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Green organic conversion with H,0,: challenges and op-

portunities

Xiaoming Xu'?, Yuanming Zhang'~, Yong Chen3, Changhao Liu'?, Yang Li'?, Zhonghua Li'?, Zhetong Yang'?,

Zhaosheng Li'?"® and Zhigang Zou'*?

Hydrogen peroxide (H,0,), as a green oxidant, plays an import-

ant role in organic conversion reactions, such as cyclohexanone
ammoximation and olefin oxidation. However, the production of caBoo 645
H,0, relies on the anthraquinone process, which is costly, com-
plex, and typically done on clustered production. Furthermore,
H,0, is prone to decomposition or the generation of ineffective
byproducts and unfavorable reactive groups, leading to low effi- Hydrogen
ciency and waste of resources. Achieving the widespread applica-
tion of H,0, in green organic conversion reactions requires effi-
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cient utilization and low-cost on-site production of H,0,. Effect-

ive activation of H,0, is the key to realizing efficient utilization of H,0,, which has been widely recognized. In addition,
some emerging methods of on-site production of H,0, are convenient and low-cost. These methods may gradually over-
come the shortcomings of traditional methods in the future. In this review, we introduce common organic conversion re-
actions with H,0,, summarize the challenges of H,0, activation, and review the progress on electrochemical, photoelec-
trochemical or photochemical H,0, production. We also discuss the vision of organic conversion reactions via in-situ-

generated H,0,.

n modern chemical industry, the production of chemic-

als involves a variety of chemical reactions, and more

than 50% of chemicals require oxidation reactions.!'-3]
H,0,, as a green and low-cost oxidant, has a wide range of ap-
plications in chemical synthesis, including driving the cyclo-
hexanone ammoximation, the epoxidation of olefins, the ox-
idation of alcohols, and the conversion of olefins to alde-
hydes and so on.[* 567,68 The H,0,-mediated reaction meth-
ods show the advantages of environmental friendliness and
process simplification. However, in these reactions, the H,0,
is mostly produced by the anthraquinone process,®! which
suffers from low hydrogenation efficiency, complex process,
high consumption, low single-unit yield, and limitations of
clustered production, making the widespread application of
H,0, extremely difficult and expensive. Furthermore, the util-
ization efficiency of H,0, is limited by its concentration de-
pendence and ineffective decomposition and evolution, res-
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ulting in energy waste and low reaction efficiency. Therefore,
achieving low-cost on-site production and effective utiliza-
tion of H,0, has become the focus topic.

Activation of H,0, molecules is the core of efficient utiliza-
tion of H,0,. In most reactions, H,0, itself or activated free
radicals and non-radical reactive species act as oxidants, driv-
ing the oxidation reaction of organic molecules.” 8 The pro-
duction of reactive species requires an activation process in-
volving electron transfer and chemical bond breaking.®! This
process determines the production rate and type of active
species, which not only affects the efficiency of organic con-
version reaction, but also decides the selectivity of products.
Therefore, extensive researches on effective activation
strategies of H,0, molecules are extremely necessary. Re-
cently, many H,0, production processes (electrochemical,
photoelectrochemical or photochemical methods) can be
achieved through oxygen reduction reaction (ORR) or water
oxidation reaction (WOR) in a simpler reaction system using
re-generated light or electric energy. These methods have at-
tracted wide attention due to their advantages of simple pro-
cess, single product and low cost, and created the possibility
of replacing anthraquinone method to produce H,0, on site
with low energy consumption.l'% 11 Furthermore, in-situ gen-
eration of H,0, has been proposed, directly participating in
the conversion of organic molecules,!'? '3 avoiding the com-
plex purification and other multi-step process of H,0,, and
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achieving more direct and efficient application of H,0,. These
studies and strategies provide creative development ideas for
the application of H,0, in green organic conversion, but they
also face many significant challenges and opportunities.

In this review, we will discuss the organic conversion reac-
tions with H,0,, the challenges and opportunities of H,0, ac-
tivation studies, new advances in the efficient H,O, produc-
tion, and the prospects of organic conversion reactions via in-
situ-generated H,0,.

