#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online
View Journal | View Issue,

REVIEW

Semiconductor quantum dots: a versatile platform

i") Check for updates‘
for photoredox organic transformation

Cite this: J. Mater. Chem. A, 2023, 11,
Hui-Li Wu, Ming-Yu Qi, Zi-Rong Tang ® * and Yi-Jun Xu ®

Semiconductor quantum dots (QDs), as a newfashioned light-absorbing material with great promise in
artificial photosystems, generally exhibit attractive photoactivity and selectivity in organic photoredox
transformation thanks to their tunable redox potential, high-efficiency light harvesting capability, and
high extinction coefficient in the visible region. Utilizing QDs as a versatile platform to convert organic
compounds into value-added feedstocks provides an effective way to alleviate energy and chemical
feedstock supply problems. In this review, we concisely summarize the basic principles of photocatalytic
organic conversions over semiconductor QDs and the effects of grain size, surface active sites and

ligands on their catalytic performance. Then, we highlight the recent progress of QDs enabling
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Accepted 14th January 2023 multifarious photocatalytic organic transformations, including nitroaromatic reduction, selective alcoho
oxidation, sulfide oxidation, C—H functionalization and so on. In the end, we discuss the current

DOI: 10.1039/d2ta09423a challenges and future prospects in further developing efficient semiconductor QD-based photocatalysts
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1. Introduction

Organic synthesis chemistry plays a vital role in the manufac-
ture of bulk commodities and other fine chemicals, which
permeates people's daily life from chemical industry." Never-
theless, the traditional organic synthesis is typically accompa-
nied by the use of toxic or corrosive chemical reagents, which
have caused severe damage to the environment.** For example,
traditional industrial production commonly uses strong acids
or bases to synthesize important organic chemicals at high
temperature and pressure. The complex synthesis routes and
harsh operating conditions also limit the sustainable develop-
ment of traditional organic synthesis methods.>* By contrast,
the introduction of clean and renewable solar energy into
organic synthesis reaction systems promotes the rapid devel-
opment of photocatalytic organic conversion, which is
undoubtedly an environmentally friendly and promising
alternative.>®

Among a variety of common photocatalysts, metal complexes
(e.g, [Ru], [Rh] and [Ir]) and bulk semiconductors (e.g., TiO,,
ZnO and g-C3N,) are not ideal light absorbers for driving
organic transformation due to the limited photostability of
molecular species or the narrow absorption range of wide-
bandgap materials.”® In particular, some precious metal-
based photocatalysts, such as polypyridyl complexes of Ru(u),
Ir(ur), and Pt(u), are not well suited for industrial productions on
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toward photoredox-catalyzed organic conversion.

a large scale due to their limited practicability and high-energy
consumption.’ In comparison with other traditional semi-
conductor materials, semiconductor quantum dots (QDs) have
become one of the most promising candidate materials in
artificial photosystems by virtue of their wide absorption range,
high extinction coefficient, effective charge transfer and stable
photoactivity, providing a new versatile platform for photo-
catalytic organic synthesis.'® By adjusting the structure (size or
shape) or elemental composition of QDs, the redox potential of
QDs, that is the bandgap, can be customized for diverse pho-
tocatalytic reactions. Besides, QDs can not only achieve surface
functionalization through various organic or inorganic ligands
without modifying the spectral absorption range or the redox
potentials of the QDs, but also construct multifunctional het-
erostructure composites by surface assembly with other co-
catalysts and/or other semiconductor photocatalysts, thus
effectively regulating the photocatalytic performance for
organic synthesis.”***> In addition, The colloidal properties of
QD catalysts are conducive to the sufficient contact between
catalysts and substrates and promotes the transfer of charge
and energy, exhibiting the advantages of both homogeneous
and heterogeneous catalysts.'>**** The use of QD photocatalysts
for organic transformation has been increasingly studied in
recent years, because it opens up new and efficient pathways to
synthesize high-value-added chemicals. Accordingly, it is highly
desirable to afford an overview and detailed classifications of
current advances on a QD-based composite system for selective
photocatalytic organic synthesis.

Herein, we present a timely review to recap the recent
progress of semiconductor QD-based catalysts in various

This journal is © The Royal Society of Chemistry 2023
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photoredox organic transfoxrmations. First, we clarify the
fundamental principles of photocatalytic organic trans-
formation over QD-based catalysts. In this part, the exciton
generation, the formation of radical species and the influence of
surface-chemistry-modification on selective organic conversion
will be summarized. Later, we focus on the application of QD-
based catalysts in photoredox organic transformations of
various useful chemicals, which include nitroaromatic reduc-
tion, selective alcohol oxidation, C-H functionalization, sulfide
oxidation, biomass valorization, etc. Finally, we will discuss the
perspectives and possible challenges in photoredox-catalyzed
organic transformation with QD-based catalysts.

2. Basic principles of photocatalytic
organic synthesis of QD-based
catalysts

2.1 The generation of charge carriers

The photocatalytic redox process starts with the generation of
electron-hole pairs (charge carriers). Generally, after stimula-
tion of QD-based catalysts by solar energy, electrons and holes
can be simultaneously generated. On the one hand, the
photoexcited electrons can readily be transferred to the
conduction band (CB) for reduction reactions. On the other
hand, the photogenerated holes left in the initial valence band
(VB) can be used for oxidation reactions. Ideally, these photo-
excited charge carriers generated in the bulk phase will migrate
to the reactive sites on the surface to take part in the redox
reactions.'>'®

Typically, unlike bulk semiconductors (e.g., TiO,, WO3, and
g-C3N,) where a single incident photon produces only one
exciton pair (electron-hole pair), semiconductor QDs exhibit
unique properties in exciton generation due to quantum
confinement effects.””*® For example, as shown in Fig. 1a,
semiconductor QDs (especially PbTe, PbSe and PbS) are capable
of generating multiple excitons after the absorption of one high-
energy photon (hv > 2E,).">*' When excited by an absorbed
photon having energy more than twice their bandgap, semi-
conductor QDs may generate a pair of high-energy excitons, in
which the energetic electron in the CB releases partial energy
through impact ionization and falls back to the bottom of the
CB, thus generating more new excitons and achieving efficient
carrier multiplication to improve photocatalytic
performance.*** However, most single phase QDs have plenty
of defects on the surface and a fast recombination rate of charge
carriers, which is not favorable for improving the overall pho-
tocatalytic efficiency.”” Moreover, the colloidal QDs have a very
large specific surface area and many surface dangling bonds,
some of which will introduce a large number of trap states, thus
strongly localizing the photoexcited carriers and preventing
them from further taking part in surface chemical reactions.®
To overcome the above problems, a number of strategies have
been explored for constructing efficient QD-based composite
photocatalysts, which can better inhibit photogenerated charge
carrier recombination and promote more rapid charge
separation/transfer (Fig. 1b), such as combination with other
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Fig. 1 (a) Schematic diagram of multiple exciton generation (MEG).
Reprinted with permission from ref. 17. (b) Scheme of typical charge
transfer strategies for QD catalysts.

matched semiconductors, doping with anions and/or cations or
other heteroatoms, hybridization with suitable cocatalysts, and
modification with inorganic/organic ligands.***** Specifically,
composite semiconductors, modified ligands, and loaded ions
or atoms can all act as transporters of electrons or holes, and
the construction of heterostructures inhibits photogenerated
carrier recombination and prolongs the excited-state lifetime,
thus achieving efficient selective organic conversion.

