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Photocatalytic hydrogen peroxide (PHP) production represents a sustainable approach that mimics
photosynthesis using sunlight to generate H,O, from water and oxygen. This review explores the
intricate mechanisms of PHP and provides a critical assessment on the development of PHP in different
systems, including pure water, natural water, microdroplets, and coupling systems. Furthermore, their
potential applications in environmental remediation, biomedicine and the production of high-value
chemicals are discussed. Moreover, the current limitations of PHP efficiency and stability, particularly in
the pure water system, are summarized, and possible solutions to overcome these challenges are
proposed as well. The objective of this paper is to present perspectives on improving the PHP efficiency
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rsc.li/ees and to advance the sustainable development of PHP technology.

Broader context

Hydrogen peroxide (H,0,) presents the potential of green chemistry, playing a crucial role in sustainable development across applications in biomedical
therapy, environmental remediation, and chemical synthesis. This review offers a comprehensive overview of the critical advancements in photocatalytic H,O,
production, emphasizing the significance of these methods in alignment with global sustainability objectives. The diverse systems under investigation,
including pure water, natural water, innovative coupling systems, and microdroplets, present unique approaches to the efficient and environmentally friendly
production of H,0,. The pure water system sets high-efficiency standards, while natural water systems highlight the scalability of the technology and its
environmental compatibility. Coupling systems showcase the synergistic potential of integrated processes, enhancing the value of solar energy utilization.
Microdroplet systems introduce an innovative approach, providing controlled and intensified reaction environments that optimize resource utilization. These
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advancements represent significant scientific achievements and establish the foundation for a more sustainable and environmentally conscious future.

Introduction

Hydrogen peroxide (H,O,) is recognized as a versatile and
sustainable chemical reagent with widespread applications in
chemical synthesis,' bleaching,”* food processing,® biomedi-
cal therapy” and environmental remediation.®*° H,0, exhibits
potent oxidative properties across a broad pH range, and its
only byproduct is the clean, non-toxic water. Upon activation,
its derivatives like hydroxyl radicals (*OH), can degrade virtually
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all forms of organic pollutants or disrupt key components
within microbial cells, thereby achieving the removal of
organic contaminants or the eradication of pathogenic
microorganisms."™"

The anthraquinone method is the predominant industrial
process for H,0, production.'®'* Initially, anthraquinone
undergoes hydrogenation with a metallic catalyst, such as
palladium or platinum, resulting in the formation of hydro-
genated anthraquinone. Subsequently, the hydrogenated
anthraquinone is then subjected to catalytic oxidation in an
oxygen-enriched environment, resulting in the production of
H,0,."®> This method allows for the continuous and efficient
production of H,O, by subsequently regenerating anthraqui-
none through the recycling of hydrogenated anthraquinone
back to its original form. However, the anthraquinone method
for H,0, production is constrained by considerable energy
consumption, the reliance on precious metal catalysts, the
necessity for careful handling due to potential hazards, rigor-
ous control demands for recycling and regeneration processes,

This journal is © The Royal Society of Chemistry 2024
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and safety concerns on H,0, transport and storage. Therefore,
it is urgent to develop more sustainable methods for H,O,
production.

Photocatalytic H,0O, production (PHP) represents a promis-
ing approach that mimics photosynthesis by leveraging sun-
light as the energy source to enable the generation of H,0,
from pure water and oxygen (eqn (1))."*">° This process involves
the use of a semiconductor photocatalyst to harness sunlight,
driving the reduction of oxygen and the oxidation of water to
yield H,0,. This artificial photosynthesis process presents
substantial potential for sustainable H,0, production with
minimized environmental impact and energy consumption.
Moreover, the use of PHP process has significant potential for
a wide range of applications, especially for on-site preparation
in environmental remediation and biomedical applications
contexts. Currently, commercial H,O, has a concentration of
approximately 30-70 wt%, whereas low concentrations of H,0,
are commonly used in practical applications.’® The PHP oper-
ates solely on solar energy, allowing for the on-site production
of low-concentration H,0, solutions using water and oxygen
(air) as raw materials, thereby circumventing the transporta-
tion, storage costs, and safety hazards associated with high-
concentration H,O, solutions.

H,0 + 1/20, 1 H,0, (AG = +117 kI mol™", 298 K) (1)

Currently, extensive research is focused on optimizing
the PHP process in pure water, with the exploration of a variety
of photocatalysts such as metal oxides,*"** sulfides>***
and innovative polymers including graphitic carbon nitride
(g-C5N,),>>® resorcinol-formaldehyde (RF) resins,>**° metal-
organic frameworks (MOFs)*'*> and covalent organic frame-
works (COFs).>*~**> PHP can be implemented in various reaction
systems. Sacrificial agent systems, as the earliest developed,
typically involve the addition of sacrificial agents to rapidly
consume holes, providing excess electrons, thus enhancing and
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accelerating the generation of H,0,. However, with a deeper
understanding of the PHP process mechanism and the pursuit
of absolutely green technology, the pure water system has
become mainstream. The C;N, with piezoelectric effect
reported by Ma et al.>® achieved a solar-to-chemical conversion
(SCC) efficiency of up to 2.6% under low light (0.1 sun) in pure
water, marking a significant milestone in the field of PHP. In
recent years, coupling systems capable of achieving synergistic
catalysis or dual-phase reactions have emerged, differing from
traditional sacrificial agent systems. These innovations ensure
an ultra-high yield of H,O, compared to pure water systems
while generating high-value by-products or reducing separation
difficulties, thereby promoting the advancement of PHP from
an application value perspective. Additionally, the emergence
of natural water systems and microdroplet systems has further
expanded the research and prospects of PHP technology
(Fig. 1). Given that the emergence of these advancement, a
timely review of the progress and potential outlook in different
PHP systems is necessary.

In this review, we provide an in-depth exploration of the
advancements in PHP production, with a specific emphasis on
analyzing innovative strategies and technological break-
throughs achieved in different systems. A systematical review
of the evolutionary progression of PHP, ranging from its
application in pure water, which can serve as a simple model
system, to its adaptability in natural water and microdroplets,
is conducted. We also discuss the integration of PHP with
high-value chemical photosynthesis in coupling systems, high-
lighting the strong correlation between sustainability and
industrial application. Additionally, we provide a summary of
the primary challenges that impede the large-scale implemen-
tation of PHP and propose possible solutions to address these
obstacles. We expect to promote environmental protection and
the development of sustainable technologies through our
research efforts aimed at enhancing the efficiency and applic-
ability of PHP.

Au/TiO, [Ru'(Me,phen),]** g-C;N,/PDI m-WO,/FTO-Co,; (Ch)/CP RF-NH; TAPD-(Me),COF
SCC=0.1% SCC=0.57% 234 pmol=g '=h”!
2010 2013 2014 2016 2019 2020
SA-TCPP Microdroplets CoPc-BTM-COF COF-TfpBpy LBOB Sb-SAPCs
SCC=12% SCC=0.57% 151 pmol=g'=h” SCC=0.61%
2023 2023 2022 2022 2022 2021
Zn,In,S, Co-CN@G TaptBtt COF@Pd ICs CuX-dptz CsN,
66400 umol=g ' =h™" SCC=0.72% SCC=2.6%
2023 2023 2023 2023 2023 2024
Sacrificial agent systems Pure water Coupling systems Natural water Microdroplets

Fig. 1 The development of PHP photocatalysts in various systems.