H,0,-mediated organic conversion reaction

Cyclohexanone ammoximation

Cyclohexanone ammoximation (Figure 1a) is a crucial step
in the production of caprolactam.’! Caprolactam is mainly
used to produce polyamide chips (nylon-6 chips) by polymer-
ization, which can be further processed into nylon fibers, en-
gineering plastics, plastic films, and other products. In the
1980s, Marko et al.l'l developed a cyclohexanone ammoxim-
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ation process using H,0, as an oxidant (TS zeolite as a cata-
lyst and NHj as a nitrogen source) to achieve high conversion
and selectivity under mild reaction conditions. The conver-
sion rate of cyclohexanone was above 99.0%, and the se-
lectivity of cyclohexanone oxime was higher than 98.2%.5!
This has led to extensive attention and research on the H,0,-
mediated organic conversion process.['5]

Oxidation of alkenes

The hydrogen peroxide propylene oxide (HPPO) is con-
sidered a new green process for producing propylene oxide,
which is an environmentally friendly and clean production
system.l] This process uses titanium silicalite-1 (TS-1) as a
catalyst to promote the epoxidation reaction of propylene
with H,0,, resulting in the formation of water and propylene
oxide (Figure 1b).'¢! Since 2008, the HPPO process has
demonstrated high efficiency, with an annual production ca-
pacity of up to 300,000 tons of propylene oxide and a se-
lectivity of 95%.1'71 This has also led to extensive attention on
the H,0,-mediated oxidation of alkenes.
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Fig.1 aReactions involved in cyclohexanone ammoximation methods.”! Copyright 2021, Elsevier. b Industrial processes for propylene oxide
production through the hydrogen peroxide propylene oxide (HPPO) process. ¢ A plausible reaction pathway for the epoxidation of styrene. d
Production of adipic acid with H,0,.123! Copyright 2006, John Wiley and Sons. e Selective oxidation of (E)-cinnamyl alcohol with H,0, using con-

tinuous flow reactors.”?®! Copyright 2021, Royal Society of Chemistry.

Oxidation of styrene

Styrene oxide is an important organic molecule widely
used as an epoxy resin diluent, UV absorber, fragrance enhan-
cer.'8 In traditional processes, styrene oxide is produced by
dehydrochlorination of styrene chlorohydrin under strong al-
kaline or acidic conditions.['® However, the use of harmful
chemicals generates a large amount of corrosive and hazard-
ous waste, causing environmental pollution. Therefore, the
use of transition metal catalysts with hydrogen peroxide as an
oxidizing medium has gradually replaced the traditional syn-
thetic route for producing styrene oxide (Figure 1¢).2% In the
H,0,-mediated epoxidation process, the properties of cata-
lysts and related reaction parameters determine whether it
evolves into a styrene oxide or benzaldehyde through super-
oxide or hydroxyl radicals.!8 20-22]

Preparation of dicarboxylic acid by olefin cleavage
Dicarboxylic acid is an important raw material for the pro-
duction of polyester and polyamide, and has been widely
used in various fields such as fiber, lubricant, pharmaceutical,
pesticide, cosmetic, and plasticizer manufacturing.l'”; 23, 241
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The H,0,-mediated C=C bond cleavage reaction (Figure 1d)
generates various oxygen-containing compounds depend-
ing on the functional groups (ketones, aldehydes, and
carboxylic acids) carried by the double bond and the experi-
mental conditions. In this type of reaction, transition metal
catalysts receive more attention mainly because they typic-
ally have unsaturated electronic structures that are more eas-
ily coordinated with H,0, molecules, forming highly active
complexes to increase the activation efficiency of C-C double
bonds.'7- 231 Timofeeva et al. obtained yields of 18% and 33%
for adipic acid by H,0, oxidation cracking of cyclohexene us-
ing transition metal silicate Ti-MMM-2 and Ce-SBA-15, re-
spectively.l24

Oxidation of alcohol

Selective oxidation of alcohol to their corresponding alde-
hydes or esters is one of the most important conversions in
the synthesis of various fine chemicals.[25 26,69, 701 Although
H,0, is a clean oxidant, it easily leads to the overoxidation of
alcohols to form acids.l2”] Therefore, appropriate catalysts are
required to regulate the reaction process. Kon et al. used a
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catalyst consisting of Pt dispersed on SiO, to achieve a con-
version rate of more than 95% of (E)-cinnamyl alcohol to (E)-
cinnamaldehyde (Figure 1e).28! Wang et al. demonstrated
that a single-atom cobalt compound supported by a pure in-
organic ligand, (NH,)5[CoMogO;g(OH)s] (abbreviated as
CoMog), can serve as a heterogeneous catalyst. Under mild
conditions with 30% H,0,, the oxidation cross-esterification
of various alcohols (aromatic and aliphatic) can be achieved.[29!