2.2 The formation of radicals

During photocatalytic organic conversion, the highly energetic
charge carriers migrating from the catalyst phase to the surface
are transferred to organic substrates or the solvent environment
to induce the formation of reactive radicals, hence boosting the
performance of the photocatalytic system. Fig. 2 summarizes
the source and generation pathways of radicals in the organic
transformation reaction system. Ideally, organic substrates can
be directly activated by photoexcited catalysts via charge or
energy transfer to form corresponsive radical intermediates
which will further react to obtain target products with high
selectivity.***” For example, the C-H bond of benzyl alcohol is
oxidized to form a ‘CH(OH)Ph radical by the photogenerated
holes in the VB of CdS QDs after illumination. The unstable
'CH(OH)Ph radical which is strongly adsorbed on the bare CdS
QD surface can be further oxidized by the holes to produce
benzaldehyde. However, over the CdS QDs anchored onto TiO,
nanosheets, such a radical intermediate is directly coupled to
form C-C products with high selectivity thanks to the effective
transfer and accumulation of multiple electrons in the CdS/TNS
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Fig. 2 Illustration of radical sources in the photocatalytic reaction
system.

heterostructure.*® Additionally, the surface ligands of QDs can
also generate radicals, which will come into contact with
organic substrates to initiate redox reactions.* For instance, the
thiolate ligand attached to CdSe QDs generates a thiyl radical
which extracts the hydrogen atom from the C-H bond of benzyl
alcohol to produce a benzylic radical. Then, the benzylic radical
induced by the thiyl radical is disproportionated to benzyl
alcohol and benzaldehyde.* Furthermore, some radicals are
derived from the gas atmosphere or solution environment,
promoting the photocatalytic reaction indirectly as the active
species (Fig. 2). On one hand, solvent molecules in the liquid
phase can be activated to form radicals, such as water molecules
losing electrons to generate hydroxyl radicals ("fOH). On the
other hand, O, can be dissolved in the reaction solvent and is
more likely to capture electrons than H', generating superoxide
radicals ("O,7) readily in the catalytic systems with an O,
atmosphere.*>*

Some radical intermediates can be dynamically adsorbed on
the surface of QDs, and go through a radical mediated reaction
pathway to form a C-C/C-X bond (X = S, N, 0).*”*> Heteroge-
neous photocatalysis based on semiconductor QDs is a prom-
ising alternative approach for triggering radical coupling
reactions in C-C/C-X bond synthesis, which has emerged as
a hot direction in the photocatalysis research field because of its
excellent efficiency and convenience in generating a variety of
highly reactive radicals by transferring charges between organic
molecules and semiconductors.? However, it is extremely chal-
lenging to achieve the synthesis of a C-C/C-X bond on semi-
conductor surfaces by precisely controlling selective radical
bond formation, because semiconductors interact with photo-
generated radicals unselectively and radicals are only present in
certain and limited circumstances.** Among various regulatory
strategies, combining a semiconductor with a matched cocat-
alyst, such as a metal cluster or single metal atom, to realize
a solar-driven radical controllable reaction is a feasible
approach. Studies have shown that atomically dispersed cocat-
alysts have the merits of both homogeneous catalysts and
heterogeneous catalysts, including tunable interactions with
ligands, well-defined active sites, high stability and excellent
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recyclability.**** Particularly, these active sites with special
electronic structures and unsaturated coordination bonds exert
positive effects on the adsorption and activation of reactant
molecules.*****” At the reactive sites, atomically dispersed
cocatalysts can manipulate radical transformation for divergent
synthesis of target products.*?

2.3 The impact of surface chemistry in QDs

As shown in Fig. 3a and b, changing the size of QDs can facilely
regulate their band gap and the redox potentials of photo-
generated electrons and holes,**** which means that the
substrate distribution can be adjusted by regulating the organic
redox path. Fig. 3c depicts the approximate redox potentials of
several typical organic substrates. Theoretically, an organic
substrate can be oxidized by semiconductors with the VB
maximum higher than its redox potential or be reduced by
semiconductors with the CB minimum lower than its own redox
potential. Virtually, because of the external environment or
unfavorable dynamic, certain organic conversion reactions are
still challenging to take place under the bandgap-matching
semiconductor catalysis. Modulating the size of semi-
conductor QDs can effectively change the band gap width and
redox potential, thus increasing their thermodynamic feasi-
bility. Cd-rich semiconductor QDs based on III-VI elements are
known for their tunable band gap, and have a wider band gap
than bulk semiconductors (i.e., about 2.43 eV band gap energy
for bulk CdS and 2.65 eV for QDs) due to quantum confinement
effects.”>* Additionally, the surface properties of QDs can
significantly affect their exciton kinetics for the reason that the
surface atoms of QDs make up the majority of total atoms.**** In
particular, the spatially separated charge carriers can transfer to
the semiconductor QD surface independently, and ultimately
be captured by molecules adsorbed on their surface or transfer
to the reactive sites on the other semiconductors or
cocatalysts.>**’

In addition to QD size, ligand modification, surface recon-
struction, and the active sites also contribute significantly to the
promotion of photoredox organic transformation. The interac-
tion between QDs and electron donors/acceptors is enhanced by
plentiful surface sites, which encourage the interfacial charge
transfer rate of photocatalysis.”® Generally, QDs provide abun-
dant catalytic active sites and adsorption centers because of
their unique surface structural and adjustable atomic propor-
tions. Furthermore, the quantity of acceptor molecules adsor-
bed on the QD surface is positively correlated with the efficiency
of energy transfer. For example, QD gels, once deprived of the
surface ligands, exhibit superior photocatalytic activity due to
more exposed active sites which improve the probability of
reactant adsorption and promote charge transfer.®® On one
hand, constructing a great quantity of surface active sites is of
great significance for greatly improving photocatalytic organic
conversion, enabling effective reactants and adsorption rapid
charge transfer. On the other hand, the application of selective
organic conversion can be further expanded by surface struc-
ture reconstruction, such as changing the atomic composition
and introducing defect vacancies or cocatalysts.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Illustration of the relationship between the core size and band gap of CdS QDs. (b) Cyclic voltammograms (CVs) on CdTe QDs of
different sizes in methylene chloride. Scan rates were 100 mV s~ for all the cases. Reprinted with permission from ref. 50. (c) Approximate redox
potential of common chemical molecules. Reprinted with permission from ref. 3.