This journal is © The Royal Society of Chemistry 2024

Energy Environ. Sci., 2024,17, 6482-6498 | 6483


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee02505a

Open Access Article. Published on 13 August 2024. Downloaded on 4/8/2026 4:28:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Mechanisms of the PHP process

Fig. 2a illustrates the potential reactions during the PHP
process. Under sunlight illumination, the photons with energy
higher than the band gap are absorbed, photogenerated electron—-
hole pairs are induced, leading to the excitation of photogener-
ated electrons from the valence band (VB) to the conduction band
(CB), whilst leaving photogenerated holes in the VB. Subse-
quently, these photogenerated carriers migrate to the surface of
photocatalyst, photogenerated electrons engage in reduction reac-
tions while photogenerated holes are involved in oxidation reac-
tions. However, part of the photogenerated electrons and holes
recombine either within the bulk or on the surface of the
photocatalyst, they have no contribution to the PHP process.
During the production of H,0,, the choice between oxygen
reduction reaction (ORR) or water oxidation reaction (WOR) is
predominantly governed by the energy band levels, where the
4e” ORR (Pathway III) and 4e~ WOR (Pathway VI) do not
produce H,O,, competing against 2e- ORR and 2e~ WOR.
When the edge potential of CB is below 0.68 V (vs. NHE at
pH = 0), H,0, can be synthesized via the indirect two-step 1e~
ORR (Pathways Ia and Ib) or the direct one-step 2e~ ORR
(Pathway II). The indirect one possesses a kinetic advantage,
producing superoxide radicals (0,°") as intermediates, requir-
ing only one electron per step. However, the direct pathway is
more favorable in thermodynamics due to —0.33 V is more
negative than 0.68 V (vs. NHE at pH = 0). Therefore, the precise
regulation of H,0, production through direct or indirect ORR
pathways, and the elucidation of its generation mechanism in
direct correlation with the catalyst structure, remains a focal
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VB is above 1.76 V (vs. NHE at pH = 0), H,0, can be generated
through the 2e” WOR. Similarly, it can be categorized into the
direct on-step 2e~ WOR (Pathway V) and the indirect two-step
le” WOR with free *OH as intermediates (Pathway IV). Never-
theless, this criterion is rigorous for the VB, leading most
photocatalysts to predominantly follow the 2e~ ORR and 4e™
WOR mechanisms (Fig. 2b). Intriguingly, recent studies have
identified cases where H,O, is generated concurrently through
both the 2e” ORR and 2e~ WOR pathways (Fig. 2c), and have
even explored the exclusive generation of H,O, solely through
the 2e” WOR pathway (Fig. 2d). It is crucial to emphasize that
the intermediate *OH detected in studies may originate from
free OH™ (E(OH /*OH) = 1.99 V) rather than directly from H,O0,
as the potential of E(H,0/*OH) = 2.73 V is excessively high. This
detail is often overlooked in most research related to 2e~ WOR.
In summary, the pathways of overall photosynthesis via differ-
ent ORR and WOR pathways are illustrated in Fig. 2e.>”° The
4e” ORR & one-step 2e~ WOR process is not included as no
studies have reported its occurrence.

The PHP process in pure water

The ideal H,0, photosynthesis system leverages the abundant
water and oxygen available on Earth as feedstock, accom-
plished through ORR and WOR as two integral half-
reactions.*®™> However, the light-driven WOR is challenging
to accomplish, and the sluggish kinetics of the WOR half-
reaction significantly limit the efficiency of H,O, generation.
In the early sacrificial agent systems, common organic solvents
such as isopropanol (IPA), ethanol (EtOH), and formic acid

point in the field of PHP research. When the edge potential of (HCOOH) can consume holes and provide additional
(a) (b) 2e" ORR & 4¢ WOR
- Reducti ti
Bl foe ccitatic eeuc ion reaction ® 0," Potential vs. NHE pH=0
g i =
6 T C““:“““‘" :‘"d 0, zﬂ\. 033V | - 0,+e=0,"()
T\ 20 oV
nt 9 _0'_6§ Y i, H;0,
W 1.76 V
o 2H,0 4 0.68V |~ 0, +2H" 2e = H,0, (1)
W mbinatie Valence band G -
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(c) 0, (d) 4e” ORR & 2e- WOR iy 2H,0 +4h* = 0, + 4H" (VI)
(o} ./ \ (J o.® 1.69V |~ O, +2H* + & = H,0, (Ib)
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H,0 ~ H,0 273V |~ H,0+h*=+OH+H* (V)
2¢ ORR & 2¢ WOR L 1,0, \_ 1,0,
«OH OH-—+OH
(©) -
One-step 2¢ ORR & 4¢ Two-step 1e- ORR & e Two-step 1e- ORR & two- One-step 2¢ ORR & One-step 2¢ ORR & 4e ORR & two-step le-

WOR
0,+2H* + 2¢ — H,0,

WOR
0,+H* +e — -OOH

*OOH + H* + e — H,0,
2H,0 + 4h* — O, + 4H’

step 1e WOR
0O,+H*+e — *O0OH

2H,0 + 4ht > 0, +4H* | |
2 I H,0 + h* — -OH + H
-OH + *OH — H,0,

Fig. 2

“OOH +H'+ & — H,0, | |

two-step 1ee WOR one-step 2e- WOR WOR

0,+2H* +2¢" — H,0, 0,+2H* +2¢" — H,0,
H,0 +h* — OH + H*

-OH + -OH — H,0,

0,+4H" +4e — 2H,0
H,0+h* — «OH + H*
-OH + -OH — H,0,

2H,0 + 2h* — H,0,+ 2H,

(a) Photoexcitation and charge transfer pathways in a photocatalyst. The Scheme of H,O, producing via (b) 2e~ ORR and 4e~ WOR pathway,