Effective activation of H,0, molecules

In most organic reactions where H,0, serves as the oxidant,
the true active species may be H,0,, *OH, *O,~, or '0,. [% 20, 30]
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The activation of H,0, involves various configuration adsorp-
tion, bond stretching, and electron transfer processes. Inter-
mediate species often play a key role in these processes. They
may be influenced by the local structure and charge distribu-
tion of active centers, altering the rate of H,0, activation, reg-
ulating the activation pathway, and controlling product se-
lectivity.[?! In addition, the interaction between active oxygen
species and organic molecules determines the reaction rate
and product selectivity. For example, in the oxidation of
styrene, *O,~ radicals induce the formation of styrene oxide,
while *OH radicals induce the formation of benzaldehyde
(Figure 2a).81 And the oxidation of benzyl alcohol is more se-
lective to benzaldehyde products under the induction of <O~
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Fig. 2 a Reaction paths of styrene under different oxygen radicals. b Possible pathways for oxygen transfer to CyH from peroxo and hydrop-
eroxo species in transition-metal-substituted polyoxometalates. ¢ Calculated potential free-energy profile (kcal mol™) for cyclohexene epoxid-
ation with H,0,.132 Copyright 2019, American Chemical Society. d Experimental and calculated solid-state 7O NMR spectra. e Calculated en-
ergy surface of propylene epoxidation at a dinuclear Ti site (electronic energies are given in kcal mol=").”? Copyright 2020, Springer Nature.
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radical or '0,, while the selectivity for benzoic acid is more
prominent under the induction of *OH radical. Therefore, to
effectively activate H,0,, it is necessary not only to focus on
its activation rate but also to control its activation products.
Identification of catalytic active centers and visual detection
and regulation of activation path will determine the utiliza-
tion efficiency of H,0,.

Identification of catalytic active centers

In the reaction systems of classic catalysts such as Lindqvi-
st-structured tungstate and TS-1, in which H,0, directly partici-
pates in the reaction as oxidizing species, the understanding
of the active sites that truly activate H,0, is still limited.[7. 31.321
Recently, Carbo’s group discovered that M-substituted tung-
state (M: Ti, Nb, Zr, etc.) with Lindqvist structure formed new
active metal sites with M metal, showing higher catalytic
activity and selectivity in the epoxidation of cyclohexene (Fig-
ure 2b).B1. 321 MW; or its hydrolysate “MOH" interacted with
H,0, to produce protonated peroxide species “MOOH" (Fig-
ure 2¢). Then, the electrophilic oxygen atom transfered from
“MOOH" to the C-C bond, generating epoxy compounds and
“MOH". Moreover, it has long been believed that the catalytic
performance of TS-1 is attributed to isolated Ti (IV) sites with-
in the zeolite framework, but this has not been confirmed.
Combining spectroscopy and microscopy, Copéret’s group
found that bridging peroxo groups were formed on the bi-
nuclear Ti site after contact with H,'70, (Figures 2d).”! In addi-
tion, the synergistic effect between the two Ti atoms enabled
the epoxidation of propylene to proceed through a low-en-
ergy reaction pathway with a key oxygen transfer transition
state similar to the peracid epoxidation of olefins. This con-
firms that the high efficiency of TS-1 in the catalytic epoxida-
tion of propylene with H,0, is due to the binuclear Ti atoms,
rather than isolated Ti atoms, obtaining a novel interpreta-
tion of the real catalytic active center (Figure 2e).