Additionally, organic/inorganic ligands of QDs have a deci-
sive influence on their surface properties, which can function-
alize the QD surface and regulate the charge transfer on
semiconductor QDs, thus improving the organic conversion
rate in photocatalysis.**»*>%-* The primary functions of ligands
include: (i) serving as a stabilizer to prevent quantum dots from
gathering, (ii) promoting exciton delocalization and inter-
particle charge transmission,*® (iii) establishing a stable
channel for electron transfer between catalysts and metal ions,
metal atoms, or other organic molecules,**” and (iv) modu-
lating the properties of catalysts through modification of the
surface chemistry.®®*7° Particularly, it has been shown that there
is efficient charge transfer between organic molecules and
surface ligands of QDs.”"”* For example, Weiss et al. constructed
hybrid monolayers of oleate and octyl phosphonate to make the
ligand shell of CdS QDs disordering. The unique ligand shell is
beneficial to facilitate the hole-transfer step which increases the
initial rate and enhances the energy efficiency of the C-C
coupled reaction.®* Studies have shown that the photocatalytic
performance of semiconductor QDs can also be greatly influ-
enced by the length, hydrophilicity/hydrophobicity, intrinsic
charge properties, and anchoring groups of surface
ligands.*>”*” For instance, a novel electron tunneling photo-
system using surface ligands as the charge transfer medium has
been reported. The ligands can not only induce electrostatic
self-assembly to construct composite catalysts, but also
precisely regulate the directional charge flow of photoredox
organic conversion.”” The surface of transition metal

This journal is © The Royal Society of Chemistry 2023

chalcogenide quantum dots (TMC QDs) is negatively charged
due to the deprotonation of carboxyl groups of mercaptoacetic
acid (MAA) ligands, while the surface of metal nanocrystals
(NYs) is positively charged because of partial protonation of the
exocyclic nitrogen atoms of 4-dimethylaminopyridine (DMAP)
ligands.”®”® The interfacial insulating electron tunneling layer,
which is composed of layered ligands on the surface of TMC
QDs (CdSe and CdS) and NYs (Pd and Au), is beneficial to the
unidirectional transfer of electrons from QDs to metal nano-
crystals, enhancing the carrier lifetime and promoting charge
separation.

3. Applications of QDs for
photoredox organic transformation

Under mild reaction conditions, using exhaustless solar energy
to drive selective photochemical reactions is an environmen-
tally friendly route that can be potentially applied in various
industrial organic transformation processes.””®' As one of the
semiconductor photocatalysts, semiconductor QDs are widely
used in photocatalysis such as CO, photoreduction, water
splitting, degradation of organic pollutants, and organic redox
reactions due to their inherent strengths in light absorption,
exciton generation, and carrier transfer.>****#* In this context,
the surface modification of QDs with different ligands**** and/
or suitable cocatalysts®**®” can effectively adjust the surface
composition and charge distribution of -catalysts, thus
improving the performance of photocatalysts and improving

J. Mater. Chem. A, 2023, 11, 3262-3280 | 3265
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the photocatalytic reaction efficiency.”” In this section, we will
focus on the recent advances of QD-based photocatalysts in
various photoredox selective organic transformation reactions.

3.1 Reduction of nitroaromatics

As a kind of indispensable organic intermediates, amino
aromatic compounds are used to prepare industrial products,
such as medicines, dyestuff, pesticides, and pigments,***° and
can be synthesized by photocatalytic reduction of different
nitroaromatics. Fig. 4 shows that amino aromatic compounds
can be synthesized by a direct method through intermediates of
N-phenylhydroxylamine and nitrosobenzene, or by the
condensation method through hydrazobenzene, azobenzene,
and azoxybenzene.”> Table 1 summarizes the recent applica-
tions for selective photoreduction of nitroaromatics over diverse
QD-based photocatalysts. Conventional reduction of nitro-
aromatics usually involves reducing nitroaromatic compounds
to amines by a mild and efficient method with viologens as the
electron-transfer catalyst along with the generation of by-prod-
ucts.” CdS QDs sealed with mercaptoethylamine hydrochloride
(MEA) have been reported to be effective in reducing aromatic
nitro compounds to the corresponding aromatic amines
without generating the by-products from carbonyl and cyano
functional group reduction on the aromatic ring.** To further
explore the underlying mechanism of aromatic nitro reduction,
Weiss's group reported that benzylamine (NB) can be reduced to
aniline (NA) over CdS QD photocatalysts through six sequential

NO NO .y NNHOH  4h NH,
e O
R HO R RNF -H0

" R
Nitro Nitroso Hydroxylamine Aniline

condensation | -H,0 ‘ W

jog "o
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Fig. 4 Mechanism of reduction for catalytic nitroaromatic to aniline.
Reprinted with permission from ref. 91.
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photoinduced, proton-coupled electron transfers, which can be
depicted as a straightforward kinetic model comprising three
sequential processes (Fig. 5a).>®* Gas chromatography-mass
spectrometry (GC-MS) has detected both four- and six-electron
photoproducts of phenylhydroxylamine (PHA) and AN without
the two-electron intermediate nitrosobenzene (NSB) (Fig. 5a
and b), which is mainly due to the lower reduction potential
(+0.29 V) of NSB to PHA, causing the irreversible conversion of
the NSB intermediate to the further reduced product PHA.
Limited by the production and utilization of a single electron in
the QD catalyst under typical photon flux illumination, the
photocatalytic reaction mechanism of benzylamine is presented
in Fig. 5c.

In one instance, an efficient charge-transfer channel for the
reduction of nitroaromatics has been constructed on the (3D)
CdSe QD-graphene (GR) nanocomposites by tightly bonding
CdSe QDs and GR nanosheets through a universal layer-by-layer
self-assembly strategy.*> The significantly enhanced photoredox
performance of this QD-based composite can be attributed to
a conjunction of several factors, including the greatly improved
separation of photogenerated excitons and the significantly
increased specific surface area caused by seamless GR
encapsulation,'®*** thus leading to the superior photocatalytic
activity. The obtained results indicated that compared with
blank CdSe QDs, the photoactivity of the CdSe QDs-1% GR
nanocomposite for selective photoreduction of 4-nitroaniline
(4-NA) to 4-phenylenediamine (4-PDA) was markedly enhanced.
In addition, it was discovered that the CdSe QDs are universal in
nitroaromatic reduction by investigating diverse aromatic nitro
compounds possessing various function groups.