(c) 2™ ORR and 2e~ WOR pathway and (d) 4e~ ORR and 2e~ WOR pathway. (e) Classical combinations of ORR and WOR pathways.
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Table 1 Photocatalysts for the PHP process in pure water
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Energy Reaction conditions
Reaction band/ (~cat., ~H,0, H,0, yield/ scc?
Photocatalysts pathway ev Atmosphere Light source temperature) pumol g~ h™* (h) AQE” efficiency Ref.
TPE-AQ 2e” ORR 1.61  Air A > 400 nm, 10 mg, 20 ml 909 (1) 57
100 mW cm >
1 sun, AM 1.5G 100 mg, 80 ml 0.26% (1)
Nano-BZT Two-step le” 2.22 0, A > 420 nm, 5 mg, 50 ml, 285 K 1456 (12) 58
ORR 300 W
DE7-M Two-step 1le~ 2.34 O, 1 sun, AM 1.5G 5 mg, 3 ml, 313 K 2200 (5) 59
ORR A white LED — 8.7%
(420 nm)
1 sun, AM 1.5G 200 mg, 50 ml, 313 K 0.23% (5)
PC-MB-3 One-step 2e 1.88 Air A > 420 nm 40 mg, 20 ml 1385 (12) 1.44% 60
ORR (630 nm)
CNP-s 2e~ ORR 2.80 0, 1 sun, AM 1.5G 0.5 mg, 5 ml 3200 (1) 61
Furan-BILP Two-step 1e~ 2.19 0, A > 420 nm, 0.5 mg, 1.0 ml, R.T. 2200 (2) 62
ORR 300 W
BBTz Two-step 1le” 2.2 Air 1 sun, AM 1.5G 5 mg, 25 ml 7274 (1) 7.14% 63
ORR (475 nm)
QAP, Two-step 1le~ 1.82  Air /. > 420 nm, 10 mg, 50 ml, 298 K 380 (1) 64
ORR 300 W
— 1 sun, AM 1.5G — ~0.17%
CuBr-dptz Two-step 1le~ 1.22  Air A > 400 nm, 5 mg, 80 ml H,O 1874 (1) 0.4% 0.08% 65
ORR 300 W (400 nm)
Sb-SAPC Two-step 1e~ 2.63 O, A > 420 nm, 100 mg, 50 ml, 298 K 324 (1) 66
ORR 300 W
4> 420nm, 60 mg, 30 ml, 298 K 17.6%
300 W (420 nm)
1 sun, AM 1.5G 500 mg, 100 ml 0.61% (8.33)
Nv-C=N-CN Two-step le” 1.88 0, A > 420 nm, 20 mg, 20 ml, 298 K 137 (1) 36.2% 67
ORR 300 W (400 nm)
22.1%
(420 nm)
1 sun, AM 1.5G 20 mg, 20 ml, 298 K 0.23%
DMCR-INH  Two-step le~ 2.60 O, 4> 420nm, 5mg 11 ml 298 K 2588 (3) 68
ORR 300 W
FS-COFs One-step 2e~ 2.17 0O, A > 420 nm, 5 mg, 20 ml, 298 K 3904.2 (1) 6.21% 69
ORR 300 W (420 nm)
HEP-TAPT- One-step 2e~ 2.30 O, 1 sun, AM 1.5G 300 mg, 60 ml 1750 15.35% 0.65% 70
COF ORR (420 nm)
TpDz COF One-step 2e~ 2.20 O, 2> 420 nm 3 mg, 18 ml, 293 K 7327 (1) 71
ORR 1 sun, AM 1.5G — 11.9% 0.62%
(420 nm)
TZ-COF-1.5 Two-step 1e~ 1.98 Air A > 420 nm, 15 mg, 30 ml, 298 K 268 (1.5) 72
ORR 300 W
A > 420 nm, 45 mg, 30 ml 0.6%
300 W (475 nm)
1 sun, AM 1.5G 45 mg, 30 ml 0.036% (1.5)
RF-GQDs-0.4 Two-step le~ 0, A > 420 nm, 10 mg, 50 ml, 323 K 2450 (1) 73
ORR 300 W
1 sun, AM 1.5G 400 mg, 150 ml, 323 K ~1.1% (1)
PsRgsF One-step 2e 1.54 0, A > 420 nm, 50 mg, 30 ml, 298 K 176 (6) 74
ORR 300 W
1 sun, AM 1.5G 150 mg, 50 ml, 333 K ~0.9% (5)
RF@Nf-1.0 2e~ ORR 1.78 0O, A > 420 nm, 50 mg, 30 ml, 298 K 190 (6) 75
11.8 mW cm >
1 sun, AM 1.5G 150 mg, 50 ml, 298 K ~0.35% (24)
APFac Two-step le~ 1.54 0O, / > 420 nm, 10 mg, 50 ml — 76
ORR 300 W
1 sun, AM 1.5G 400 mg, 150 ml, 323 K ~0.54% (2)
rGO@MRF- Two-step le~ 1.90 O, /> 420 nm, 25 mg, 100 ml, 298 K 861 (2) 77
0.5 ORR 300 W
1 sun, AM 1.5G 400 mg, 150 ml, 323 K ~1.23% (2)
CHF-DPDA 2e ORR & 2.35 O, A > 420 nm, 40 mg, 20 ml 1725 16.0% 78
2e” WOR 100 mW cm 2, (420 nm)
300 W
1 sun, AM 1.5G 375 mg, 75 ml ~0.78%
COF-TfpBpy One-step 2¢~ 2.58  Air A > 420nm, 15 mg, 10 ml, 298 K 695 (0.66) 79
ORR & 2e~ 40.8 mW cm >
WOR /. > 300 nm, 600 mg, 400 ml, 298 K 8.1% 0.57%
40.8 mW cm > (420 nm)

This journal is © The Royal Society of Chemistry 2024
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Table 1 (continued)
Energy Reaction conditions
Reaction band/ (~cat., ~H,0, H,0, yield/ scc?
Photocatalysts pathway ev Atmosphere Light source temperature) pumol g~ h™" (h) AQE“ efficiency Ref.
TTF-BT-COF Two-step 1le” 1.64 O, A > 420 nm, 5 mg, 10 ml, 298 K 2760 (1) 80
ORR & 2e” 20.3 mW cm >
WOR A > 420nm, 50 mg, 100 ml 11.9% 0.49% (1)
20.3 mW cm 2 (420 nm)
COF-N32 Two-step 1e” 2.43 0, A > 420 nm, 25 mg, 50 ml, 298 K 605 (12) 6.2% 81
ORR & 2¢~ 100 mW cm 2, (459 nm)
WOR 300 W
A > 420 nm, 3 mg, 2 ml 0.31%
100 mW cm?,
300 W
TD-COF Two-step 1e~ 2.05 O, 400 < 1 < 1 mg, 4 ml 4620 (4) (1) 69
ORR & 2¢™ 700 nm,
WOR 100 mW cm >
TT-COF Two-step 1e~ 2.06 O, 400 < ) < 1 mg, 4 ml 4245 (4) 1) 69
ORR & 2¢™ 700 nm,
WOR 100 mW cm >
TaptBtt Two-step le~ 2.29  Air /> 420 nm, 15 mg, 10 ml 1407 (1.5) 82
ORR & 2e~ 300 W
WOR A > 420 nm, 75 mg, 60 ml 4.6%
12.5 mW cm 2, (450 nm)
300 W
1 sun, AM 1.5G 75 mg, 60 ml 0.30%
RF-DHAQ-2  Two-step 1e~ 2.17 O, A > 420 nm, 10 mg, 50 ml 1820 11.6% 83
ORR & 2e~ 300 W (420 nm)
WOR 1 sun, AM 1.5G 400 mg, 150 ml, 323 K ~1.2% (1)
SA-TCPP 2¢" ORR& 1.57 O, /. > 420 nm, 25 mg, 50 ml, 353 K 1255 (4) 84
2e WOR 300 W
A > 420nm, 45 mg, 30 ml, 353 K 14.9%
300 W (420 nm)
1.1%
(940 nm)
1 sun, AM 1.5G 150 mg, 50 ml, 328 K ~1.2% (3)
Coy4-(1-CH,),, Two-step 1e~ 1.95 O, 300 < 4 < 5 mg, 10 ml, 298 K 146.6 (0.66) 85
ORR & 2e 1100 nm, 300 W
WOR
Sy-ZIS Two-step 1e” 2.15 0, A > 400 nm 20 mg, 30 ml, 288 K 1706.4 (2) 9.9% 86
ORR & 2¢~ (420 nm)
WOR 1 sun, AM 1.5G 40 mg, 30 ml 0.81% (0.5)
Mn/AB-C;N, 2e~ WOR 2.60 0, 4 > 427 nm, 40 mg, 22 ml water 255 (7) 0.43% 87
40w with 0.55 M KOH (427 nm)

@ Apparent quantum yield. ” Solar to chemical conversion.

40,43-45

electrons, thereby driving the 2e~ ORR process. How-
ever, in 2014, Shiraishi et al.*® firstly reported the photocatalyst
(g-C3N,4/PDI), perylene diimide (PDI) modified graphite-like
carbon nitride (g-C3;N,), which exhibited the capability to
achieve a 90% selectivity for the 2e~ ORR pathway in pure
water. This remarkable result has drawn attention to the PHP
process in pure water, leading to the development of numerous
high-performance catalysts and the exploration of various PHP
mechanisms, including the 2e”~ ORR pathway, the 2e” ORR and
2e~ WOR dual-channel pathway and the 2e~ WOR pathway
(Table 1). Today, pure water serves as the optimal model system
for studying PHP mechanisms. It obviates the concern of
sacrificial agent residue in situ applications and demonstrates
significant potential for environmental remediation,””>* bio-
medical therapy” and chemical synthesis.>*>°

2e” ORR single-channel pathway

Photocatalysts for elevating light-absorption. Elevating the
efficiency of light absorption by photocatalysts is crucial for

6486 | Energy Environ. Sci., 2024, 17, 6482-6498

facilitating more charge carriers in the PHP process. Zhi et al.®®

developed a two-dimensional piperazine-linked COF (CoPc-
BTM-COF) by nucleophilic substitution of hexadecafluor-
ophthalocyaninato cobalt(n) with 1,2,4,5-benzenetetramine
(BTM). This photocatalyst demonstrated exceptional light-
absorption capacity from 400-1000 nm (UV-Vis-NIR range) due
to its fully conjugated structure and overlapping n-stacking
model in a crystalline porous framework.