“H,0, — *"HO - OH(TS) — *OH — -OH )
“H,0, —* H— OOH(TS) — *O0H — -OH )

Visual detection and regulation of activation path

Due to the extremely short lifetime of intermediate species
and the difficulty to track and detect, the processes of H,0,
activation to produce *OH, *O,~, and '0, are largely speculat-
ive. Among them, there is a controversy over the formation
pathway of the *OH radical, which could occur through either
HO-OH (TS) (Equation.1) or H-OOH (TS) (Equation.2) medi-
ation.[® 33,34 Traditionally, it was believed that H,0, was activ-
ated through the HO-OH (TS) pathway.33! Recently, our group
utilized in situ shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) technology, combined with isotope
labeling and density functional theory calculations (Figures
3a, 3b and 3c), to demonstrate the essential formation of
*OOH and *OH species in H,0, activation progress on the sur-
face of YFe0;.1 H,0, formed a single oxygen adsorption con-
figuration on the Fe site, which led to the cleavage of H-O
bond to form *OOH (Figures 3d and 3e). Subsequently, *OH
species were formed through electron transfer and O-O bond
cleavage (Figures 3f and 3g). We confirmed the existence of
the H-OOH (TS) mediated pathway to distinguish the contro-
versy and proposed to accelerate the activation process of
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H,0, by regulating the surface charge (Figure 3h) and local
structure (Figure 3i) of YFeO; catalysts. Therefore, visualiza-
tion of activation process can provide guidance for the design
of efficient catalysts. H,0,, *OH, *O,~, and '0, have different
oxidation abilities, which means that they can induce differ-
ent products in organic reactions. However, achieving con-
trollable selection of H,0, activation products (*OH, <O, or
10,) is a key challenge. Zhang's group achieved effective con-
trol of *OH and +O,~ by loading single-atom layer Cus nano-
clusters onto the surface of FeS,.351 Pan’s group realized con-
trollable selection of *OH and '0, by using a C nanotube-con-
fined Fe,0; system.B® Xing's group constructed a
CoFe,04/MoS, heterostructure, which decomposed H,0, to
generate *OH with limited migration distance, leading to the
formation of '0,.371

Low-cost on-site production of H,0,

The production process and equipment for anthraquinone
synthesis are complex and more suitable for large-scale pro-
duction.['% This process may generate a large carbon foot-
print and organic waste, and centralized H,0, production re-
quires transportation and storage of unstable and hazardous
bulk H,0, solutions. The electrochemical, photoelectrochem-
ical or photochemical methods, using renewable electric or
solar energy as inputs, provide an economic and green path-
way for on-site H,O, production.[38-40]

O, + 2H' +2e” — H,0, E(0;/Hy0,)=+0.68 Vvs. RHE (3)

2H20 — HzOz +2H* +2e” E(HzO/HzOz) =+1.77 V vs. RHE
“

2H,0 - O, +4H" +4e~ E(02/H,0)=+1.23 Vvs. RHE (5)

Equations (3+4): 2H,0 + O, — 2H,0; (two-electron progress)
(6)

Equations (3+5): 2H,0 + O, — 2H, 0, (four-electron progress)
(M

0,+¢” —-0; E(0y/-0;)=-033V vs. RHE (®)
.0y +2H" +¢” - Hy0, E(-0;/H,0,)=+144V vs. RHE (9)

Electrochemical and photoelectrochemical H,0, pro-
duction

The reaction system for electrochemical and photoelectro-
chemical H,0, production is based on either the two-elec-
tron process (Equations 3,4 and 6) or the four-electron pro-
cess (Equations 3, 5 and 7), mainly via the cathodic ORR or the
anodic WOR in Figures 4a and 4b.138 41 The four-electron pro-
cess requires twice the amount of photons/current to pro-
duce the same amount of H,0, as in the two-electron pro-
cess.38 Recent studies by Hu et al. showed that, in the ab-
sence of anodic water oxidation for H,0, production, only
H,0, produced via cathodic ORR can serve as a reducing
agent and be consumed in the anodic oxygen evolution reac-
tion (OER).'" Therefore, the two-electron process may be su-
perior to the four-electron process, arousing increasing in-
terest in finding selective 2e~-ORR catalysts. The selectivity for
H,0, production via ORR (Equation 4) is related to the ability
of the intermediate OOH* species to adsorb on the catalyst
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a Schematic of shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) detection process. b SHINERS spectra of isotope

labelling. ¢ The correlated Raman frequencies of the Fe-O stretching vibration for Fe-OOH species (grey: H, red: O, blue: Fe and yellow: Y).
d SHINERS spectra in different systems. @ SHINERS spectra in the decomposition process of H,0, as a function of time. f The possible mechan-
ism for the activation process of H,0,. g Electron transfer process in the formation of *OH by H,0, activation. h The different charge densities
of *OOH adsorbed on YFeOs (left) and Ti-YFeOs (right). i The corresponding integral crystal orbital Hamilton populations (ICOHP) in YFeO5;-OOH

and Ti-YFeO5-OOH.”! Copyright 2022, National Academy of Science.

