs) photocatalysts and their application in the
synthesis of H,0,. The results show that by changing the feed ratio of TAPT and
THTA monomers, the functional design of hydroxyl (-OH) modification on the
surface of fragment TxHy-COFs is realized, which greatly improves the surface
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hydrophilicity and effectively improves the separation and transport of photoex-
cited electrons and holes. Under visible light irradiation without a sacrifice agent,
fragmented T,H, g-COF showed an increased H,0, yield of 2567 pmol L' h™!,
which was 4.2 times higher than that of the original T,H;-COF. In addition,
metal ions (Fe*, etc.) were introduced into the COF framework by impregnation
method to achieve in-situ activation of H,0,, and benzene was directly hydroxy-
lated to phenol in the water system with a yield of 9.4% and a selectivity of 99%
[90].

Covalent triazine frameworks (CTFs) are a class of nitrogen-rich COFs con-
sisting of alternating ultra-stable triazine bonds and phenyl units with high con-
jugation degree, good tenability, and chemical stability. However, the strong
n—n interactions between the layers can seriously affect the photoexcitation and
separation of carriers. Effective charge separation can be achieved by introduc-
ing functional groups on CTFs to form oxidation and reduction centers, respec-
tively, at the molecular level. Yu et al. used SiO, nanospheres as templates and
introduced benzothiazole (BT), which has a strong electron-withdrawing effect,
into covalent triazine framework nanoshells via aldolamine condensation reac-
tion, which significantly promoted charge separation. When the content of BT is
5 mol%, the optimal yield of H,0, (1630 umol h™! g~!) is about 3 times that of
undoped BT covalent triazine frame nanoshells. In the absence of BT, the HOMO
is mainly located on the benzene ring, while the LUMO is uniformly off-domain
on the conjugated skeleton and overlaps with the HOMO. However, after the
introduction of BT, LUMO is concentrated around BT due to its strong electron-
withdrawing ability. This results in the transfer of electrons from within the phe-
nyl molecule to the neighboring BT unit via the n-conjugated backbone under
photoexcitation [91]. The triazine unit has electron-rich properties, and precise
design at the molecular level of CTFs and grafting of polar groups can help to
achieve photogenerated charge separation. Wu et al. grafted polar thiourea func-
tional groups onto covalent triazine frameworks (CTFs) to fabricate Bpt-CTFs,
which not only significantly facilitated charge separation and translocation, but
also significantly facilitated proton transfer. The synthesis rate of H,O, is as high
as 3268.1 pmol h™! g_l, which is about 10 times higher than that of the unfunc-
tionalized CTF. Photogenerated electrons and holes were concentrated in the tria-
zine unit and thiourea sites, respectively. The high concentration of hole-oxidized
water in the thiourea site provides O, and protons for the ORR. The thiourea site
has a high proton conductivity (Fig. 13a), which facilitates proton transfer and
promotes the proton-coupled electron-transfer process, which accelerates the
2e"ORR process on the perovskite in the triazine unit. Thus, the overall reac-
tion kinetics was improved (Fig. 13b) [92]. To improve the stability and charge
separation of COFs to enhance the photocatalytic production of H,0,, Wang
et al. synthesized fluorine-substituted imine-containing triazine covalent organic
frameworks (TF5,-COF) with a synthesis rate of up to 1739 pmol ¢g~' h7! and
an apparent quantum efficiency of 5.1% under>400 nm light and 10% ethanol
solution. F substitution produces a large number of Lewis acid sites, regulates
the electron distribution of neighboring carbon atoms, and the strong electron-
withdrawing ability promotes the in-plane charge transfer. An appropriate amount
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Fig. 13 a Temperature-dependent proton conductivity of Bpt-CTF, Bpu-CTF and Dc-CTF. b Mecha-
nism for photocatalytic H,O, production on the surface of Bpt-CTF [92]. Copyright 2022 Wiley. ¢ Free
energy diagram of two-electron water oxidization pathway toward H,O, production on diacetylene linker
in CTF-BDDBN [94]. Copyright 2019 Wiley. d Photocatalytic mechanism of H,0, synthesis in the pres-
ence of COF-TfpBpy [96]. Copyright 2022 Wiley

of F substitution regulates the m-electron interactions by increasing the stacking
energy, improving the crystallinity and porosity of the material, promoting the
chemisorption of O,, and enhancing the visible light absorption and photostabil-
ity [93].

The dual-channel production of H,0, is the most optimal pathway with 100%
atom utilization. Since it is thermodynamically more favorable for 4e"WOR to
produce O, (+1.23 eV vs. NHE) than 2e"WOR (+1.78 eV vs. NHE), 2e"WOR
is often not easy to occur, which greatly limits the yield of H,O,. However, in
recent years, it has been found that several COFs have already realized dual-
channel production of H,0,, which will provide ideas for a more sustainable and
efficient production of H,O,. Chen et al. synthesized H,O, via a dual-channel
pathway by introducing either acetylene or diethylacetylene into covalent triazine
frameworks (CTF-EDDBN and CTF-BDDBN). Acetylene and diethylacetylene
not only promote charge separation in the conjugated structure, but also can sig-
nificantly reduce the energy required for the generation of *OH, which promotes
the generation of H,0, from 2e"WOR (Fig. 13c). The occurrence of 2e"ORR
was confirmed by comparing the H,O, yields under different atmospheres, RDE
tests and EPR tests. First-principles calculations demonstrated that acetylene
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and diethylacetylene promote O, adsorption. In addition, the Gibbs free energy
change (AG) of *OH was examined using the triazine ring, carbon atom on phe-
nyl, acetylene, and diethylacetylene as active sites, respectively, and it was found
that *OH adsorbed on acetylene or diethylacetylene was more readily formed.
The occurrence of 2e"WOR was confirmed by water oxidation half-reaction
experiments and rotating ring disk electrode (RRDE) tests [94]. Subsequently, the
team built on this foundation by precisely designing a novel covalent heptazine
framework (CHF-DPDA) with spatially separated redox centers using dual chan-
nels of pure water and oxygen to produce H,O,. This material has periodically
arranged and spatially separated redox centers and the 2e"ORR and 2e"WOR
reactions take place on the s-heptazine and on the ethyne or diethyl acetylene
bonds, respectively. s-heptazine consists of three s-triazine rings with a high con-
tent of nitrogen atoms in the backbone (C/N =~ 0.86) and a high electron affin-
ity. Due to the significant difference in electronegativity between s-heptazine and
biphenyl compounds, this promotes efficient electron transfer and concentration
on the central s-heptazine, while holes remain on the acetylene or diacetylene
bond. This spatial separation property significantly reduces exciton binding to 24
meV, promoting more free charge generation and participation in redox reactions
[95]. Kou et al. found that nitrogen atoms on the bipyridine of bipyridine-based
polymers facilitated the adsorption of H,O to undergo protonation and promote
2e”"WOR, which then accelerated the 2e”ORR by Yeager-type oxygen adsorption,
allowing for dual-channel production of H,0,. The optimal photosynthetic rate
of H,0, (1042 pmol h™') was 496 times higher than that of the g-C;N,. COF-
TfpBpy first undergoes a light-induced structural transformation in which two
bipyridine N atoms adsorb two water molecules and hydrogen bonds are formed
between the water molecules. Photoexcitation of the 2e"WOR generates H,0O,
leaving two protonated pyridine substituents (PyH"). O, is adsorbed on the PyH*
substituent to form an endoperoxide intermediate (N-H-O-O-H-N). The pro-
tonation of bipyridine facilitates the adsorption of oxygen by internal peroxide
intermediates and accelerates the 2e”ORR process (Fig. 13d) [96].