Photocatalysts for enhancing charge carrier separation.
Manipulating the molecular structure of the photocatalyst is a
conventional strategy. Zhang et al.®” sequentially introduced
the -C=N group and nitrogen vacancy (N,) into g-C3N, (N~
C=N-CN) to form dual-defect sites. Such electron-rich struc-
ture localized the charge density distribution, leading to not
only enhanced light absorption and charge carrier separation,
but also improved the selectivity and activity of H,O, genera-
tion. Li et al.®® synthesized nitrogen-rich C;N; with an asym-
metric structure via the polymerization of triazole and triazine
frameworks (Fig. 3a). This structure exhibited non-overlapping

This journal is © The Royal Society of Chemistry 2024
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positive and negative charge centers, resulting in a dipole
moment. The inherent self-induced polarization field facili-
tated directional bulk-phase photogenerated charge separation,
ultimately enhancing charge migration (Fig. 3b).

Optimizing the structure of electron acceptor or donor units
presents a viable approach to promoting the charge carrier
separation. Ye et al.’” developed a D-A conjugated polymer
TPE-AQ with redox-active groups that function as electron
acceptors for electron storage (Fig. 3c). The improved electron
storage properties enhanced the charge carrier separation
efficiency, increased the selectivity of 2e~ ORR, and reduced
the exciton binding energy.

Designing hetero-structured photocatalysts is an alternative
for efficient PHP in pure water. Zhao et al.”® enhanced photo-
catalytic H,O, activity to 2450 pmol g~ h™' by employing a
freeze-drying technique to synthesize graphene quantum dots
(GQDs) modified with resin (RF-GQDs). The additional electron
acceptors, facilitating the electrons transfer from resin to
GQDs. Similarly, Tian et al.”’ created a sandwich-structured
polymer photocatalyst (rGO@MRF) by integrating mesoporous
formaldehyde resin onto reduced graphene oxide through an
interfacial self-assembly method, facilitating an efficient chain
of electron transfer processes.

Separating redox centers is another effective strategy. Mou
et al.”* synthesized a TZ-COF photocatalyst, in which the pyrene
and imidazole group served as the donor and acceptor unit,
respectively. By establishing a D-n-A structure between the
imidazole group and pyrene as a charge transfer channel, they
were able to promote directed electron transfer from pyrene to
the imidazole, effectively inhibiting the recombination of
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photoexcited charges. Chen et al.”® synthesized a crystalline
COF-based photocatalyst with separated redox centers (HEP-
TAPT-COF) (Fig. 3d). By calculating the Gibbs free energy (AG)
of the intermediate products, it was determined that the carbon
atoms of the s-heptazine and triazine moieties were the active
sites for ORR, while WOR occurred on the benzene ring “1” and
“2” (Fig. 3e and f). The structural evolution of the triazine
group in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) further confirmed this point (Fig. 3g).

Moreover, it is also necessary to explore new synthesis
methods to prepare new materials with excellent photoelectric
properties. Zhang et al.®> synthesized zig-zag two-dimensional
coordination polymers (CuX-dptz) by directly combining CuX
(X = Cl, Br, I) with 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine (dptz)
ligand in acetonitrile solution under ultrasonic conditions at
room temperature. The layered structure of CuX-dptz conferred
high charge transfer capabilities, while the halogen atoms
modulated the coordination environment of the Cu sites.

Photocatalysts with high redox reaction kinetics. In pure
water, the kinetically sluggish WOR is inadequate to generate
protons for pairing with the ORR, consequently limiting the
overall PHP efficiency. Consequently, Sheng et al.®* developed a
D-A polymer (QAP,) featuring a weakly acidic amino reservoir
on the hydroquinone segment to balance the supply and
demand of protons (Fig. 4a).

On the other side, the type of O, adsorption on the active
sites of the photocatalyst significantly influences the selectivity
between 2e” ORR/4e~ ORR and the one-step 2e~ ORR/two-step
le” ORR. Specifically, the O, molecular adsorption on active
sites are primarily categorized into three typical configurations:
Pauling-type (end-on), Griffiths-type (side-on), and Yeager-type
(side-on).”*? Teng et al.°® prepared an antimony single-atom
photocatalyst (Sb-SAPC) with remarkable selectivity for 2e™
ORR (Fig. 4b). In contrast to conventional metal particles,
where both end-on and side-on adsorption of O, molecules
occurred simultaneously, Sb-SAPC demonstrated exclusive end-
on adsorption of O, on isolated Sb atomic sites. This distinctive
O, adsorption behavior promoted the formation of Sb-p-
peroxide (Sb-OOH), attenuated the dissociation of the O-O
bond, and consequently established an effective pathway for
2e” ORR to produce H,0,. Luo et al.’® synthesized FS-COFs
using a Schiff base condensation reaction (Fig. 4c). The vibra-
tional signals of -O-O- and 1,4-endoperoxide intermediates
indicated that the FS-COFs possessed a more robust adsorption
capacity for O,, which was predominantly of the Yeager type in
the initial configuration (Fig. 4d). DFT calculations also demon-
strated that the introduction of sulfone groups altered the O,
adsorption energy (Fig. 4e). As a result, O, adsorbed on FS-COFs
can be simultaneously provided with two electrons and two
protons to form *HOOH instead of *OOH by direct one-step 2e™
ORR (Fig. 4f).

Optimizing the formation pathway between active sites and
intermediates can also promote the 2e” ORR pathway. Cheng
et al.®® reported that singlet oxygen (*O,) could be converted
into endoperoxides through a [4+2] cycloaddition on the
thiazole-based conjugated polymer (BBTz), thereby lowering
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the energy barrier for H,O, formation. In situ DRIFT spectro-
scopy revealed that the infrared vibration intensity of C=NH"
and the n-skeleton in benzobisthiazole progressively increased
and decreased, respectively (Fig. 4g). Furthermore, a new sp® C-
H vibration signal confirmed this process (Fig. 4h). Concur-
rently, isotope labeling experiments vividly illustrated the
photogenerated hole-induced water oxidation for O, evolution
on BBTz (Fig. 4i). Yang et al.®® described a photocatalytic
covalent furan-benzimidazole polymer film (Furan-BILP) con-
taining O and N heterocycles with O-C-C—=N bonding. The C
atom within the Furan ring was involved in binding to the
adsorbed *OOH, while the H atom of *OOH engages in hydro-
gen bonding with the N atom located within benzimidazole
ring. This interaction resulted in the stabilization of the *OOH
intermediate and promoted 2e~ ORR through the formation of
a stable six-membered ring structure. By adjusting the relative
nitrogen locations of diazine rings in COF photocatalysts, Liao
et al.”' reported that pyridazine can selectively stabilize the
endoperoxide intermediate, leading to a more effective direct
2e~ ORR pathway compared to pyrimidine and pyrazine.
Directly enhancing the contact between O, and the photo-
catalyst can also accelerate the redox reaction kinetics. In a
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typical PHP process, only oxygen molecules dissolved in water
are reduced to H,O, on the surface of the photocatalyst.
However, the relatively low solubility of O, in water (0.9 mM
at 298 K, 1 atm pressure) and its low diffusion coefficient (2.1 x
107" em” s7) significantly impede the transport of O, mole-
cules to the active sites on the surface of the photocatalyst.”*®>
Constructing a gas-liquid-solid triphase interface (TPI) is an
effective strategy to overcome this limitation (Fig. 4j).>*"*® For
instance, Li et al®' prepared an asymmetric hydrophobic
bilayer Janus fiber membrane photocatalyst (Fig. 4k) by spray-
coating with amphiphilic Nafion monomers possessing hydro-
phobic -CF, and hydrophilic -SO;H groups. By tailoring the
hydrophilic-hydrophobic characteristic and microenviron-
ment, this photocatalyst demonstrated moderate hydrophobi-
city, ensuring a sufficient supply of O, for the mCN active sites.
Upon immersion in pure water, a 1.5 cm piece of the photo-
catalyst exhibited a noteworthy H,0, production rate of
5.38 mmol g ' h™".