surface, and this issue has received broader attention.[*2 In
the 1930s, Berl first reported the small-scale on-site H,0O, pro-
duction route via the electrochemical 2e~-ORR.M3! Until to
2019, Wang'’s group reported the design of a porous solid
electrolyte that delivered independent H, and O, flows to the
electrode catalysts coated with gas diffusion layers (GDLs) for
the H, oxidation reaction (HOR) and 2e=-ORR processes (Fig-
ure 4c), respectively. The generated H* and HO,~ ions
crossed from the positive and negative electrodes in the in-
termediate layer, and the catalyst activity and selectivity can
be maintained for 100 hours (Figure 4d). The flowing deion-
ized water can dissolve pure H,0, products, yielding a pure
H,0, solution with a concentration of up to 20 wt%. This
breakthrough has attracted widespread attention in the aca-
demic community. Wu et al. discovered that cationic surfact-
ants can effectively serve as in situ kinetic promoters for the
oxygen-peroxide reaction on carbon black electrodes (Figure
4e). In alkaline media, within a window of 0.8 V, the peroxide
yield reached over 90% (up to 95.2%), achieving the best
H,0O, electrocatalyst at that time (Figures 4f).*5] Close to

230011 (Page 5 of 10)

(~90%) selectivity can also be achieved by photoelectrochem-
ical methods. Recently, Zhang et al. thermally annealed met-
al-doped hematite mesocrystals at relatively low temperat-
ures and in air, eliminating grain boundaries and obtaining
many oxygen vacancies in the bulk. This resulted in the effect-
ive separation of the dopant (~90%) on the outer surface,
forming an oxide coating. High activity (~0.8 pmol min~!
cm~2) and selectivity (~90%) for photoelectrochemical H,0,
production were achieved by hematite mesocrastic photoan-
odes containing Sn and Ti dopant oxide coatings.’" To date,
many types of efficient catalysts and reaction devices have
been researched and designed, making electrochemical and
photoelectrochemical H,O, production a possible route for
industrial applications. ¢!

Photochemical H,0, production

Photochemistry is a promising approach for producing
H,0, through the input of light energy, which is more envir-
onmentally friendly and sustainable.39 However, this process
is faced with challenges such as low reaction efficiency. The
photocatalytic system relies mainly on two electron pro-

Energy Lab 2024, 2, 230011
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Fig.4 a Schematic illustration of H,0, production in a half-reaction achieved by water oxidation and oxygen reduction.?8! Copyright 2020,
John Wiley and Sons. b Schematic illustration of ORR and WOR pathways.*% Copyright 2022, Elsevier. ¢ Electrochemical of H,0, production us-
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ity modulation by surface-acting cations at the carbon surface. f Comparisons of peroxide selectivity and potential window width among re-

ported electrocatalyst systems.[*>! Copyright 2020, Elsevier.

cesses. Photo-generated electrons participate directly in the
ORR via proton-coupled electron transfer, while photo-gener-
ated holes react with electron donors to provide protons. The
two-electron process occurs mainly through direct two-elec-
tron mechanisms (Equation 3) or intermediate mechanisms
involving O, (Equations 8 and 9).4”) Direct two-electron ORR
pathways (+ 0.68 V vs. normal hydrogen electrode) are ther-
modynamically more favorable than indirect double-electron
pathways (— 0.33 V vs. normal hydrogen electrode) as shown
in Figure 5a. However, the indirect ORR process is kinetically
favored because only one electron is required in each step
(Figure 5b). This also leads to lower H,0, formation efficiency
in the indirect ORR process mechanism. The choice of pho-
tocatalysts is critical for addressing these challenges. Re-
cently, new types of coordination compounds with two- or
three-dimensional structures, such as metal-organic frame-
works and covalent organic frameworks,[“7-49 have been ex-
tensively studied due to their excellent photocatalytic activ-
ity. Zhu's group reported a self-assembled tetra (4-
carboxyphenyl) porphyrin (SA-TCPP) supramolecular pho-
tocatalyst can produce H,0, through reactions at different
active sites (Figures 5¢).*81 As shown in Figure 5d, the
quantum efficiency of H,0, production from H,0 and O, un-
der 420 nm is 9.420%, while that under 940 nm is 1.940%. This
catalyst achieves an extremely high solar-to-chemical conver-
sion efficiency of 1.2% at 328 K under simulated solar light ir-

Energy Lab 2024, 2, 230011

radiation.