To promote charge separation, in addition to modifying COFs by precise design
at the molecular level, some scholars have also investigated the effect of construct-
ing heterostructures on the production of H,0,. Zhang et al. prepared S-scheme het-
erojunctions of ZnO/COF (TpPa-Cl) by electrostatic self-assembly, and the synthe-
sis rate of H,0, under simulated solar irradiation (2443 pmol h™' g~') was 3 and 8.7
times higher than those of ZnO and TpPa-Cl, respectively. The imine-based COFs
represented by TpPa-1 have high photocatalytic activity but still face the problem
of rapid recombination of photogenerated carriers. By introducing inorganic semi-
conductors with suitable energy band structures to construct S-scheme heterojunc-
tions, effective photogenerated charge separation can be promoted and high redox
capacity can be guaranteed under the driving of the built-in electric field [97]. Wang
et al. prepared a Type II heterojunction (TpMa/CN) consisting of CN and b-ketoe-
namine COF with 49 times higher yield of H,0, than that of the CN. On the one
hand, b-ketoenamine and triazine in TpMa act as an electron donor and an accep-
tor, respectively. The electron donor—acceptor (D-A) is favorable for causing intra-
molecular charge transfer, promoting exciton separation, and enhancing visible light
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absorption. On the other hand, an embedded electric field was formed at the inter-
face of CN and COF, which accelerated charge transfer and separation [98]. Luo
et al. introduced a sulfone unit (a strong electron-receiving nucleus) into the COF
matrix to promote photocatalytic H,O, generation from pure water and air. The sul-
fone unit accelerates the separation of photogenerated electron—hole pairs, enhances
the protonation of COFs, promotes the “side pair” Yeager adsorption of O,, jointly
inhibits the formation of traditional *OOH intermediates, and converts the two-
step e ORR route to an efficient one-step 2e”ORR route. Under LED visible light
(A=400 nm), the yield of H,O, in pure water is 1501.6 pmol g~ h7!, which is about
3 times higher than that of COFs with similar structure but no sulfone site (487.6
umol g~ h~1). The H,0, yield of FS-COFs under xenon lamp (A =420 nm) reached
a record high of 3904.2 pmol g~ h™!, exceeding that of most metal-free catalysts
reported under similar conditions. In addition, FS-COFs can effectively photocata-
lyze H,0, in a variety of natural waters (including tap water, Pearl River water, and
seawater), and the generated H,O, can be used for in-situ degradation of organic
pollutants (such as Rhodamine B) through Fenton reaction [99].

Resorcinol-phenolic resins (RFs)

RFs are formed by polycondensation of phenol and formaldehyde and are com-
monly used as sensitizers to increase visible light absorption in the photocatalytic
field. The large surface area and abundant pore structure have strong adsorption
capacity for organic pollutants, and the large number of reactive hydroxymethyl
and phenolic hydroxyl groups in the structure are easy to be reacted by other
groups, which can be used to adjust the material properties from the molecular
level. There are many studies on photocatalytic water decomposition and pollut-
ant degradation. In 2019, Shiraishi et al. first used RF for photocatalytic H,0,
production by alkali-catalyzed high-temperature (~523 K) hydrothermal method
(RF523). Composed of methylene-linked benzene-quinone n-conjugated electron
donor—acceptor (D—A) units, the solar-to-chemical conversion (SCC) efficiency
for the stable production of H,0, under simulated sunlight exceeds 0.5%. The
synthetic reagent of RF523 is cheap and has a narrow band gap (about 2.0 eV),
which can absorb long-wave light with a wavelength of about 700 nm, achieve
effective separation of photogenerated carriers, and has low decomposition activ-
ity of H,O, [100]. The band gap energy (1.69 eV) of RF-(COOH),-523 resin
produced by the acid catalysis method was further reduced and the conductivity
was higher than that of the base catalysis method. Under the condition of pH <4,
the H,0, yield of RF acid resin prepared by high-temperature hydrothermal is
1.5 times that of the original RF resin, and the SCC is increased to 0.7%. The
acid-catalyzed reaction is triggered by formaldehyde protonation, and the lower
cross-linking leads to a more flexible structure, resulting in a strongly n-stacked
benzoquinone D—A structure [101]. Since the individual D—A units in RF resins
are connected by insulating methylene groups, charge transfer (CT) occurs via
n-stacking, but the dissipative discontinuity bands severely inhibit charge transfer.
Polythiophene is a m-conjugated conducting polymer with high charge transport
properties. To further improve the charge transfer efficiency, the group prepared
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Fig. 14 Physical and electronic structure of the materials. a Cross-linking structure of the RF resins. b
n-conjugated and z-stacked D—A architecture of the undoped RF resins. ¢ Electronic band structure of
the undoped RF resins. d Structure of P3HT. e The architecture of the P3TH-doped RF resins. f Elec-
tronic band structure of the P3HT-doped RF resins [102]. Copyright 2021 American Chemical Society

RF resin powder photocatalysts RF/P3HT doped with poly (3-hexylthiophene-
2,5-diyl) by high-temperature hydrothermal method. P3HT was highly dispersed
within the resin particles and acted as a m-conjugated conductive linker to pro-
mote electron transfer. The HOMO on the thiophene unit gave electrons to resin
CB to generate the CT complexes, and the resin CB electron transfer enhances
the separation of electron—hole pairs, further promoting efficient ORR and WOR
(Fig. 14). Under simulated sunlight irradiation, the SCC efficiency of RF/P3HT
resin was further increased to 1.0% [102]. The pioneering work of Shiraishi et al.
opens up a pathway to explore the photocatalytic production of H,0, by resor-
cine-formaldehyde (RF) resins. Since then, remarkable progress has been made
in research based on RF523 resins, such as mesoporous RF balls, RF nanobowls,
polythiophene/phenol/anthraquinone doped RF and graphene quantum dot-RF
composites [103, 104].