2e~ ORR and 2e~ WOR dual-channel pathway

The PHP process with dual-channel pathway involves both the
2e” ORR and 2e~ WOR mechanisms. However, the 2e~ WOR
pathway requires the VB edge potential of the photocatalyst
exceeds 1.76 V (vs. NHE at pH = 0), leading to very limited
photocatalysts success in achieving dual-mode H,O, produc-
tion thus far. The realization of dual-channel pathways has
been associated with the presence of acetylenic, pyridine,
pyrimidine, thiophene, and thiazole functional groups. These
groups possess a strong electron-donating capability and fea-
ture conjugated structures. Cheng et al.”® synthesized a photo-
catalyst (CHF-DPDA) through the incorporation of acetylenic
functional groups into coupled covalent heptazine frameworks
(CHFs) using the Friedel-Crafts reaction. The X-ray absorption
near-edge structure (XANES) spectroscopy, in situ DRIFT spec-
tra, and DFT calculations demonstrated that the 2e~ ORR
occurred on the s-heptazine moiety, while the 2e~ WOR
occurred on the benzene ring and the acetylene or diacetylene
bond in CHFs. Similarly, Chang et al®® synthesized a redox-
active molecular structure COF (TTF-BT-COF) by covalently
coupling tetrathiafulvalene (oxidative site) with benzothiazole
(reductive site) (Fig. 5a). Liu et al.®" utilized triamines coated
with triazine and featuring varying numbers of phenyl groups
as exciton modulation precursors, successfully synthesizing
COF-N32 with optimal intramolecular polarity. This configu-
ration promoted exciton formation and dissociation, conse-
quently boosted the m-conjugation of COFs to enhance the
photostability. Yue et al.*® engineered two thienyl-containing
COFs (TD-COF and TT-COF) by modulating N-heterocycle units
(pyridine and triazine). The thiophene unit served for ORR,
while the benzene ring (linked to the thiophene by the
imine bond) served for WOR. Both COFs synthesized H,0,
efficiently via indirect 2e” ORR and direct 2e” WOR pathways,
with TD-COF achieving a H,0, yield of 4060 pmol g * h™" in
pure water. Qin et al.®” synthesized three imine-linked donor-
acceptor COFs (TpaBtt, TapbBtt, and TaptBtt) by combining
benzotrithiophene-trialdehyde (Btt) with various monomers

This journal is © The Royal Society of Chemistry 2024
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possessing different electron-accepting capacities, including
4,4' 4"-triphenylamine (Tpa), 1,3,5-tris(4-aminophenyl) ben-
zene (Tapb), and 1,3,5-triazine (Tapt) (Fig. 5b). The band
structure of TaptBtt is thermodynamically suitable for the
dual-channel pathways of 2e~ ORR and 2e~ WOR (Fig. 5c).
The number of transferred electrons in TaptBtt is close to 2
(Fig. 5d), indicating the advantage of linearly bound interac-
tions between imine bonds and TaptBtt/Btt linkers in the 2e™
ORR pathway. The results of the H,"®*0 photocatalytic experi-
ments (Fig. 5e) indicate that TaptBtt exhibits a dual process of
2e” ORR and 2e~ WOR. This research offers profound under-
standing of the dynamic interplay between intramolecular
patterns and the chemistry of connections in polymers, fur-
nishes an exemplary conception for the design of COFs that
engender H,0, via dual-channel pathways.

Other types of photocatalyst without above functional
groups are capable of facilitating PHP processes through both
2e” ORR and 2e~ WOR pathways as well. Zhao et al.® utilized
the Stober method to integrate electron-deficient 1,4-
dihydroxyanthraquinone (DHAQ) into the RF resin. By adjust-
ing the donor-acceptor ratio, the energy band structure was
modified, thereby enabling the realization of the PHP process
through a dual-channel pathway. Zhang et al.®* reported on a
self-assembled tetrakis(4-carboxyphenyl) porphyrin supramole-
cule (SA-TCPP) that corroborated the participation of carboxyl
groups in 2e- WOR pathway whereas photo-generated elec-
trons promoted the formation of H,0, at the active pyridinic N-
H sites. High performance liquid chromatographytime of
flight-mass spectrometry (HPLC-TOF-MS) spectra demon-
strated that the hole-induced H,O, formation process includes
a photo-induced transformation of -COOH to -CO3H groups
(Fig. 6a and b). Isotope experiments also confirmed the active
participation of '®0 from "®0O-labelled water in the formation of
H,0, through the thermolytic break down of -COO'?OH
(Fig. 6¢). Hou et al.”” decreased the energy barrier for 2e~

This journal is © The Royal Society of Chemistry 2024
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WOR in COFs through cyano-functionalization. Liu et al®
constructed a metal-organic cage photocatalyst, Coq4-(L-
CH3),4, where metal sites and imidazole sites of the ligands
facilitated for the 2e” ORR and 2e~ WOR, respectively. Peng
et al.®® synthesized ultrathin ZnIn,S, nanosheets with sulfur
vacancies (S,-ZIS). The presence of sulfur vacancies strongly
altered the coordination structure of ZnIn,S,, thereby modulat-
ing the adsorption abilities to intermediates and preventing the
overoxidation of H,O to O,. XANES spectra of the Zn K-edge and
In K-edge were gathered to examine the structure of S,-ZIS. The
reduction in the valence states of Zn and In corroborated the
formation of S, in S,-ZIS (Fig. 6d and e). Extended X-ray
absorption fine structure (EXAFS) spectra clearly revealed the
coordination peaks of Zn-S, In-S, Zn-Zn, and In-In in both
pristine ZIS and S,-ZIS (Fig. 6f). The planar-averaged charge
density difference (CDD) along the c-axis from the DFT calcula-
tion results demonstrated that S, not only altered the environ-
ment of the surrounding atoms but also profoundly affected
the distribution of surface electron density (Fig. 6g). S, on the
surface and in the inner layer significantly reduced the adsorp-
tion energy of H" and O,, thereby enhancing their adsorption
strength (Fig. 6h).

2e~ WOR single-channel pathway

The single-channel pathway discussed herein refers to 2e™
WOR concurrently taking place with 4e” ORR. In 2023,
Ren et al.®” reported a photocatalyst (Mn-AB-C3N,) featuring
coordinatively unsaturated Mn-N, sites dispersed on aryl
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amino-substituted g-C;N, nanosheets. Continuous-wave W-
band and X-band EPR spectra were employed to investigate
the electron spin and local environment of Mn atoms in the
photocatalyst (Fig. 7a). This photocatalyst operates via a single
2e~ WOR pathway, with Mn—-OOH acting as an intermediate in
the 4e~ ORR process.”® DFT calculations indicated that, photo-
generated holes in the VB of Mn-AB-C;N, facilitate H,O,
formation through two primary mechanisms: a direct 2e™
WOR process that oxidizes H,O to H,0,, and an indirect
process in which OH™ is initially oxidized by photogenerated
holes to generate *OH and subsequently combines to form
H,0, (Fig. 7b).