Combining QDs with other suitable semiconductor mate-
rials (e.g., CdS, ZnSe, and TiO,) to construct QD-based hetero-
structures has been regarded as a feasible strategy for
prolonging the lifetime of photogenerated excitons and
promoting the separation/transfer of charge carriers. For
instance, He and co-workers successfully constructed CdSe QD-
decorated TiO, with exposed facets (CS-T001) for the first time
through a facile method, and proved that it was a stable pho-
tocatalyst with high activity for nitroaromatic reduction under
visible light.”” Fig. 5d displays the mechanism of photocatalytic

Table 1 Summary of nitroaromatic reduction over QD-based photocatalysts

Entry Photocatalyst Atmosphere Solvent Scavenger Light source Ref.
1 C dots/CdS N, H,O0 HCOON, 3 W LED lamp, 1 > 420 nm 95
2 CdS QDs Ar H,0/CH;0H MPA* 7 mW 405 nm laser 26
3 CdSe QDs-T001%b N, H,0 Na,S0; 500 W Xe-lamp, 420-800 nm 77
4 GQDs/TCN* Vacuum H,0 t-BuOH, K,S,0g, EDTA 300 W Xe-lamp, 320 nm = A = 780 nm 96
5 N-GQDs? Ar H,0 NaBH, NIR light 97
6 CdSe QDs-GR® N, H,0 Na,S0; 300 W Xe-lamp, A > 420 nm 32
7 CdTe QDs/GR N, H,0 Na,S0; 300 W Xe-lamp, A > 420 nm 27
8 Cds QDs N, D,0/CD;0D Methanol Blue LED, 450-460 nm 98
9 NYs/TMC QDs” N, H,O Na,S0; 300 W Xe-lamp, A > 420 nm 75
10 CdS QDs-In® N, H,0 HCOON, 500 W Xe-lamp, 420-800 nm 99

“ MPA refers to 3-mercaptopropionic acid. ” T001 refers to anatase TiO, with exposed facets. ¢ GQDs/TCN stands for graphene quantum dots/Mn-
N-Ti0,/g-C;N,. ¢ N-GQDs refers to nitrogen-doped graphene quantum dots. ¢ GR refers to graphene.” NYs refers to metal nanocrystals (Au and Pd)
and TMCs refers to transition metal chalcogenides (CdSe and CdS). ¥ In metal nanocrystals InOOH.
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Fig. 5 (a) Catalytic steps of conversion of nitrobenzene to aniline with six-

concentration of NB and reduction products and time. (c) Six sequential
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electron, six-proton photoreduction. (b) The relationship between the
proton coupled electron transfer steps of photocatalytic reduction of

protonated NB to AN over QDs, with intermediates of NSB and PHA. Reprinted with permission from ref. 26. (d) Illustration for nitroaromatic
photoreduction over CS-T0OO0L. (e) Photocatalytic performance for reduction of 4-NA over CS-T001 with different contents of CdSe QDs. (f)
Transient photocurrent spectra of CS-T0OO01. (g) EIS Nyquist curves. Reprinted with permission from ref. 77.

conversion of nitroaromatics to amino aromatics over CS-T001.
The photocatalytic activity of composite catalysts for the
reduction of nitroaromatics 4-NA tothe corresponding amino
aromatics under ambient conditions has been investigated in
the presence of Na,SO; as a cavity scavenger and N, purging.
Fig. 6e shows that the photocatalytic activity of CS-T001
increases significantly as the content of CdSe QDs increases
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from 1% to 5%, which indicates that the content of CdSe QDs
will affect the composite photocatalytic performance. It is
further found that the proper content of CdSe QDs results in
uniform particle dispersion on TiO, and excellent visible light
absorption. Transient photocurrent spectroscopy shows that
the photocurrent responses of 5%CS-T001 are significantly
enhanced, indicating that the transfer and separation efficiency
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of photogenerated charge carriers is higher in 5%CS-T001
compared with CdSe QDs (Fig. 5f). As can be seen from
Fig. 5g, the impedance arc radius of 5%CS-T001 is the smallest
in all samples, indicating that 5%CS-T001 has a better electrical
conductivity, which is conducive to improving transfer of pho-
togenerated charge carriers and thus boosting the photo-
catalytic efficiency.

Additionally, modifying QDs with other cocatalysts has been
regarded as a promising strategy, which promotes the photo-
catalytic stability and activity by inhibiting the recombination of
photogenerated charge carriers. Generally, precious metals
(e.g., Pt, Au, and Pd) are the most prevalent cocatalysts, which
are deposited on the QD surface to form Schottky junctions at
the interface, facilitating the separation of charge carriers and
ultimately enhancing the photocatalytic performance. For
instance, Xiao and co-workers have designed transition metal
chalcogenide QD heterojunction catalysts under ambient
conditions via a simple ligand-induced electrostatic self-
assembly method, exhibiting excellent photocatalytic perfor-
mance for nitroaromatic reduction due to the improved pho-
togenerated electron transfer and the enhanced response of
visible light.”> As can be seen from Fig. 6a, under visible light
irradiation, the blank CdSe QDs exhibit lower photoactivity
than Pd-decorated CdSe QDs, which is caused by the fast elec-
tron-hole recombination rate. The photocatalytic activities of
CdSe/5Au, CdS/5Pd, and CdS/5Au exhibit a similar enhance-
ment trend compared with their corresponding single coun-
terparts under the same conditions (Fig. 6b-e). This result
implies the universal roles of the positively charged surface
ligand capped metal nanocrystals in facilitating the interfacial
charge transport. As seen in Fig. 6b, owing to the higher elec-
tron-hole pair recombination rate, the blank CdSe QDs exhibit
a weak photocurrent response under visible light irradiation,
while the photocurrents of CdSe/5Pd and CdSe/5Au are rela-
tively enhanced because of the enhanced charge separation due
to unidirectional electron transport of CdSe induced by electron
tunneling.

Table 2 Summary of alcohol oxidation over QD-based photocatalysts
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3.2 Oxidation of alcohol

Selective oxidation of alcohols to aldehydes, ketones, carboxylic
acids or C-C coupling products has wide and various industrial
applications, such as aldehydes and C-C coupled compounds
have a wide utilization in confectionary, beverage, fragrance,
and pharmaceutical industries.’®™"* Nevertheless, traditional
conversion of alcohols is not only affected by excessive oxida-
tion and toxic oxidants like chromates and manganese oxides,
but also requires harsh operating conditions.'””'*® It is expected
that QDs with finely tuned redox potentials can be used as
photocatalysts to solve the above problems. Table 2 summarizes
the recent advances for selective oxidation of alcohols to
carbonyl compounds or coupling products over diverse QD-
based photocatalysts.