In addition, alternative resin materials with well-defined structures can be
developed through molecular-level design and polymer structures can be designed
to regulate catalytic reaction kinetics, so as to explore the potential and prospect
of phenolic resins in H,O, photosynthesis. Wang et al. reported an alternative
phenolic resin beyond RF523 as a special photocatalyst for long-term photocata-
lytic H,O, production. M-aminophenol and formaldehyde were selected as pre-
cursors. Aldol condensation, Mannich reaction, and cyclic condensation form
m-aminophenol-formaldehyde (APFac) resin under environmental conditions,
avoiding the cumbersome and dangerous preparation process of expensive pre-
cursors and photocatalysts. The good affinity of the benzoxazine structure for
reactants and intermediates and good product selectivity enables APFac resin
to have a high H,0, production efficiency under visible light without sacrificing
agents. In particular, the H,0O, yield of APF resin is negatively correlated with
the hydrothermal temperature due to the destruction of the benzoxazine structure,
which indicates that hydrothermal treatment is not a necessary method for phe-
nolic resin activation [105].
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Hydrogen-bonded organic framework (HOFs)

The concept of hydrogen-bonded organic frameworks (HOFs) was proposed in the
early 1990s [106]. HOFs achieve self-assembly through hydrogen bonds, and hydro-
gen bonds are significantly more adaptable and flexible than covalent bonds in COFs
in terms of bond energy [107], making HOFs easy to recycle [108], mild synthesis
conditions [109], strong versatility, and clear structure [110, 111]. The high crystal-
linity of HOFs can narrow the band gap and improve the light collection efficiency,
thus accelerating the rapid transport of carriers and improving the mobility and con-
ductivity of carriers.

However, there have been few reports on HOFs of H,0, generation by photo-
catalysis. Designing highly active HOFs combined with excellent photostability
for photocatalyzed H,O, generation applications remains a big challenge. Hu et al.
designed highly crystalline perylene HOF (PTBA) and amorphous simulated sample
(PTPA) for photocatalytic H,O, precipitation. By connecting perylene with benzoic
acid and forming intermolecular hydrogen bonds, PTBA has high crystallinity and
simple topology, thus promoting the separation and transfer of photocarriers. Under
visible light irradiation, the photocatalytic H,O, yield of PTBA is as high as 2699
umol g=! h~!, which is more than 500 umol g~! h™! higher than that of its analog
PTPA. The study reveals the great potential of HOF for efficient and stable photo-
catalytic generation of H,O, [112] (Table 3).

Advanced system for photocatalytic H,O, production
Establishment of a spontaneous system without sacrificial agents

Sacrificial agents are ethanol or other organic alcohol electron donors that react with
photogenerated holes, contribute to charge separation, and provide oxygen and pro-
tons for ORR. However, sacrificial agents are expensive and increase the cost of pro-
ducing H,0,. In addition, the impurities generated after introducing the sacrificial
agent will mix with H,0,, causing difficulties in separating and purifying H,O,.

The photocatalytic H,O, production using pure water not only reduces the syn-
thesis cost but the product H,0, can also be directly applied in situ. Due to the
unfavorable adsorption of O, on the catalyst surface and slow charge transfer, the
photocatalytic performance of H,0, in pure water is usually low (apparent quan-
tum yield (PAQY) < 8%, A=420 nm), and the synthesis rate is less than 0.1 mmol
h™! g7, Improving the 2e"ORR activity and selectivity is an effective strategy
for the efficient production of H,O, in pure water. As a key reactant of ORR,
O, adsorption performance is essential for the efficient production of H,0O, in
pure water. The Pauling-type (end-pair) adsorption of O, by single-atom catalysts
makes it a highly active and selective site for 2e"ORR. Teng et al. synthesized
an Sb single-atom photocatalyst (Sb-SAPC) with d'° electronic configuration for
efficient H,O, production (PAQY =17.6% (A=420 nm)) in pure water. The elec-
tron enrichment of single Sb sites under visible light favors the adsorption of O,,
and the Pauling-type adsorption reduces O—O bond breaking, which significantly
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inhibits 4e”ORR, thus improving the selectivity of 2e"ORR and promoting the
formation of Sb-p-peroxide (Sb-OOH). In addition, the Sb site in the neighboring
melem unit of the N-atom-enriched hole promotes 4¢e"WOR [113]. The polyfuran
structure formed by hydrothermal carbonization of biomass facilitates oxygen
adsorption and activation and has superior electron transfer properties to promote
ORR for efficient production in pure water. Xu et al. used a dilute sulfuric acid-
assisted hydrothermal method to convert cellulose into hydrothermal carbon with
high photocatalytic properties (HTCC), with yields up to 1,160 pmol g~! h™! of
H,0, in visible light and pure water [114]. Kang’s group hydrothermalized cellu-
lose with the assistance of sulfuric acid, and the carbon dots (CDs) formed during
the carbonization process effectively promoted the photogenerated charge genera-
tion, separation, and transfer, and the yield of H,O, was as high as 2093 pmol g_1
h~! in visible light and pure water. Interestingly, the authors achieved efficient
screening and optimization of the synthesis and catalytic conditions through the
construction of machine-learning models and the TPV test [115]. Chu et al. pre-
pared a cross-linked polymer photocatalyst (CDA) with B-cyclodextrin aldehyde
and 4-amino-6-hydroxy-2-mercaptopyrimidine with an H,0O, yield of 557.2 uyM
g~! h7! in air and pure water, and the catalyst maintained performance over a
wide pH range (pH=1-11). This was attributed to the enhanced oxygen adsorp-
tion capacity after doping with cyclodextrin, and the production of large amounts
of H* during the WOR process, which made the catalyst have good pH adaptabil-
ity [116].