The PHP process in coupling systems

The mentioned coupling systems refer to two distinct types of
sacrificial agent systems, encompassing the integration of PHP
processes with other photosynthetic processes or involving
interactions between different phases. The development of
such coupled systems has the advantage of maintaining ultra-
high H,0, generation rates while producing high-value added
products or reducing separation difficulties. This expands the
application value of sacrificial agent systems from different
perspectives and can be divided into single-phase systems with
bifunctional photocatalysts and dual-phase systems (Table 2).
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Single-phase systems with bifunctional photocatalysts

The role of traditional sacrificial agents in reaction systems is
deliberate; they are generally not the desired end products but
are consumed to enhance the overall reaction process. H,O, is
produced solely through the 2e™ ORR pathway. This inevitably
increases the total cost, as most high-value sacrificial agents,
such as alcohols, are converted into low-value aldehydes or
acids, thereby wasting the oxidative potential of the holes.
Nevertheless, the bifunctional single-phase system involves
the integration of the PHP process with another photo-
oxidation process within a single phase, a photocatalyst is
utilized to facilitate both processes simultaneously. Tian
et al.”® utilized zirconium trisulfide (ZrS;) nanoribbons with
abundant disulfide (S,>7) and sulfide anion (S*>7) vacancies to
enable dual-function photocatalysis, allowing for simultaneous
generation of H,0, and benzonitrile in benzylamine solutions.
Liu et al.'® employed cyano-terminated porphyrin as a pre-
cursor to synthesize the highly conjugated TA-Por-sp>-COF
through cyano self-polymerization. The as-prepared bifunc-
tional photocatalyst exhibited remarkable efficiency in the
selective oxidation of benzylamine or thioanisole, as well as
in the production of H,0,. Chang et al.'® reported that the
Cu;-BT-COF photocatalyst can effectively promote the PHP and
the furfuryl alcohol (FFA) photo-oxidation (Fig. 8a). The gen-
eration of O, and HOOH is closely related to the two successive
hydrogenation steps during the dehydrogenation process of FFA.
The charge density difference analysis results indicated that oxida-
tion and reduction reactions occurred on Cu; and BT, respectively
(Fig. 8b). Additionally, adsorption energy calculations demon-
strated that FFA had a greater propensity to adsorb onto Cus, while
BT was more inclined to adsorb O, compared to FFA (Fig. 8c). Li
et al.*® coupled the selective oxidation reaction of 4-methoxybenzyl
alcohol (4-MBA) with ORR. As the consumption of 4-MBA contin-
ued, the H,0, yield gradually decreased, but surged upon replen-
ishment (Fig. 8d), illustrating the simultaneous consumption of
photogenerated electrons and holes. In the *D isotope-labeling
control experiment, the observation of 'H-labeled H,0, confirmed
that the H atoms in H,0, primarily originated from 4-MBA rather
than H,O, further illustrating the synergistic effect (Fig. 8e). Luo
et al.'®" utilized tetrahydroisoquinolines (THIQs) as unique proton
donors, promoting the formation of H,O, while conducting highly
selective semi-dehydrogenation reactions to produce economically
valuable dihydroisoquinolines (DHIQs) under the influence of a
bifunctional Zn;In,S¢ photocatalyst. Under visible light (400 >
nm), unprecedented rates approaching stoichiometric levels of 66.4
and 62.1 mmol g " h™" can be achieved (Fig. 8f). The enhancement
of the O-O stretching vibrations of *OOH and HO-OH, and the
OOH bending vibrations of *HOOH in the in situ FTIR spectra with
prolonged irradiation intervals indicated that H,O, on the surface
of Zn;In,Ss was formed via a superoxide intermediate pathway

(Fig. 8g).
Dual-phase systems

The dual-phase system offers increased -cost-effectiveness
attributed to the straightforward separation process. Isaka
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Energy
Reaction band/ H,O0, yield /umol SCC
Photocatalysts pathway ev Atmosphere Light source Reaction conditions g~* h™* (h) AQE efficiency Ref.
7rS; S, (15/ Two-step 1le~ ORR 1.98 O, 1sun, AM 50 mg, 30 ml H,O 1562 (5) 11.4% 99
100) NBs 1.5G (1 mmol (500 nm)
benzylamine) 10.8%
(600 nm)
TA-Por-sp>-COF Two-step 1e~ ORR 1.70  Air A > 600 nm, 5 mg, 20 ml acet- 55.6 (2) 100
15 W onitrile solvent
(1 mmol benzyla-
mine, 1 mmol p-
xylene), RT
ZnsIn,Se Two-step 1e~ ORR & one- 2.80 O, 4 > 400 nm, 5 mg, 5 ml H,0 66400 (0.33) 101
step 2e- ORR 300 W (25 mM THIQs
acetonitrile), 298 K
ASCN-3 Two-step 1e~ ORR 2.35 O, 1 sun, AM 10 mg, 20 ml acet- 12912 (4) 11.7% 102
1.5G onitrile /water (420 nm)
solution (40/60
vol%) with
0.2 mmol 4-MBA
Cus;-BT-COF  Two-step e~ ORR 192 O, J > 420 nm, 5 mg, 11.6 mM FAA 468 (4) 7.98%  0.62% 103
300 W aqueous solution, (420 nm)
298 K
Py-Da-COF Two-step 1le~ ORR 253 O, A > 420 nm, 5 mg, 5 ml H,O 461 (1) 104
300 W
A > 420 nm, 5 mg, 5 ml H,O 682 (1) 2.4%
300 W (90 vol% EtOH) (420 nm)
A > 420 nm, 5 mg, 5 ml H,O 1242 (1) 4.5%
300 W (90 vol% BA) (420 nm)
1 sun, AM — 0.09%
1.5G
sonoCOF-F2 Two-step 1e~ ORR 2.86 O, A > 420 nm, 3 mg, 5 ml H,0, 1889 (1.5) 105
300 W 293 K
A > 420 nm, 3 mg, 5 ml H,0, 2422 (1.5)
300 W (10 vol% BA), 293 K
/> 420 nm, 50 mg, 60 ml H,0, 4125 (168)
300 W (90 vol% BA), 293 K
— — 4.8%
(420 nm)
PMCR-1 Two-step 1le~ ORR 0.71  Air A > 420 nm, 10 mg, 22 ml H,0, 1294 (1) 106
300 W 298 K
0, /> 420 nm, 10 mg, 22 ml H,0, 1445 (1)
300 W 298 K
J > 420 nm, 10 mg, 22 ml 10:1 1941 (1)
300 W water : EtOH mix-
tures, 298 K
J > 420 nm, 10 mg, 22 ml 10:1 2265 (1)
300 W water : IPA mixtures,
298 K
J > 420 nm, 10 mg, 22 ml 10:1 5500 (1) 14%
300 W water : BA mixtures, (420 nm)

et al.'” reported on the application of a biphasic benzyl
alcohol/water (BA/water) system in the PHP process. This
biphasic system utilized a spontaneous separation mechanism,
wherein benzyl alcohol (BA) was oxidized to benzaldehyde in
the organic phase, while H,0, was generated in the aqueous
phase, facilitating efficient photogenerated carrier separation
and enhanced catalytic efficiency (Fig. 9a and c). The use of
hydrophobic alkylated MOF photocatalysts ensured the separa-
tion between the photocatalyst and the produced H,0,, pre-
venting the reduction of H,O, to OH and -OH radicals
(Fig. 9b).