3.2.1. Oxidation of alcohols to aldehydes or ketones.
Reactions of alcohols to aldehydes or ketones by selective
oxidation is one of the most basic and common functional
group conversion processes in fine chemical synthesis.'»****
In most cases, carbonyl compounds are common products of
photocatalytic oxidation of alcohols. Taking photocatalytic
benzyl alcohol (BA) as an example, Bian et al. hprepared an
efficient composite photocatalyst consisting of CdS QDs and
a TiO, mesocrystal with exposed facets (CdS/TiO,) for the
selective oxidation of alcohol.* For exploring the active radicals
and intermediates in the reaction process, control experiments
are performed with various radical reagents. As shown in
Fig. 7a, after adding terephthalic acid capable of capturing "'OH
to the reaction system, no obvious change in the reaction
process is observed. However, the conversion rate of BA
decreases obviously after the addition either of AgNO; to
capture photoelectrons, or methanol to trap photogenerated
holes, or a N, flow to remove solubilized O,, or benzoquinone to
trap ‘O, . In addition, the calculation of the BA conversion rate
constant k and the electron spin resonance (ESR) spectra of
'0O,” radicals trapped by 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) further confirm that *O, ™ radicals are present in the BA

Entry  Photocatalyst Solvent Substrate Product Light source Ref.
1 MPA®CdSe QD H,0 BAY BAD‘ LED, A = 410 nm 29
2 CdTe QDs/5%GR BTF? Aromatic alcohols  Aryl aldehydes 300 W Xe-lamp, A > 420 nm 27
3 Cds/sio, CH,;CN BA HB° 300 W Xe lamp, 112
4 Cds QDs D,0/CD;0D BA BAD/HB 2.6 mW, A = 405 nm 113
5 NYs/TMCs QDs” BTF Aromatic alcohols  Aryl aldehydes 300 W Xe-lamp, A > 420 nm 75
6 CdS/TNS® CH;CN BA HB 300 W Xe-lamp, A > 420 nm 38
7 Cds-MTA" CH;CN Aromatic alcohols  Aryl aldehydes 300 W Xe-lamp, A > 320 nm 114
8 CdSe QDs-GR’ BTF Aromatic alcohols  Aryl aldehydes 300 W Xe-lamp, A > 420 nm 32
9 CdS-TiO, BTF BA BAD 300 W Xe-lamp, A > 420 nm 40
10 CQD H,O BA BAD 450 W Xe-lamp, A < 700 nm 115
11 CdSe/CdS QDs DMF Phenylethanol Pinacol Blue LED lamp, 450 nm 116
12 MPA-CdSe QDs H,0 Isopropanol Acetone 3 W LED lamp, A = 410 nm 74
13 CdSe QDs-TiO,-Ni(OH),  Isopropanol/H,O  Isopropanol Acetone High-pressure mercury lamp, A > 400 nm 117
14 CdS QDs@oa-ZrP CH;CN BA BAD 55 W Xe-lamp 118

@ MPA refers to 3-mercaptopropionic acid. ? BA refers to benzyl alcohol. ¢ BAD stands for benzaldehyde. ¢ BTF denotes benzotrifluoride. ¢ HB refers
to hydrobenzoin.” NYs refers to metal nanocrystals (Au and Pd) and TMCs refers to transition metal chalcogenides (CdSe and CdS). ¢ TNS refers to
titanium dioxide nanosheets. ” CdS-MTA refers to mesoporous CdS-sensitized TiO, nanoparticle assemblies. ' GR refers to graphene.
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Fig. 7 (a) The conversion of BA photooxidation CdS/TiO, in diverse

capturers. (b) Photocatalytic rate constant k of BA oxidation under
different capturing conditions. (c) ESR spectra. (d) Schematic for
photocatalytic selective oxidation of alcohol to aldehyde. Reprinted
with permission from ref. 40.

oxidation reaction system, whereas ‘OH radicals are absent in
this system (Fig. 7b and c). The photooxidation mechanism of
BA over CdS-TiO, based on the above results is shown in

Fig. 8
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Fig. 7d. Upon excitation by visible light, CdS QDs are activated
to produce electrons and holes. The photoelectrons are then
transferred to TiO, via the CdS-TiO, heterojunctions to activate
the solubilized O, for 'O, radicals, and the holes will activate
the adsorbed BA to obtain benzyl alcohol cation radicals which
will finally be oxidized by O, radicals to benzaldehyde.

In addition to the photocatalytic dehydrogenation mecha-
nism of BA above, Wu et al. proposed 3-mercaptopropionic acid-
capped CdSe QDs that oxidize alcohols to carbonyl compounds.
Electron transfer that facilitates the formation of an active thiyl
radical is the most critical initial step. The thiyl radical in turn
induces the activation of reactant molecules to generate radical
intermediates, which then produce the corresponding carbonyl
compounds via a radical relay process. They have also investi-
gated a variety of aromatic alcohols to explore the universality of
alcohol oxidation over CdSe QDs under the same reaction
conditions.” The results indicate that the photocatalytic
conversion of aromatic alcohols on CdSe QDs is independent of
the volume of the ortho-substituted group of the aryl ring, and
the benzyl alcohols substituted by electron-withdrawing groups
at the para-position has a slightly slower reaction rate than that
substituted by electron-donating groups.

3.2.2. Oxidation of alcohols to C-C coupling products.
Dehydrogenation coupling of alcohol substrates is very impor-
tant in current organic chemical synthesis, and has become an
ideal strategy for the production of dihydric alcohols or other
multi-carbon compounds. In the case of benzyl alcohol (BA), the
photocatalytic oxidation of BA to carbonyl compounds or C-C
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coupling products generally involves the activation of the C-O
and O-H bonds of BA, while the cleavage of unreactive C-H
bonds and the consequent C-C bond construction are exciting
but challenging reactions in the production of value-added
chemicals. In 2019, Wu et al. reported the photocatalytic
oxidation of alcohols for C-C coupling for the synthesis of
pinacol and CO, photoreduction over CdSe/CdS QDs."¢
According to Fig. 8a and b, the product of pinacol increases
significantly as 1-phenylethanol is gradually consumed during
the reaction, whereas acetophenone is maintained at an
exceedingly low concentration throughout the illumination.
Meanwhile, the amount of oxidized product (pinacol) is
approximately similar to that of CO, which proves that aceto-
phenone is not an intermediate but a by-product in this system.
Moreover, density functional theory (DFT) calculations are
performed to investigate the energies of O-H, C,-H, and Cg-H
bonds cleaving into reactive radicals (Fig. 8c). The C,-H bond
shows the lowest bond cleavage energy compared with Cg-H
and O-H bonds, suggesting that the C,-H bond breaks more
easily under the same conditions. By further analysis of DFT,
the1l-phenylethanol is also found to directly bind to the anion
vacancies of QDs via the substituent, resulting in stronger
adsorption (Fig. 8d). Based on the above results, mechanistic
studies reveal that the Se and S vacancies on the CdSe/CdS QD
surface serve as reactive sites to promote the production of the
corresponding pinacols. This surface reaction mechanism pre-
sented here is distinguished from the previously reported
mechanism of alcohol oxidation via a radical relay process.*®
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In another example, Weiss and co-workers achieved photo-
catalytic oxidation of BA to BAD or C-C coupling products with
the selectivity near 100% by adjusting the quantity of Cd on QD
surfaces by in situ deposition (Fig. 8e)."** Fig. 8f shows that the
photoexcitation of CdS QDs without deposited Cd induces the
radical intermediates (1°) to form BzO (2), while the produced
hydrobenzoin (3) sometimes undergoes a four-electron oxida-
tion to benzil (4) over QDs in the presence of metallic cadmium.