Seawater accounts for 97% of the water resources on the earth’s surface, and uti-
lizing seawater to produce H,O, is more consistent with the Sustainable Develop-
ment Goals than pure water. This not only helps alleviate water scarcity but also
significantly reduces response costs. However, salts in seawater usually hinder the
light absorption and electron transfer ability of catalysts, and even lead to catalyst
deactivation. As a good electron donor—acceptor material, carbon point (CDs) has
been widely used in the field of photocatalysis. Wu et al. prepared a metal-free pho-
tocatalyst (PM-CDs-30) for H,0, production in seawater by phenol condensation
using CDs, proanthocyanidins (organic dyes), and 4-methoxybenzaldehyde with
high photocatalytic activity (1776 pmol g=! h™!) under visible light. In natural sea-
water, it is about 4.8 times that of pure polymer (PM-CDs-0). The authors found that
metal cations in seawater can enhance the ionization of functional groups on the sur-
face of CDs, which enhances the electron-absorbing effect of CDs. As a result, CDs
can attract and inhibit more electrons, thereby prolonging the separation of electrons
and holes. Biopolymers such as cellulose or lignin can not only be directly used as
photocatalysts after hydrothermal reaction but also as ideal carriers of multiphase
catalysts [117]. Gopakumar et al. used alkaline hydrolyzed lignin-loaded BiOBr
nanosheets (LBOB) to produce H,O, directly from air and seawater under visible
light and showed good activity (4085 uM (6 h)). The addition of lignin polymer
lowered the reduction potential while maintaining the same visible light absorption
capacity. When metal ions in seawater are ionized, organic functional groups on the
lignin carrier can act as electron sinks to enrich electrons. The extraction of protons
by Bronsted-Lorry bases makes LBOB more active in seawater than in pure water
for the production of H,0, [118].
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In addition to the spontaneous photocatalytic H,O, production in pure water and
seawater systems, simultaneous CO, reduction and H,0, production with suitable
photocatalysts is of research value in the current two-carbon background. Soltani
et al. found a photocatalytic system in which calcium titanate (CaTiO;) photocata-
lyst modified with silver-manganese oxide (Ag—-MnO,) double co-catalyst simulta-
neously promoted the reduction of CO, to CO and the oxidation of H,O to H,0,.
The system has high activity and selectivity. No external voltage and no compound
consumption is required. Although Ag/CaTiO; (CTO) photocatalyst can react with
water to reduce CO, to produce CO and O,, MnOx and silver nanoparticles (Ag
NPs) as double cocatalysts not only increase the CO generation rate by more than
2 times, but also change the selectivity of oxidation reaction. Produces H,0O, with
a high selectivity of 99%. Ag NPs promotes the reduction of CO, to CO in the con-
duction band (CB) by photoexcited electrons, while Mn(III) oxide deposited on the
surface of CaTiO; promotes the oxidation of H,O to H,0, in the valence band (VB)
with the help of the HCO;™ reaction medium. The product CO migrates from the
aqueous solution to the gas phase, while H,0, is stably stored in the HCO;™ aqueous
solution. This collaborative photocatalytic system utilizes stable, ubiquitous CO,
and H,O, reducing CO, while also promoting the formation of H,0,, successfully
converting light energy into chemical energy [119].

Increase the oxygen concentration at the interface

Photocatalytic H,O, production is basically a solid—liquid two-phase system, and the
yield of H,0, is directly affected by the O, content in the suspension. The higher
concentration of O, facilitates rapid binding with photogenerated electrons to pro-
mote the ORR process and inhibits the recombination of photogenerated carriers,
so photocatalytic production is usually carried out in oxygenated saturated water.
However, due to the low solubility of O, in water (25°, 1 atm, 8 mg LY and slow
diffusion rate in the liquid phase (2.13x 107 ¢cm™ s~!), which not only severely
limits the yield of H,0,, but also leads to additional energy consumption by con-
tinuous aeration. The gas—solid-liquid three-phase system constructed by deposit-
ing semiconductors on a porous hydrophobic substrate is conducive to increasing
the O, concentration and oxygen transfer rate at the reaction interface and enhanc-
ing the photocatalytic kinetics. The porous hydrophobic substrate provides a gas
diffusion channel for O,, and the diffusion coefficient of O, (2.03 X 107 em™2 s7h
is four orders of magnitude higher than that of the liquid phase, which dramati-
cally increases the interfacial O, concentration. In 2019, Feng’s team constructed
a gas—solid-liquid three-phase system by fixing Au-TiO, nanoparticles on a super-
hydrophobic carbon fiber porous membrane, and the steady-state concentration
of H,O, in UV light was 44 times higher than that of a conventional solid-liquid
two-phase system [120]. In another study, the group found that the gas—liquid-solid
three-phase system driven by visible light enhanced the plasma photocatalytic syn-
thesis of H,0,, and the steady-state concentration of H,O, in the three-phase system
(2.9 mM) was three times higher than that in the two-phase system [121]. Chen et al.
constructed a gas—liquid-solid three-phase reaction system with tubular confined
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space, and the synthesis rate of H,0, (375 pM h™') was much higher than that of
the two-phase system (48 pM h~!). Firstly, the porous melamine foam (MF) was
coated with graphene and polytetrafluoroethylene (PTFE) to form a hydrophobic
porous skeleton, and then sodium doped and N-defective graphitic carbon nitride
(Na-CvCN) was loaded onto the hydrophobic porous skeleton to form a tubular con-
fined space with a thickness of about 100 pm. The product H,0O, can diffuse rapidly
into the aqueous solution through the tubular confined space, avoiding decomposi-
tion in contact with the catalyst and thus increasing the steady-state concentration
[122]. Li et al. made use of the hydrophobic and mesoporous properties of triphenyl-
dimethoxy-terephthalic acid COFs and loaded them onto a porous substrate to form
a gas—liquid-solid three-phase system (CFP/COF). The synthesis rate of H,O, under
visible light and pure water was up to 2882 pmol h™!' g~!, which was 15 times higher
than that of the conventional liquid—solid two-phase system. The water contact angle
of the CFP/COF was 119°, the hydrophobicity of the catalyst layer provides condi-
tions for the formation of a three-phase interface, and the 78% porosity of the carbon
fiber provides abundant channels for gas diffusion (Fig. 15a). Due to the strong con-
jugation of TPB to enrich electrons, O, is activated and reduced in the TPB region.
In addition, CFP/COF can produce H,0, in a wide pH range (pH=3-10) and shows
high stability. The H,O, yield of the three-phase system formed after the hydrophilic
oxygen-doped carbon nitride is fixed on the fiber paper is only 2.3 times that of the
two-phase system, which indicates that the hydrophobicity of the catalyst may be
important for the formation of a stable three-phase system [123]. Sun et al. designed
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Fig. 15 a The oxygen concentration on catalyst surface in diphase and triphase photocatalytic reaction