Organic conversions via in-situ-generated
H,0,

The low stability of H,0, and its tendency to rapidly de-
compose at relatively mild temperatures require the use of
stabilizers such as acetic acid and phosphoric acid.['2 501 The
reactor corrosion, catalytic instability, and the need to re-
move stabilizers from the product stream further complicate
the matters. In-situ-generated H,0, can participate directly in
organic conversion reactions, avoiding the aforementioned
issues and greatly enhancing its utility.l>" 52! In this system,
H,0, tends to be generated directly from H,/O,, with highly
effective Pd-based catalysts.[>31 Pd-based catalysts supported
on porous carriers are valuable industrial catalysts, such as Pd
nanoparticles-supported TS-1 used for epoxidation of propyl-
ene.P4 Au-Pd/TS-1 also exhibits high activity in selective oxid-
ation of benzyl alcohol and cyclohexanone ammoximation
via in-situ-generated H,0,.155 561

However, in the actual reaction system, the mismatch of
the optimal conditions between H,0, generation and organ-
ic conversion is a key challenge. For example, direct genera-
tion of H,0, is supported by acidic conditions and low ambi-
ent temperature, while the ammoximation of cyclohexanone
is associated with high temperature (80-140 °C) and the use
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of ammonia.57 In 2022, Lewis et al. used gold-palladium
(AuPd) alloy nanoparticles-supported TS-1 catalyst to achieve
cyclohexanone ammoximation reaction via in-situ-generated
H,0, (Figure 6a), obtaining high yield cyclohexanone oxime
with the selectivity >95%, which is comparable to the current
industrial route (Figure 6b).'3] The above problems have
been effectively solved by unique catalyst structure. With this
catalyst, high oxime selectivity can also be achieved in a
series of other ketones, indicating the generality of in-situ
H,0, generation for oxime synthesis. Apart from significant
savings associated via in-situ-generated H,0,, if the lifetime
of 0.33%Au-0.33%Pd/TS-1 catalyst was comparable to that of
TS-1 reported in the current industrial route, it would result in
a cost reduction of 13% (assuming a catalyst lifetime of 2.3
years). The environmental and economic savings from this
development have shown us the potential of industrial or-
ganic conversions via in-situ-generated H,0,. Building on
this, they discovered that introducing low concentrations of
Pt into the AuPd nanoalloy can further enhance the catalytic
performance due to the combined effect of continuous Pd
clustering disruption and Pd oxidation state alteration.58] In
the oxidation of benzyl alcohol, Lyu et al. prepared a compos-
ite catalyst in which sub-nanometer Pd particles were encap-
sulated within the channels of hierarchically structured TS-1
(HTS-1).59 Using the in-situ-generated H,0, method,
Pd@HTS-1 can achieve a benzyl alcohol oxidation rate of
4268.8 mmol h=' kg.,' with near 100% selectivity towards
benzaldehyde. H,0, molecules produced on Pd sites can
overflow to the framework Ti#* site to form Ti-OOH active spe-
cies, selectively oxidizing chemisorbed benzyl alcohol to ben-
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zaldehyde.