The separation of the photocatalyst from H,O, in a biphasic
system plays a crucial role in preserving the structural integrity

This journal is © The Royal Society of Chemistry 2024

298 K

of the photocatalyst for long-term stability. Zhao et al'®’
observed that the photocatalyst sonoCOF-F2 transformed into
a low-crystallinity acylamide-linked COF after 96 hours of
continuous photocatalytic testing, resulting in decreased elec-
tron coupling efficiency and diminished photocatalytic activity.
Nevertheless, the reaction rate exhibited nearly linear kinetics
throughout a continuous PHP process lasting up to 166 hours
in the water/BA biphasic system, validating the efficacy of the
biphasic system in preserving the stability of the photocatalyst
(Fig. 9d-f). Similarly, Sun et al.'®* illustrated that the pyrene-
containing Py-Da-COF not only displayed notable stability of
the photocatalyst but also effectively inhibited H,0, decom-
position in the biphasic system.

Energy Environ. Sci., 2024,17, 6482-6498 | 6491
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The PHP process in natural water

Recent studies have shown a growing interest in exploring the
viability of utilizing natural water, such as rivers, lakes, and
oceans, as alternatives to pure water in the PHP process. This
innovative approach seeks to diminish the operational costs
associated with the PHP process and improve the adaptability
and ease of deployment of the systems. Nevertheless, the
alternative to utilizing natural water sources presents a range
of challenges, primarily stemming from the differences in
photocatalytic performance observed between natural water
and pure water mediums. Various factors, including dissolved
salts, organic compounds, and microorganisms presented in
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natural water sources, can diminish the intensity of light on the
surfaces of photocatalytic materials. Moreover, these constitu-
ents might compete with the desired reactants for available
active sites or modify the charge distribution on the surface of
the photocatalyst due to their complex composition.'*®'"!
Hence, it is necessary to conduct in-depth research on the
implementation of the PHP process in natural water.

Some photocatalysts demonstrate adaptability to complex
water environments and even exhibit catalytic efficiency super-
ior to that in pure water. For example, Wu et al."'* successfully
synthesized an PHP photocatalyst, PM-CDs-x, through the
phenol condensation reaction in seawater using carbon dots,
organic dye molecule cyanidin, and 4-methoxybenzaldehyde as
precursors. It was found that the presence of Na' in seawater
had promoted the ionization of carboxyl groups, enhanced the
electronegativity of carbonyl oxygen atoms, thereby increasing
the charge and electron trapping barrier of carbon dots, and
prolonged the lifetime of electrons (Fig. 10a). Additionally, the
functional groups on the surface of carbon dots, such as
hydroxyl (-OH), carbonyl (C—0), and carboxyl (-COOH), effec-
tively captured electrons (Fig. 10b), accelerating electron trans-
fer and suppressing electron-hole recombination, significantly
enhancing the photocatalytic activity in seawater (Fig. 10c).
Gopakumar et al'™® developed a multiphase photocatalyst
based on hydrolysis lignin (LBOB) capable of directly producing
H,0, from seawater. The deprotonation action of Na on the
—-OH groups within the lignin component of the LBOB rendered
lignin an effective electron trap. Moreover, the impact of the
intrinsic ions Ca®", Mg>*, K*, and $0O,>~ found in seawater, in
conjunction with traditional acids and bases like H,SO, and
NaOH for PHP process by LBOB, was expounded upon (Fig. 10d
and e), with experiments demonstrating a stable increase in
H,O0, concentration concomitant with salt concentration, and
the addition of extraneous acids and bases in seawater also
substantially augmenting the photogenerated yield of H,O,.
Calculations on the transformation of O, at the oxide/lignin
interface revealed that the proton loss from the oxidized surface
during the redox process could be compensated by the reintro-
duction of protons and H atoms derived from lignin. In all
configurations, sodium ions were found to be adsorbed above
the oxide surface, in close proximity to the oxygen molecule.
After simulating the departure of the ions, the HO, complex
demonstrated stability, indicating that following proton trans-
fer to the oxygen molecule, the cations could stably accumulate
on the negatively charged surface of the oxide (Fig. 10f). Wang
et al' synthesized an efficient photocatalyst for PHP in
natural seawater by anchoring cobalt (Co) single atoms onto a
two-dimensional sulfur-doped graphitic carbon nitride/reduced
graphene oxide (Co-CN@G) heterostructure. This unique
single-atom heterostructure leveraged the photothermal effect
to suppress the recombination of photogenerated charge car-
riers and accelerate reaction kinetics. Photogenerated electrons
on Co-CN@G were transferred to the antibonding orbitals of O,
through robust electronic coupling with Co atoms, promoting
O, activation and protonation, thereby reducing the energy
barrier for H,0, generation. Zhang et al.'*® proposed utilizing

This journal is © The Royal Society of Chemistry 2024
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mechanism of H,O, photoproduction by PM-CDs-30 in seawater.!? (c)
The H,0, photoproduction by PM-CDs-30.? (d) Photocatalytic H,O,
production using the LBOB catalyst using various acids, NaOH, and
ethanol.**® (e) Photocatalytic H,O, production using the LBOB catalyst in
real seawater containing different concentrations of H,5SO,4 and NaOH.**
(f) The mechanism through which O, is evolved into H,O, by adding two
electrons to the BiOBr interface in the presence of Na' ions (blue
spheres)*® (g) The schematic of in situ TPV test under different
atmospheres. 18 (h) Interaction diagram of Mg?*, Ca*, K*, Na* and A3+ 118

silver quantum dots for the photocatalytic synthesis of H,O, in
seawater. The decomposition of the resulting *OH radicals
enhanced the inactivation efficiency of marine microorganisms
in seawater from 72.3% to 99.4%, thereby expanding the
application of photocatalytic technology in the field of marine
antifouling. Similarly, Zhang et al.''® developed TiO, quantum
dot loaded g-C3N, nanosheets, which, leveraging the positive
role of salt ions, demonstrated efficient H,O, generation in a
seawater environment. Wang et al."'” anchored Au covalently
onto NisP, to create an active and durable photocatalyst for
H,0, synthesis from real seawater. The modification with
plasma Au significantly suppressed charge carrier recombina-
tion, and halide ions in seawater facilitated the generation of
H,0,.

In the intricate natural water systems, researching photo-
catalytic mechanisms presents a formidable challenge. Li
et al.'*® were the first to employ transient photovoltage (TPV)
technology (Fig. 10g) to investigate the effects of metal ion types
and concentrations on the H,0, yield in photocatalysts pre-
pared from quercetin and methylene blue, known as CQM. By
analyzing the TPV curves, which reveal the surface effective
electron count (the higher the photovoltage intensity, the
greater the number of electrons collected by the ITO electrode),
they determined the contribution of different ions to the
hydrogen peroxide yield as follows: Mg>* > AI’* > Ca®" >
K'. SHapley Additive exPlanation (SHAP) analysis further indi-
cated that interactions between metal ions could enhance the
yield of H,0, (Fig. 10h). Guided by predictions from machine

This journal is © The Royal Society of Chemistry 2024
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learning (ML), the H,O, yield in actual seawater systems
could reach 11306 pmol g~' h™' with CQM. This offers a
promising strategy for investigating the mechanisms of photo-
catalytic hydrogen peroxide production in natural water sys-
tems and guiding the design, selection, and optimization of
photocatalysts.