systems [123]. Copyright 2021 Wiley. b O,-TPD spectra and ¢ mechanism of H,0O, photoproduction on
Pd/A/BiVO, [124]. Copyright 2022 American Chemical Society
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a super-hydrophobic photocatalyst (Pd/A/BiVO,) with a yield of 805.9 pmol h='g!
of H,0, in visible light and pure water. Pd/A/BiVO, uses aminopropyl trimethoxysi-
lane (APTMS) as a bridge ligand between BiVO, and Pd, increases the charge den-
sity of Pd through partial charge transfer of the electron-giving group of APTMS-
NH,, adsorbs O, and forms the active site of Pd-Ox. In addition, the long chain
dominated by C-H in APTMS leads to the hydrophobicity of Pd/A/BiVO,. The con-
structed gas—liquid-solid three-phase system can directly utilize O, in the gas phase,
and the separation of the catalyst and product system is beneficial to inhibit the
decomposition of H,O, (Fig. 15b, c) [124]. Photocatalytic oxygen reduction reac-
tion (ORR) to generate H,O, with lower energy input is a promising strategy. Chen
et al. devised a simple method to adjust the hydrophobicity and oxygen accessibility
of TiO, photocatalysts by stearic acid (SA) modification at a controllable crystal-
line ratio and studied the adsorption structure of SA and TiO, in detail. It was found
that SA molecules formed a stable ester bond with the surface of TiO,, resulting in
increased hydrophobicity with the increase of SA load. The 2e"ORR photocatalytic
H,0, yield on SA-modified TiO, was up to 3160 pM h™" g~!, which was 1.69 times
higher than that of the TiO,. From the electrochemical impedance spectroscopy
and molecular dynamics simulation results, the increase of O, concentration in the
interfacial microenvironment after SA modification is the reason for the enhanced
2e”ORR activity rather than the enhancement of hydrophobicity [125].

Reduction of decomposition of the product H,0,

The final yield of photocatalytic H,O, production depends on the two components
of H,0, formation and decomposition, which follow zero-order and one-order kinet-
ics, respectively. The overall kinetic equation is shown in Eq. (12). Where, K; and
K, represent the rate constants for H,0, formation (umol L™' min~!) and decompo-
sition (min~"), respectively.

[H,0,] = Ki/Kyx [1 —exp(—Kgt)] (12)

Photogeneration of e~ and h* promotes H,0O, production, but may further induce
the decomposition of H,O, into -OH or -O,” by €~ or h* (Egs. 13 and 14). It was
found that UV light induces the decomposition of H,0,, and H,0, is strongly
adsorbed on the surface of TiO, under visible light (A >420 nm) to form a Ti-OOH
surface complex. The e™ excited by visible light in Ti-OOH can migrate to the CB
of TiO,, and can also reduce the adsorbed H,0, to -OH and OH".

H,0,+ ¢ - -OH + OH™ E;= +0.87 Vg (13)

H,0,+ h* — 0] + 2H" E;= +1.00 Vg (14)

By modifying the surface of the material to block the interaction between
H,0, and the photocatalyst surface, the decomposition of H,0, can be effectively
prevented. Due to the strong adsorption of TiO, on H,0,, the inhibition of H,0,
decomposition on TiO,-based photocatalysts is the most widely studied. Surface
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complexation is a common strategy to inhibit H,O, decomposition by covering the
surface of TiO, to prevent the formation of Ti-OOH. Complexation of TiO, with
cations (such as Cu®*, Zn**) or anions (F~, PO,*") can inhibit H,0, decomposition
[126—128]. Zuo et al. found that SnO, can passivate TiO, surface [129]. Zheng et al.
found that coating a Nafion layer on the surface of TiO, prevented the formation of
Ti—~OOH, and the negatively charged shell layer concentrated O, and protons on the
surface of TiO, [130]. Li et al. found that the addition of fluoride to Au/TiO, could
form Ti-F complexes to inhibit the decomposition of H,0,, and the yield of H,0,
on Au/F-TiO, was four times higher than that of Au/TiO,. Lee et al. showed that the
formation of Ti-OOH on Au/TiO, was inhibited by the addition of fluoride [131].
Lee et al. thermally decarboxylated monolayers of benzoic acid or naphthoic acid
organic molecules adsorbed on the surface of TiO, to produce TiO,@C core/shell
nanocomposites. The chemical bond between the TiO, core and the carbon shell is
not easy to break, and the carbon shell not only does not hinder the transfer of car-
riers but also inhibits the adsorption of H,0O, on the surface of the TiO, core, which
prevents the consumption of H,O, [132]. Ma et al. reported a plasmonic titanium
dioxide nanotubes-carbon dots (HTNT-CD) composite catalyst with a high yield of
H,0, of up to 3.42 mmol g~! h™! under visible light irradiation. HTNT-CD pos-
sesses both Lewis and Brgnsted acidic sites, and the abundant plasmon formation on
the catalyst surface facilitates the coupled electron transfer (PCET) to promote the
generation of H,O, by ORR. The acidic protons stabilized H,O, under the reaction
conditions and ultimately achieved a high yield [133].

Compared with metal oxides, g-C;N, can theoretically inhibit the oxidative
decomposition of H,O, to a certain extent due to its lower VB potential (1.4 Vyyp).
However, it has been reported that the H,O, generation activity of g-C;N, will be
greatly decreased under conditions rich in -OH, so the inhibition of the decompo-
sition of H,0, into -OH is very important to improve the final yield. Zhang et al.
used oxidized red phosphorus (ORP) to modify g-C;N,, and efficiently synthesized
H,0, (125 pM h~!) under visible light and in pure water. Red phosphorus has a
strong light absorption ability and promotes charge separation and H,0, decompo-
sition. The decomposition rate of RP/GCN was as high as 80% under light, with
an obvious -OH signal after 30 min of light, while the decomposition rate of OPR/
GCN was only 10%. The direct contact between H,O, and P atoms was prevented
by oxidized red phosphorus, H,0, was adsorbed on the O atoms of ORP through
hydrogen bonding, and the photogenerated electrons were transferred from H,0, to
ORP, which significantly inhibited the decomposition of H,O, (Fig. 16) [134]. Our
group developed g-C;N, nanotubes (ACNT-5) with in-situ grafted>OH groups on
the surface, and the yield of H,0, reached 240.36 pmol h™! g~! in the absence of
a sacrificial agent. The photocatalysts with>OH groups grafted on the surface not
only trapped photogenerated holes to promote charge separation and provide protons
for ORR, but also significantly inhibited the decomposition of H,0,. ACNT-5 can
still maintain 65% yield after 1 h of the experiment. The > OH group grafted on the
surface can act as an electron trap to generate -OH (2> OH- — H,0,) on the surface,
thus inhibiting the decomposition of H,O, [135].