Although these reaction systems have addressed the issue
of H,0,, the presence of H, poses inevitable safety concerns,
and catalyst deactivation may occur quickly.[9 Ko et al. de-
veloped an integrated photoelectrochemical multiphase
catalytic system that utilizes O, as the sole oxidant for the ep-
oxidation of propylene, combining a nanostructured photo-
catalyst (BiVO, or TiO,), an electro-catalyst consisting of atom-
ically dispersed Co-N, sites on carbon nanotubes (Co-N/CNT),
with a multiphase catalyst based on TS-1.161 The system al-
lowed the in-situ generation of H,0, from the photoelectro-
chemical ORR under light illumination, and enabled the dir-
ect epoxidation of propylene without H,, sacrificial agents, or
electrical energy. It enabled the stable production of propyl-
ene oxide (205 umol within 24 hours) with a selectivity over
98% (Figures 6¢ and 6d). These studies have made significant
advancements in the application of in-situ-generated H,0, in
organic conversion, but challenges remain in the long-term
catalytic activity and scalability for industrial applications.[62

Perspectives and outlook

Because the reactions involved are numerous and import-
ant, meanwhile new designs for producing H,0, and organic
reaction systems are increasingly approaching the needs of
industrial applications, energy-saving green conversion with
H,0, has great application prospects. However, there are still
some questions and expectations to be studied and realized.
Herein, we have presented our perspectives on the future de-
velopment of green organic conversions with H,0,:

(1) The activation pathway of H,0, can directly affect the

Energy Lab 2024, 2, 230011
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efficiency and selectivity of organic reactions.[20-22] Because
the activation of H,0, may be influenced by multiple factors
such as reaction microenvironment and catalyst structure, to
date, we have not yet revealed the key factor that affects its
activation pathway, making it difficult to achieve precise con-
trol over its activation pathway.32 361 |n future research, emer-
ging operando-detection techniques such as operando-
SHINERS, operando-X-ray absorption spectroscopy (XAS), op-
erando-transmission electron microscope (TEM), can be intro-
duced to understand chemical bonds change, charge trans-
fer behavior, and other important processes. In addition, the
application of ultrafast spectroscopy techniques in this field
may avoid the influence of external inputs on the catalyst
structure or molecular chemical bonds in some in situ testing
processes,®3] in order to obtain a more realistic reaction in-
formation.

(2) In electrochemical H,0, production reactions, using
some practical equipment such as: gas-diffusion electrodes
and membrane electrode assemblies for electrochemical
H,0, production can provide data that better reflects indus-
trial conditions. 4 In addition, electrochemical H,0, produc-
tion usually requires high concentrations of electrolyte, but
separating H,0, from the electrolyte is a huge challenge.
Therefore, the development of electrolyte-free H,0O, produc-
tion process is an important direction. In the production of
high concentration H,0,, low selectivity and instability are of-
ten encountered.39 491 The competitive relationship between
H,0, production reaction and other reactions (OER and HER)
may be effectively improved by regulating the composition
and electronic structure of catalysts. On-demand production

Energy Lab 2024, 2, 230011

of H,0, and coupling of upstream and downstream reactions
can alleviate the transport and decomposition problems.[65] In
terms of this issue, the organic conversion reactions via elec-
trochemical in-situ-generated H,0, show significant poten-
tial.

(3) In photochemical and photoelectrochemical H,O, pro-
duction, bulk and surface charge recombination is the crucial
factor for low reaction efficiency.39 Due to the inherent prop-
erties, it is challenging for some metal oxide photocatalysts to
achieve efficient charge transfer.66! The study for novel pho-
tocatalyst materials with adjustable structures and broad
spectral absorption, such as MOFs and COFs, may also be in-
vestigated.¥”] In addition, although some oxygen species
have been detected in the reaction, whether they truly parti-
cipate in the reaction and their roles have not been clearly re-
vealed, which limits our understanding of H,0, formation. A
combination of operando-spectroscopy, nuclear magnetic
resonance and theoretical simulations etc. can be used to re-
veal the dynamic changes of reaction species and provide im-
portant guidance for catalyst design.

(4) In in-situ-generated H,0O, reaction system, the mis-
match between H,0, production rates and organic reaction
rates may lead to waste of raw materials and reduction of re-
action conversion efficiency.’”) Therefore, it is essential to op-
timize reaction parameters and optimal reaction conditions,
and meanwhile find the correlation between them. Currently,
whether catalysts can remain stable for thousands of hours to
meet industrial demands remains a challenge.62 Further-
more, safety issues from mixture of hydrogen and oxygen and
engineering challenges posed by the production on a large
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scale cannot be ignored, and it is necessary to focus on the re-
action under conditions closer to industrial-scale reaction sys-
tems. This system often requires mild reaction conditions,58 59
and how to extend this system to other important organic re-
actions under non-mild conditions will be a topic in expand-
ing this field.
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