The PHP process in microdroplets

Microdroplets, tiny liquid droplets ranging in size from micro-
meters to millimeters, have garnered attention due to their
high surface-to-volume ratio.""® The air-water interface of
microdroplets exhibits unique physicochemical properties,
including enhanced electric fields, localized solvation effects,
and reduced reaction activation energies,"*°'** which are
considered pivotal factors in accelerating chemical reaction
rates within microdroplets and promoting spontaneous
reactions.">*"*°

Li et al.'® leveraged the properties of microdroplets to
significantly enhance the separation efficiency of limited elec-
tron-hole pairs and the slow charge transfer efficiency at the
semiconductor-solution interface during the photocatalytic
process. They employed a sonochemical precipitation method
to synthesize various photocatalysts and generated microdro-
plets with diameters ranging from 100 to 500 micrometers on
superhydrophobic quartz chips (Fig. 11a—c). The study revealed
a substantial increase in H,0, production within the micro-
droplets compared to the bulk-phase solution, attributed to the
enhanced O, availability in the microdroplets (Fig. 11d). Micro-
Raman spectroscopy analysis unveiled the reinforcement of the
interfacial electric field in the microdroplets facilitates the
separation of photogenerated charges and promoting the PHP
process (Fig. 11e). Moreover, the size of the microdroplets is a
principal factor affecting the PHP process. As microdroplet size
decreases, the photocatalytic decomposition of H,0, intensi-
fies. Microdroplets exceeding 300 pm in diameter show a
positive cumulative H,0, concentration following 1 hour of
light irradiation, in contrast to smaller microdroplets, which
exhibit a negative cumulative concentration (Fig. 11f). Addi-
tionally, the enhanced solvation at the interface reduced the
reaction energy barrier, further facilitating the production of
H,0,. Moreover, Feng et al.'®® achieved synergistic hollow
reactions (internal) and microdroplets (external) enrichment
of O, by combining the confined catalysis of ZnCdS@PDA with
microdroplets, thereby enhancing the effectiveness of O,. Simi-
larly, the exceptionally high interfacial electric field within the
microdroplets further improved the efficiency of electron-hole
separation. This concept offers a highly effective approach to
accelerate chemically confined gas diffusion in liquids.

Employing microdroplet systems presents a very direct
method for augmenting the yield of H,0,. To broadly apply
the PHP in microdroplets on an industrial scale, an innovative
continuous gas spray technique is considered."®” This method
involves a top-down approach, where a stream of air or oxygen,
after undergoing humidification, is used to atomize the

Energy Environ. Sci., 2024, 17, 6482-6498 | 6493
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Fig. 11 (a) Photos of ink-jet printing system for generating microdroplets
with a specific diameter. The inset in (b) is the water contact angle (CA) of
the superhydrophobic quartz wafer.*?” (c) The image of an microdroplet
array with a uniform diameter.*?’” (d) Photocatalytic H,O, production in
microdroplets and bulk solution under different reaction atmospheres.*?”
(e) Raman spectra of v(C=N) measured in different regions of micro-
droplet. The inset is the detected regions.'?” (f) Photocatalytic H,O,
decomposition efficiency and the concentration changes in microdroplets
of different sizes under an air atmosphere.*?” (g) The schematic illustration
of the fabrication of an array of stabilized water microdroplets and time-
lapsed FL imaging of spontaneous H,QO, generation.*?® (h) Proof of the
essential role of H,O, and HRP in AR to RSF fluorescence conversion.'?°

photocatalyst solution into uniform microdroplets. These
microdroplets are then evenly dispersed within the reactor,
capturing ambient light to enhance the PHP process. The
resulting mixture can either be processed further or directly
filtered for immediate use, presenting an effective method for
wastewater treatment and disinfection. This approach is parti-
cularly advantageous in areas with abundant sunlight and
limited rainfall.

Moreover, Zhou et al.'*® developed a powerful tool for
deciphering the microscopic chemical mechanisms within
microdroplets. They fabricated stable and geometrically custo-
mizable water microdroplets utilizing micropore confinement
and non-volatile oil encapsulation techniques (Fig. 8g). By
innovatively employing a horseradish peroxidase (HRP) red
fluorescent probe system sensitive to H,0,, along with delayed
in situ fluorescence imaging technology, the continuous, real-
time monitoring of H,0, molecules within singular water
microdroplets was achieved (Fig. 8h). Introducing such techni-
que into the PHP process in microdroplets facilitates a pro-
found comprehension of the mechanisms, laying a foundation
for future applications.

Summary and outlook

In recent years, significant advancements have been achieved
in the study of the PHP process in pure water, the coupling
systems, natural water, and microdroplets. Nonetheless, PHP
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research is still in its early phases, with the current H,0, yield
remaining relatively limited, highlighting a substantial gap in
readiness for large-scale applications. Consequently, further
efforts are imperative to realize the practical deployment of
the PHP process. Below, we summarize the key challenges for
future research in this field and proposed potential solutions.

Photocatalysts play a pivotal role in the PHP process. Enhan-
cing the efficiency of photocatalysts and extending their life-
span are critical issues. Currently, under pure water conditions,
photocatalysts exhibit a maximum SCC efficiency of approxi-
mately 1%, and most evaluations are of short duration, offering
limited insight into long-term stability. Testing multiple
indices such as H,0, yield, AQY, and SCC efficiency under
uniform conditions (including light intensity, light area, testing
time, temperature, photocatalyst mass and reaction liquid
volume) over a long period will be more conducive to evaluating
the performance of the photocatalyst. Combining short-term
repeated tests with long-term real-time tests will also be more
beneficial for assessing the stability of the photocatalyst. In
terms of photocatalyst design, strategies such as morphology
control, functional group modification, doping, the construc-
tion of D-A structures, and heterojunctions have the potential
to effectively promoting the generation of H,0,. Moreover, in
the pathway of H,0, generation, electrocatalytic methods
resemble photocatalytic ones, with the primary distinction
being the source of electrons. During photocatalysis, semicon-
ductor materials are excited by light, leading to the separation
of electron-hole pairs, which then engage in redox reactions
upon contact with water and oxygen. In contrast, during
electrocatalysis, an external power source supplies the elec-
trons, with electrolytes and oxygen undergoing redox reactions
near the electrodes. Thus, the insights garnered from catalyst
design in electrocatalysis can be intertwined with those from
photocatalysis to develop more efficacious photocatalysts.
Photocatalysts capable of effectively integrating the direct 2e™
ORR and 2e” WOR are anticipated to exhibit exceptional
performance and stability.

Further investigation on the mechanism of the PHP process
requires more sophisticated characterization and computa-
tional methods. Current studies employ photoluminescence
spectroscopy (PL), time-resolved photoluminescence (TRPL) to
evaluate carrier dynamics, electron spin resonance (ESR)
to confirm the presence of active intermediates, and X-ray
photoelectron spectroscopy (XPS) to detect surface active sites.
However, these methods do not provide direct evidence of
charge separation and migration. Most research is limited to
analyzing the relationship between charge migration and
design structure through DFT calculations. Introducing in situ
techniques (i.e. in situ electron microscopy and in situ X-ray
absorption fine structure), quantitative isotope labeling, and
spatiotemporal resolution techniques can more accurately elu-
cidate the charge transfer dynamics in H,0, generation. Com-
bining DFT with the Hubbard correction (DFT+U) and
other theoretical calculation methods to study structure and
electronic properties can facilitate the development of efficient
photocatalysts.

This journal is © The Royal Society of Chemistry 2024
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Simplifying the preparation process and reducing the cost of
photocatalysts represent critical research directions. The synth-
esis of photocatalysts often necessitates high temperatures,
long reaction periods, or the use of toxic organic solvents,
and lacks a scalable approach for large-scale fabrication. There-
fore, identifying a scalable, economical, and environmentally
friendly synthesis pathway is imperative. Methods such as sol-
gel and microwave-assisted synthesis, which are characterized
by their mildness or rapidity, should be extensively explored.
Concurrently, efforts should be devoted to minimizing the cost
of raw materials while ensuring the photocatalysts maintain
high performance.

In the development of environmentally friendly, energy-
efficient, and sustainable PHP processes, a key focus should
be on harnessing the potential of natural water sources and
atmospheric oxygen. Additionally, the innovation and optimi-
zation of efficient reactor systems play a crucial role in advan-
cing the efficacy and sustainability of the PHP process.
Integrating these elements can pave the way for a more envir-
onmentally conscious and energy-efficient approach to the PHP
process, ensuring its long-term viability and impact in various
applications.
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