In addition to the modification of the material surface, the construction of
hydrophobic photocatalysts can also effectively prevent the adsorption and
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Fig. 16 a H,0, decomposition over ORP/GCN and RP/GCN in the dark and under visible-light irradia-
tion. b Detection of radical -OH during the photocatalytic H,O, decomposition after 30-min irradiation.
¢ Side view of electron density difference of H,O, adsorption on ORP. Colors: P (blue), O (red), and H
(white), yellow and light blue parts represent electron accumulation and depletion regions. d The xy-pla-
nar-averaged differential charge density (black line) along the z-axis and the plane-integrated differential
electron density (red line) [134]. Copyright 2021 Elsevier

decomposition of H,0,. Hong et al. developed a hydrophobic fluorinated poly-
mer/TiO, with a yield of 110.4 pM of H,0O, in pure water, and atomistic simula-
tions confirmed that the adsorption energy of H,O, on the surface of the mate-
rial was low, and the hydrophobicity of the fluorinated polymer/TiO, effectively
inhibited the decomposition of H,O, [136]. Lee et al. successfully prepared CdS/
sulfur-doped carbon nanomaterials with a concentration of H,O, up to 17.1 mM
in KOH solution with 2-propanol, which is much higher than that of commer-
cial CdS. The carbon layer on the photocatalyst significantly reduces the adsorp-
tion energy of H,O,, and the sulfur-doped carbon further reduces the adsorp-
tion energy. The authors concluded that the sulfur-doped carbon modification
increased the water contact angle of the material, thus preventing H,O, adsorp-
tion and decomposition [137].
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Alternatively, the decomposition of H,0, can be effectively inhibited by chang-
ing the reaction system, and the construction of a two-phase reaction system (water-
benzyl alcohol) is one solution. Sun et al. synthesized four imine-conjugated COFs
with pyrene-building units 1,3,6,8-tetraacylphenylpyrene (Py-CHO). The synergistic
effect of tetrakis (4-aminophenyl) diamine (TAPD) and bipyridine (Bpy) units com-
bined with pyrene units in COFs was studied. By schiff’s base condensation reac-
tion was prepared by Py-Py-COF package (Py-CHO with 4,4',4".4” -(pyrene-1,3,6,8
tetrayl) tetrakisaniline (Py-NH,)) and Py-Da-COF (Py-CHO with 1,4-diaminoben-
zene (Da-NH,)), The photocatalytic performance of four pyridinyl COFs for H,O,
production in the absence/presence of sacrificial agent was investigated. It was
found that the distribution of pyrene units on the large surface area of COFs played
an important role in the photocatalytic performance. COFs with electron-rich pyrene
units favored H,0O, formation, but a large number of neighboring pyrene units led to
severe H,O, decomposition. Interestingly, the authors found that the two-phase reac-
tion system (BA/H,0) inhibited the H,0, decomposition, thus realizing the accumu-
lation of H,O, in the reaction system [138].

The decomposition rate of H,0, is not only related to the surface properties of
the catalyst but also to the reaction conditions (temperature, pH, sacrificial agent,
etc.). Burek et al. found that high temperatures (>40 °C) and alkaline conditions
(pH > 8) significantly accelerated the decomposition of H,O, [139]. Teranishi et al.
also found that lower temperatures inhibited the decomposition of H,O,. Compared
with aliphatic alcohols, alcohols with aromatic structures can significantly inhibit
the decomposition of H,O, produced by TiO,-based photocatalysts [140]. Zhang
et al. found that the H,O, decomposition constants (K;) of benzyl alcohol (BA)
and furfuryl alcohol (FFA) were significantly lower than those of isopropyl alcohol
(IPA) at all concentrations. The authors concluded that BA and FFA could combine
on the surface of TiO, to form a more stable complex, which hindered the adsorp-
tion of H,0, and thus inhibited the decomposition of H,0, [141] (Table 4).

In-situ environmental applications of photocatalytic H,O, production

H,0, is widely used as a green oxidizer, such as hydrogen production [142, 143],
sterilization, degradation of pollutants [144, 145], sewage treatment [146, 147] and
so on. Taking into account some other factors, in-situ application has the advantages
of no storage and transportation, and has been widely studied. The following mainly
introduces its two in-situ environment applications.

As one of the commonly used fungicides, H,O, can directly change the perme-
ability of cell membranes to achieve bactericidal and bacteriostatic effects. Some
photocatalytic nanomaterials have peroxidase-like properties, which can convert the
in-situ production of H,0, into -OH with a stronger oxidizing ability under sunlight
excitation. Typically, photocatalytic H,O, production is desired to inhibit decompo-
sition to obtain higher yields of H,O,. However, in the environmental field, photo-
catalytic H,O, production is desired to rapidly decompose and activate to produce
-OH, which is used for in-situ sterilization or removal of organic pollutants.
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Photocatalytic H,0, production for in-situ disinfection

H,0, produced by photocatalysis can be converted into oxygen-active sub-
stances (ROS) such as -OH for efficient in-situ sterilization. Ideally, H,O, is pro-
duced efficiently and consumed in time. However, current catalysts have poor
H,0, activation capacity, which limits the in-situ application of H,0,. The con-
struction of heterogeneous structures is favorable for improving the separation
efficiency of photogenerated carriers and increasing the synthesis rate of H,O,.
In addition, metal sulfides with reducing active sites are co-catalysts for the
decomposition of H,0,, which is conducive to the application of H,O, in the in-
situ environment. The photogenerated carrier separation and transfer efficiency
of ZnIn,S,/g-C;N, heterojunction developed by Shao et al. is high, and the H,0,
production rate can reach 798.11 pmol h™! g~!. At the same time, the in-situ
production of H,O, through the cascade reaction was rapidly activated to -OH,
which can cooperate with -O,” and h™ produced in the process of e ORR to effi-
ciently sterilize. Most E. coli and S. aureus were killed after 25 min and 60 min,
respectively [148]. Geng et al. used ZnO/g-C;N, heterostructures prepared by
thermal condensation polymerization to generate H,O, in natural water bodies
under simulated sunlight and achieve efficient bacterial inactivation. The hetero-
junction constructed by ZnO and g-C;N, effectively promoted charge separation,
and the yield of H,O, was 2.65 times higher than that of g-C;N,. Subsequently,
H,0, was converted to -OH and -O,” with strong oxidizing properties, and the
molds were completely inactivated after 20 min, and the inactivation rate of bac-
terial microorganisms in the water body reached 97.4% after 60 min [149]. Wang
et al. fixed WSe, nanosheets on the surface of g-C;N, by in-situ growth method,
and the yield of H,O, was 11.8 times higher than that of g-C;N,. The introduc-
tion of the co-catalyst WSe, not only promoted the visible light absorption but
also the Z-scheme heterojunction constructed by WSe, and g-C;N, facilitated
the spatial separation of charges, with electrons and holes enriched on the CB
of WSe, and the VB of g-C;N,, respectively. The in-situ produced H,O, was
activated by the addition of Fe(Il) to produce -OH and E. coli was completely
inactivated within 150 min [150].