Furthermore, our group has constructed a SiO,-surpported
CdS QD (Cds/SiO,) material for visible-light-driven dehydro-
genative C-C coupling reaction of BA under ambient condi-
tions.”? Fig. 9a shows that hydrogen (H,) and hydrobenzoin
(HB) production rates are evaluated to be ca. 1.0, indicating
a stoichiometric dehydrogenation reaction. Furthermore, the
CdS/SiO, photocatalysts exhibit excellent photoactivity with
a yield of 84.6% and an outstanding selectivity of near 100%.
Meanwhile, high performance liquid chromatography (HPLC) is
used to identify the liquid products produced in the photo-
catalytic system to explore the evolution kinetics of BA, benz-
aldehyde (BAD) and HB over the CdS/SiO, composites. Fig. 9b
shows that the BA decreases continuously with the increase in
HB and BAD as the reaction proceeds. The mechanism of
dehydrocoupling of BA into H, and HB is proposed in Fig. 9c.
Owing to the intrinsic band-gap optical absorption property of
semiconductors, CdS QDs can not only absorb direct incident
light but also recycle the scattered light in the near field of SiO,.
Recently, we designed a bifunctional 0D CdS QDs-2D TiO, (CdS/
TNS) heterostructure for visible-light-driven C-C coupling of BA
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Fig. 9 (a) Production of H, and HB over different samples. (b) HPLC spectra of the liquid products during photocatalytic reaction on CdS/SiO,
composites during photocatalytic reaction. (c) Schematic illustration of CdS QDs/SiO, for photocatalytic HB synthesis and H, production.
Reprinted with permission from ref. 112. (d) Diagram of the photocatalytic reaction mechanism for CO, reduction and C—-C coupling synthesis

over CdS/TNS composites. Reprinted with permission from ref. 38.
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along with the photoreduction of CO, to CO.?® The introduction
of TNS as the carrier may greatly affect the abstraction of a-H at
the interface between QDs and the carrier, thus regulating the
selectivity of BA oxidation from BAD to the C-C coupling
products. Upon visible-light irradiation, TiO, cannot be acti-
vated, while CdS QDs are excited to produce high-energy elec-
trons and holes. This type-II heterojunction induces the
electrons located in the CB of CdS to be transferred to the CB of
TNS, thereby driving the dual-function photocatalytic redox
processes (Fig. 9d). Photogenerated holes in the VB of CdS can
activate the C-H bonds of BA to produce protons and ‘CH(OH)
Ph. This produced "CH(OH)Ph radicals will then be oxidized by
holes for producing BAD or C-C coupling products. At the same
time, the CO, molecules and remaining protons are reduced to
CO and H, by photoexcited electrons.

3.3 C-H functionalization

Recent decades have seen a considerable increase interest in
functionalizing C-H bonds in the chemistry of organic
synthesis. Particularly, using the activation of C-H to synthesize
complex organic structures is a highly efficient reaction
strategy.'**'** However, oxidative C-H bond cleavage sometimes
involves the use of toxic and expensive metal oxidants like
Ir(ppy).(dtbbpy)X and Ru(bpy);X,, endangering the sustainable
study of C-H activation. In this context, single-sized QDs could
replace some traditional catalysts and induce C-H bond acti-
vation to promote different photoredox reactions (e.g., B-alkyl-
ation, B-aminoalkylation, and amine arylation).*>*>* Moreover,
solar-driven C-H functionalization by using CdSe QDs or CdS
QDs as catalysts is currently of increasing interest. Here, we will
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focus on the photocatalytic C-H bond activation to form C-C
and C-S bonds from abundant and easily accessible
compounds containing X-H bonds.

3.3.1 Alkylation and arylation of an allyl C-H bond. The
functionalization of allylic C(sp®)-H enables the functional
groups to bind directly to the sp® carbon center near the alkene
moiety rather than to the more active alkene, offering
a common pathway for further processing unactivated C(sp*)-H
bonds."* The improved redox activity of the QD photocatalysts
in electron excited states can efficiently promote the allylic
C(sp®)-H functionalization reactions without introducing
external reductants and oxidants.

Recently, using QDs as the photocatalyst, Wu's group re-
ported a direct cross-coupling of allylic C(sp*)-H bonds with o-
amino C-H bonds or heteroarenes, respectively (Fig. 10a).'*?
The formation of an allylic radical can be confirmed by radical-
trapping experiments, deuterium experiments, product distri-
bution detection, and electron paramagnetic resonance (EPR)
spectroscopy in this catalytic cycle. Under illumination, the
allylic C(sp®)-H bonds and a-amino C-H bonds are synchro-
nously activated by photogenerated holes in CdSe QDs to form
transient allylic radicals and a-amino alkyl radicals. Later, the
intermolecular radical-radical cross coupling promotes the
formation of new C-C bonds. Simultaneously, protons gener-
ated by C-H bond scission will form H" in the CB of CdSe QDs,
and the H' stably adsorbed on the QD surface will combine to
release H,. Additionally, the allylic radicals can also produce
arylation products by reacting with heteroarenes through
a Minisci-type mechanism' over CdSe QDs(Fig. 10a).>

3.3.2 Thiolation of an allyl C-H bond and vinyl C-H bond.
Strategies for constructing C-S bonds are mainly to utilize aryl
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Fig. 10 (a) Alkylation and arylation of an allylic C(sp®)~H bond. Reprinted with permission from ref. 122. (b) Direct activation of an allylic C—H

bond to form a C-S bond. Reprinted with permission from ref. 123.
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halides and thiols as coupling partners with the help of tran-
sition metal catalysts. In addition, C-S bond formation cata-
lyzed by a transition metal successfully overcomes the shortages
of conventional synthesis of organosulfur compounds, such as
the rapid consumption of a metal catalyst, catalyst deactivation,
and harsh reaction conditions.'*”'*® Nevertheless, strong inter-
actions between organosulfur compounds and catalysts result
in deactivation of catalysts or oxidation of sulfur atoms under
oxidizing conditions. In recent years, Wu's group reported
visible light driven cobalt-catalyzed and aerobic metal-free
catalyzed C-H bond thiolation.””'*° In 2021, they first re-
ported direct allylic C(sp®)-H thiolation through cross-coupling
of an allylic radical and thiyl radical over CdSe QDs under
visible light illumination(Fig. 10b).*** According to previous
reports,"* allylic C(sp®)-H was activated under air conditions by
an ionic coupling process with the help of disulfide as
a hydrogen atom transfer reagent for the generation of a C(sp®)-
S bond. The photochemical reaction strategy proposed by Wu's
group has realized the generation of allylic radicals and thiyl
radicals through direct activation of allylic C-H and S-H bonds,
leaving no need for extraneous oxidants or radical initiators.
When introducing vinylic C(sp?)-H for substitution of allylic
C(sp®)-H to carry out the thiolation, a vinylic C(sp®)-S bond
could also be constructed by direct cross-coupling of C-H and
S-H bonds, which is different from the cross-coupling reactions
of vinyl halides with thiols and the addition reaction of thiols
with alkynes.??*71%*

3.4 Oxidation of sulfides

Oxidation products of sulfides, such as sulfoxide, sulfone, and
disulfide, play an important role in chemistry and biology.
However, conventional strategies for sulfide oxidation using
toxic oxidants or costly reagents with the need for high
temperature and unstable reactive intermediates result in
reduced selectivity or excessive oxidation of the products.
Accordingly, developing a green route for the oxidation of
sulfide compounds is necessary.'**'** Noteworthily, photo-
catalytic sulfide oxidation over QD-based materials under mild
conditions is a promising alternative. For instance, Ford et al.
found that the CdSe QDs photocatalyzed the oxidative cleavage
of 1,1-dithiooxalate (DTO) to produce carbon disulfide.’* The
transfer of photoexcited holes from QDs to surface DTOs trig-
gers this oxidative cleavage reaction.