Biomimetic nanase has enzyme-like activity and simulates the cascade cat-
alytic reaction of natural enzymes in living organisms. Bionic nanase with a
double function of oxidase and peroxidase can catalyze the production and con-
sumption of H,0O, to produce free radicals to achieve efficient sterilization. Qu
et al. developed biomimetic nanoenzymes by combining Cu and a monolayer of
graphite carbon nitride (Cu?>*-C3N,), which is dual-functional of oxidase and
peroxidase. Cu®* acts as an electron acceptor to inhibit the recombination of
charge effectively. In the enzyme-like cascade system, Cu?*—C;N, firstly simu-
lates glucose oxidase (GO,) coupling glucose oxidation and O, reduction for the
production of H,0, and then simulates horseradish peroxidase (HRP) catalyzing
the decomposition of H,0O, to -OH, which can efficiently kill Shewanella putre-
faciens [151].
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Photocatalytic H,0, production for in-situ degradation of pollutants

Adding additional H,O, to the system is a common strategy for degrading con-
taminants such as dyes [152—154] and antibiotics [155, 156]. Tong et al. achieved
effective degradation of doxycycline (DC) by adding additional H,O, to the light /
BiVO,@Ag,0 system, and expanded the suitable degradation pH to 3.5-9.5 [157].

Considering the inconvenience of transportation and storage of H,0,, small-scale
on-site production of H,0O, for in-situ degradation of pollutants using photocatalysis
is an effective and safe energy-saving strategy. Although the concentration of H,0,
prepared by photocatalysis is low, it is sufficient for environmental remediation.
Hu et al. investigated the photocatalytic production of H,0, and in-situ degrada-
tion of tetracycline by ultra-thin g-C;N, nanosheets prepared with different precur-
sor systems. g-C;N, nanosheets (DCN) prepared from dicyandiamide were found
to be the best, which was attributed to the 2e"ORR of DCN with a large number
of unpaired electrons, a suitable energy band structure, and a fast charge separation
and transfer efficiency [158]. Chen et al. introduced benzene into the CN backbone
along with a molten salt heat treatment to promote electron delocalization. It was
found that the co-doping of benzene with K* could enhance the charge separation
of g-C;N, and increase the yield of H,0,. Then H,O, was converted to -OH in situ
in the absence of Fe*", and the degradation rates of RhB and Congo red (CR) were
93.3% and 96.6%, respectively. The development of heterojunction photocatalysts
with magnetic properties not only efficiently degrades pollutants, but also facilitates
separation and reuse, thus saving treatment costs [159]. Kumar et al. used hydro-
thermal method and multi-step precipitation to prepare a magnetic Ag/s-(Co;0,/
NiFe,0,) heterojunction photocatalyst, which can produce a large amount of H,0,
in pure water under visible light and effectively degrade tetracycline in situ. NiFe,O,
is magnetic, which is conducive to the separation and reuse of the catalyst [160].

To accelerate the hole oxidation kinetics, it is usually necessary to use a high
concentration of sacrificial agent (such as ethanol, isopropanol, etc.) to obtain a
high H,O, yield. Electrostatic adsorption of organic pollutants on the surface of the
photocatalyst, as an electron donor replacement sacrificial agent, not only helps to
accelerate the hole oxidation rate and promote the generation of more H,O, but also
facilitates the partial oxidation of the pollutant molecules themselves. Xu et al. con-
structed a photocatalytic system coupled with H,O, generation and activated deg-
radation of pollutants. A novel carbon nitride nanorod (GCN-Rod) was developed
by alkali-assisted and functionalized methods. The introduction of the K-NC, site
made the Zeta potential on the catalyst surface negatively charged, and the surface
of the carbon nitride nanorods adsorbed a large number of protons. Then, tetracy-
cline was protonated and electrostatically adsorbed on the negatively charged cat-
alyst surface, which accelerated the hole oxidation kinetics. The EPR and energy
band structure confirmed that the active oxygen originated from H,0,, and tetracy-
cline was degraded by photocatalytic production of H,O, and in-situ conversion of
oxygen actives formed by -OH and -O,~ under visible light, and the degradation rate
was higher than 95% within 15 min [161].

The conventional Fenton process can effectively degrade pollutants selectively,
but the addition of H,0, and the low utilization efficiency significantly increase the
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cost, which limits its wide application. As an oxidant of the Fenton reaction, the
photocatalytic yield and utilization efficiency of H,0, directly determine the deg-
radation performance. However, the photocatalytic-self-Fenton cascade reaction
not only eliminates the need for additional H,O, but also efficiently utilizes in-situ
produced H,O, through timely decomposition and accelerates the degradation of
pollutants in coordination with iron-based catalysts or Fe>*, which is considered
to be one of the most efficient and promising wastewater treatment processes. The
construction of heterojunctions is a common modification strategy for the prepara-
tion of highly efficient photocatalysts that significantly promote the spatial separa-
tion of carriers. Li et al. designed P-C;N,/O-C;N, heterojunctions, and the mate-
rials realized the effective separation of photogenerated carriers under the effect
of the built-in electric field, and the synthesis rate of H,O, was 7.2 times higher
than that of C3N,. The addition of Fe** degraded 91.6% of metronidazole within
1 h. The photocatalytic and in-situ Fenton cascade mode significantly increased the
utilization of H,O, to 77.7%, which was 9 times higher than that of the conven-
tional homogeneous Fenton reaction [162]. Fe,(MoO,); is considered as a material
with high Fenton reactivity and visible light trapping ability, which is beneficial for
accelerated degradation of pollutants when used in photocatalytic Fenton system.
Ma et al. developed Fe,(M0O,);/Ag/Ag;PO, Z-scheme heterojunctions, which not
only enhanced the visible light absorbing ability but also promoted the charge sepa-
ration. In addition, the Z-scheme heterostructure retains a high oxidation potential,
and the Fe,(MoO,); nanoparticles have a high Fenton reactivity. Catalase experi-
ments showed that the produced H,0, was immediately converted to -OH in situ
on the surface of Fe,(M0O,);. 96% of RhB was degraded within 5 min, which was
about 254 and 7 times higher than that of Fe,(MoO,); and Ag;PO,, respectively, and
the degradation efficiency of 91.2% was still maintained after 5 cycles [163]. Sun
et al. constructed a red mud/cadmium sulfide (RM/CdS) S-scheme heterojunction,
loaded RM particles from the waste of an aluminum oxidation plant onto CdS nano-
spheres, realized in-situ production and activated H,O, to generate -OH at the same
time, effectively degrading cephalosporin (AMX) antibiotics. The built-in electric
field (BIEF) formed at the interface of RM and CdS promotes the spatial separation
of charge carriers [164].

The photocatalytic self-Fenton system not only makes H,O, utilized efficiently
but also continuously produces abundant -OH [165]. Compared with the photo-
catalytic system and Fenton system, the photocatalytic self-Fenton system sig-
nificantly improved the degradation and mineralization performance. Ma et al.
utilized the in-situ generation of H,0, from g-C;N, under visible light irradiation
for the degradation and mineralization of 2,4-dichlorophenol. Compared with the
C;N, photocatalytic system and the Fenton system, the degradation performance
was improved by 20.5 and 3.7 times, and the mineralization degree was increased
by 22.5 and 3.8 times, respectively [166]. Wang et al. constructed a photocata-
lytic self-Fenton system by oxygen-doped porous g-C;N, nanosheets and add-
ing Fe**. Porous nanosheets and oxygen doping accelerated the photogenerated
charge transfer and provided more reaction sites for the production of H,0O,. The
additional Fe** was reduced to Fe’* by photogenerated electrons while inhibit-
ing charge recombination and promoting the cyclic conversion of Fe**/Fe**.
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Finally, H,0, was efficiently utilized to produce abundant -OH through heteroge-
neous Fenton reaction. The degradation rate of 2,4-dichlorophenol was 11.5 and
9.9 times higher than that of the g-C;N, photocatalytic system and the Fenton
system, respectively, and the mineralization rate was 11.4 and 4.2 times higher,
respectively [167]. Lu et al. utilized 4-carboxyphenylboronic acid edge covalently
modified g-C;N, (CPBA-CN) for the photocatalytic removal of persistent 4-chlo-
rophenol (4-CP) by a photocatalytic self-Fenton. The photocatalyzed in-situ
formation of H,0, on CPBA-CN, the photogenerated electrons help accelerate
the regeneration of Fe?* to improve the utilization efficiency of H,0,, and the
photogenerated holes promote the enhancement of 4-CP mineralization. Under
the conjugation of CPBA, the electronic structure of CN was optimized and the
molecular dipole was enhanced, leading to the deepening of the VB position, the
accelerated separation of electron—hole pairs, and the improved adsorption and
activation of O,. Therefore, the increment of the 4-CP degradation rate in the
CPBA-CN photocatalytic self-Fenton process was close to 0.099 min~!, which
was 3.1 times higher than that of photocatalysis. The parallel mineralization effi-
ciency increased to 74.6%, which was 2.1 and 2.6 times higher than that of photo-
catalysis and Fenton, respectively [168].

The degradation of pollutants by photocatalytic self-Fenton cascade reactions
occurring at natural pH is a sustainable process for wastewater treatment. However,
exploring photocatalytic self-Fenton with efficient pollutant degradation perfor-
mance at natural pH is challenging, which limits its wide application. Jiang et al.
developed a photocatalytic self-Fenton system of CdS/rGO/Fe**, which achieved
in-situ generation of H,0, at natural pH and timely formation of -OH by combin-
ing with Fe?* in the system. Phenol could be completely degraded in 1 h, and the
mineralization rate is 43.66%. The system can work without pH adjustment, which
overcomes the limitation of the traditional Fenton process to work in an acidic pH
environment [169]. Shi et al. used in-situ deposition to homogeneously anchor
amorphous FeOOH QDs on the surface of ultrathin porous g-C;N, (UPCN), with a
yield of 23.91 pmol L™! of H,0, under visible light. The ultrathin porous structure
promotes the rapid transfer of photogenerated electrons from the UPCN to the amor-
phous FeOOH QDs, and at the same time facilitates the reduction of Fe** to produce
Fe’*. The FeOOH QDs converted the H,O, to -OH in situ, and the degradation rate
of oxytetracycline (OTC) at natural pH reached 86.23% [170]. Li et al. prepared a
FeS,-modified resorcinol formaldehyde resin (FeS,-RFR) with dual active sites for
the in-situ generation of H,O, and utilized it for the efficient removal of organic
arsenic contaminants (ROX). The resorcinol formaldehyde resin efficiently produced
H,0, under simulated sunlight irradiation with yields up to 500 pmol g ' h~!. Sub-
sequently, Fe>* ionized from FeS, decomposed H,0, to -OH in situ, which main-
tained a high degradation capacity over a wide pH range (pH=2.8-6.8). The deg-
radation of ROX was as high as 97% in 2 h, and the highly toxic ROX was oxidized
to the low toxicity As(V) [171]. Our research group used FeEOOH QDs modified res-
orcinol formaldehyde resin to achieve efficient degradation of Roxarsone. FeOOH
QDs acted as activators and electron shuttles to decompose H,O, produced in situ
by light excitation. -OH, -O,”, and 1O2 participated in the degradation, of which
1O2 was the dominant reactive species. The system exhibited excellent reusability
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Fig. 17 a ZnlIn,S,/g-C5N, [148] and b ZnO/g-C;N, [149] photocatalytic production of H,O, for in-situ
sterilization. Copyright 2022 Elsevier. Copyright 2021 Elsevier. ¢ P-C;N,/O-C3N, [162] and d mecha-
nism diagram of Fe,(Mo00O,);/Ag/Ag;PO, [163] photocatalytically auto-Fenton reaction. Copyright 2022
Elsevier

and stability over a wide pH range, providing a new strategy for the efficient in-situ
removal of ROX from water [172] (Fig. 17).

Summary and outlook

Photocatalytic H,O, production is economical, clean, and sustainable, and has
attracted wide attention. In this paper, the basic principles of photocatalytic H,O,
production are reviewed, and there are three main pathways, namely, oxygen reduc-
tion (ORR), water oxidation (WOR), and dual-pathway synthesis of H,O,. The
advanced photocatalysts for H,O, production and their modification methods are
highlighted. TiO, and g-C;N, are the most widely studied advanced photocatalysts,
and the modification methods mainly include morphology control, defect control,
elemental doping, loading of noble metal nanoparticles, and construction of heter-
ojunction structure. The emerging photocatalysts BiVO,, MOFs, COFs, RFs, and
HOFs have attracted attention because of their high activity. Then this paper intro-
duces several more advanced systems and improvement strategies from the reactant
and product perspectives. The establishment of a spontaneous system without a sac-
rificial agent and the construction of a gas—liquid—solid three-phase system is in the
direction of greener and more sustainable development, and the utilization of pure
water or seawater, as well as the abundant O, in the atmosphere for photocatalytic
production, is an inevitable trend for the future development of this field. In addition
to improving the activity of photocatalytic production, inhibiting the decomposition
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of H,0, is also important for maximizing yield. Finally, the in-situ environmental
applications of photocatalytic H,0, production are introduced, which mainly include
in-situ sterilization and disinfection and in-situ degradation of pollutants. The pho-
tocatalytic H,O, production technology is at a challenging stage of development,
and the yield is expected to be further increased, which requires not only exploring
more advanced semiconductors but also further optimizing the whole reaction sys-
tem. Currently, some photocatalytic H,O, production systems have reached the mil-
limolar level, but they are still a long way away from industrial application in terms
of feasibility and economy, and the future production process will be developed in
the direction of being more efficient, green, and clean.
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