Recently, CdSe QDs have been reported to induce oxidative
coupling of various thiols to produce disulfides and H, in the
absence of sacrificial reagents or external oxidants under visible
light.*** The photocatalytic conversion of thiols to disulfides and
H, over CdSe QDs is significantly improved after the addition of
nickel(n) salt as a cocatalyst. Even under aerobic conditions, the
yield of disulfide and H, could reach 92% and 95%, respectively.
To demonstrate the photocatalysis of CdSe QDs, the steady-state
emission and typical emission decay profiles of CdSe QDs have
been used to study the interaction between organic substrates
and catalysts. 3-Mercaptopropionic acid (MPA) significantly
reduces the band-edge emission of the QDs and accelerates the
rate of emission decay (Fig. 11a and b). Furthermore, EPR
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Fig. 11 (a) Steady-state emission spectra of CdSe QDs at different
MPA concentrations. (b) The emission decay profiles of CdSe QDs. (c)
EPR signals before (A) and after (B) irradiation. (d) Mechanism of
photocatalytic oxidation of thiols to disulfides and H,. Reprinted with
permission from ref. 142.

spectroscopy confirms the formation of sulfenyl radicals under
illumination. According to the control experiment, no spectral
signal can be observed before irradiation, and after 10 s of this
irradiation (A > 400 nm), the spectral signals (labeled with *) of
a typical sulfenyl radical (RS’) can be detected (Fig. 11c).
Besides, the results of the GC-mass spectrum reveal that the
photogenerated sulfenyl radicals are coupled on the CdSe QD
surface to generate disulfide products, which then diffuse into
the solution. On the basis of the above experimental results, the
oxidative coupling mechanism of thiols is proposed in Fig. 11d.
Upon illumination, the deprotonated thiols are bound to the
surface of CdSe QDs to generate QD/thiolate conjugates con-
taining Cd-S. CdSe QDs are excited by visible light to generate
electron-hole pairs and then the adsorbed thiolates reductively
quench the excited states of the QDs to produce sulfur-centered
radicals (RS"), which are coupled on the QD surface to form the
corresponding disulfides. Meanwhile, the H' is reduced to H
which is stabilized on the QD surfaces to form H,.

3.5 Oxidation of amines

Amines are oxidized to synthesize various value-added products
including nitriles, oximes, amides, and imines, which consti-
tute the key N-containing building blocks in the contemporary
chemical industry. In particular, imines, as important organic
synthesis intermediates, play a vital role in the industrial
production of fine chemicals like dyestuff and pharmaceuticals.
The preparation of imines can be achieved by photocatalytic
conversion of amine compounds under aerobic condi-
tions.****** For example, Kim and co-workers developed an
efficient and facile synthesis strategy to regulate the photo-
catalytic performance of heteroatom-doped graphene quantum
dots (GQDs) by controlling the dopant.'*® As shown in Fig. 12a,
compared with nitrogen- and oxygen-doped GQDs, nitrogen/
sulfur codoped GQDs exhibit much higher activity of photo-
catalysis for the aerobic oxidative coupling reaction of
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Fig. 12 (a) Conversion of benzylamine over NS-GQDs, N-GQDs, and O-GQDs. Reprinted with permission from ref. 140. (b) Illustration of
photocatalytic selective benzylamine oxidation integrated with CO, reduction over (BP/ZIS) heterostructures. Reprinted with permission from
ref. 141. (c) Mechanism diagram of photocatalytic selective oxidative coupling of benzylamine over different samples. Reprinted with permission

from ref. 42.

benzylamine. Besides, Zhu et al. studied in detail the catalytic
activity of oxygen-rich carbon quantum dots for aerobic oxida-
tion of amines."® Li et al., recently, have designed multifunc-
tional graphene QDs decorated with a tertiary amine functional
group. Under visible light illumination GQD-DMA exhibits
excellent activity and higher photocatalytic efficiency for amine
oxidative coupling.**”

Furthermore, our group has reported using a simple elec-
trostatic interaction assembly method to immobilize black
phosphorus quantum dots (BP QDs) on the surface of ZnIn,S,
nanosheets (ZIS NSs) to construct BP QDs-ZnIn,S, (BP/ZIS)
heterostructures for oxidative C-N coupling integrated with
CO, reduction (Fig. 12b)."** The experimental results demon-
strate that the effective charge transformation in this hetero-
structure promotes the separation of charge carriers, thereby
enhancing the photoactivity of the composite photocatalyst.
Very recently, we prepared an atomically dispersed Ni or Pd-
decorated CdS/SiO, composite through in situ photo-
deposition on the CdS QD surface for the selective photo-
chemical coupling of amines (Fig. 12¢).*> Atomically dispersed
metal atoms act as reactive sites to manipulate the unselective

This journal is © The Royal Society of Chemistry 2023

photogenerated radical conversion to precisely control the
dehydrocoupling reaction of benzylamine to C-C or C-N
coupling products with excellent activity and selectivity.
Specifically, Ph('CH)NH, can produce vicinal diamines through
direct C-C coupling over Ni-oxo cluster decorated catalysts,
while the Ph(CH)NH produced by the dehydrogenation of
Ph('CH)NH, can produce imines by C-N coupling over single Pd
atom decorated catalysts. SiO,-supported CdS QDs can catalyze
the dehydrocoupling of benzylamine to 1,2-diphenylethylene-
diamine (DPEA) paired with H, production under Xe-lamp
irradiation. When decorating with Ni, the rate of both H,
evolution and DPEA formation of the Ni-CdS/SiO, composites
improve. Particularly, Ni-CdS/SiO, can achieve a yield of 90%
with the selectivity near 100% after 7 h irradiation. Upon
decorating with Pd, Pd-CdS/SiO, promotes the evolution of H,
and also modulates the selectivity of benzylamine oxidation
from DPEA to N-benzylbenzaldimine (BBAD). Their selectivity
approaches 100% when it reaches a BBAD production rate of
22.1 mmol gcqs ' h™'. Moreover, the yield of BBAD on Pd-CdS/
SiO, can reach 99% after 6 h of irradiation.
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3.6 Biomass valorization

3.6.1 Reforming of lignocellulosic biomass. As the most
abundant and accessible biological resource, lignocellulosic
biomass, consisting of lignin, cellulose, and hemicellulose
(Fig. 13a), possesses enormous potential towards sustainable
production of chemical feedstocks and fuels.>****** However,
several catalytic systems for the conversion of lignocellulosic
biomass (e.g., gasification, hydrolysis, liquefaction, pyrolysis
and deoxygenation/hydrogenation) commonly result in very
complex products. Thus, it is necessary to develop a reaction
system with simple operation, concentrated product distribu-
tion and excellent catalytic activity to overcome the current
problems.***5t

Metal sulfide QDs, which can effectively catalyze the
breaking of C-C or C-O bonds in lignocellulosic biomass, have
made some progress in photocatalytic conversion of natural
lignin.**>**> For instance, Reisner et al. proposed the application
of semiconductor CdS QDs for light-driven transformation of
hemicellulose, lignin, and cellulose to H, in alkaline aqueous
solution.'*® Recently, Wang et al. developed a method of solu-
bilizing a catalyst to convert natural lignin in birch wood meal
with the help of the colloidal nature of CdS QDs.*** Under mild
reaction conditions, the selective cleavage of the 8-O-4 bond can
be induced by CdS QDs with the generation of a C, radical
intermediate via the electron-hole coupled (EHCO) mechanism
(Fig. 13b),"***** which consuming both photogenerated

a Cellulose
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-50%

Hemicellulose
(20%-30%)
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electrons and holes. The main products found in the liquid
phase after reaction are functionalized aromatic monomers
such as syringyl-derived ketones (S-ketones) and guaiacyl-
derived ketones (G-ketones). Subsequently, Wang and co-
workers also explored with different surface ligands the effect of
different surface ligands for photocatalytic conversion of native
lignin over QDs.** Specifically, the hydrophilic organic ligands
make the CdS QDs to be pseudo homogeneous in polar CH;0H/
H,O solution, which allows the intimate contact of QDs with the
reactant, thus increasing the conversion efficiency of native
birch lignin. Instead, the hydrophobic ligands cause CdS QDs to
readily aggregate in solvents so that the native lignin conversion
rate is not satisfactory (Fig. 13c). In addition, with the decrease
in the length of mercaptoalkanoic acid ligands on CdS QDs, the
production of aromatic monomers increases (Fig. 13d). The
kinetic curves of electron decay indicate that the length of
mercaptoalkanoic acid ligands is firmly relevant to the photo-
catalytic performance of CdS QDs (Fig. 13e). Further kinetic
studies reveal that the charge carriers of CdS QDs can be
transferred to the B-O-4 bond of native lignin via organic
ligands.*

3.6.2 Conversion of lignin models. Owing to the structural
complexity of natural lignin polymers, most research efforts
have chosen simple and readily available model compounds
with typical lignin characteristic chemical bonds to test novel
catalysts and explore the reaction mechanism."* A number of
semiconductor photocatalysts used for lignin model compound
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Fig. 13 (a) Diagram of the lignocellulose structure. Reprinted with permission from ref. 30. (b) EHCO mechanism for photocatalytic conversion
of a dimeric B-O-4 model over CdS QDs. Reprinted with permission from ref. 145. (c) Effect of different surface ligands on photocatalytic
valorization of birch woodmeal over CdS QDs. (d) Effect of the length of surface ligands on photocatalytic valorization of birch woodmeal over
CdS QDs. (e) Transient absorption spectroscopy. Reprinted with permission from ref. 30.
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conversion have been investigated so far.*****® Semiconductor
QDs, in particular, have been getting widespread attention over
recent years. One of the most commonly used lignin model
compounds is 2-phenoxy-1-phenylethanol (PP-ol), which is
structurally simple and readily analyzed."*>'**'>” For example,
compared with TiO,, Cu,0O, BiVO,, ZnS, CuS, and graphitic
C3N,, Wang et al. reported that CdS nanoparticles (NPs) exhibit
unique photoactivity in the cleavage of the B-O-4 bond of PP-
ol."*® However, the results of activity experiments indicate that
the photoactivity of CdS QDs for PP-ol conversion is apparently
higher compared to that of CdS NPs. Moreover, various lignin
model compounds can be selectivity catalyzed over CdS QDs for
the cleavage of the B-O-4 bond, while the other oxygenic func-
tional groups (e.g., methoxy, phenol, and ketone groups) remain
largely unchanged.

In another example, Cossairt et al. demonstrated that the
QDs are versatile for C,-O bond cleavage of lignin model
substrates.” The lignin model substrates are oxidized or
photochemically reduced from benzylic alcohol to 4"-methox-
yacetophenone or guaiacol by phenyl ketone intermediates.
Moreover, with the help of QD photocatalysts, the lignin model
substrates can be successfully converted to obtain the cleavage
products without unnecessary purification steps.
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3.6.3 Conversion of biomass-derived furans. A series of
downstream products derived from lignocellulose (e.g., furfural
(FF), furfuryl alcohol (FA), 2,5-dimethylfuran (2,5-DMF), 2-
methylfuran (2-MF), 5-hydroxymethylfurfural (HMF), etc.) can
be yielded after the initial treatment of biomass feedstocks.
These products can act as source materials to produce high
value added products through solar powered catalytic reproc-
essing.>'® For, instance, Wang et al. used Ru-doped ZnIn,S, as
a catalyst for acceptorless dehydrogenative C-C coupling of
lignocellulose-derived methylfurans to coproduce H, and diesel
fuel precursors under visible light."® Our group has prepared
Ti;C,T,/CdS composite catalysts for photocatalytic furfural
alcohol conversion in the water phase to produce H, and value-
added furfural.*® In recent years, Wu and Xiong et al. made
some progress in converting biomass derivatives over semi-
conductor QD catalysts with concomitant evolution of H, or
CO, under mild reaction conditions.***¢162

Recently, Wu's group demonstrated that semiconductor QDs
can interact with tetrahydrofuran (THF) to form CdSe QDs/THF
conjugates for photocatalytic selective direct a-C-H bond acti-
vation of THF under mild conditions.'®* Control experiments
and spectroscopic studies prove that the QDs/THF conjugates
are formed by combining the oxygen atom of THF with the
“vacant sites” of the QD surface. The mechanism for
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Fig. 14 (a) Schematic diagram of the activation of THF on QD surfaces. Reprinted with permission from ref. 161. (b) Mechanism of furfural
inhibiting H, production over ZnSe QDs. (c) X-ray photoelectron spectroscopy (XPS) spectra. Reprinted with permission from ref. 162.
Concentration of the products from photocatalytic HMF oxidation over Ru-CdS catalysts (d) under an Ar atmosphere and (e) under an air
atmosphere. (f) The mechanism of photocatalytic oxidation of HMF over Ru-CdS. Reprinted with permission from ref. 41.
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photocatalytic conversion of THF over QDs/THF conjugates is
depicted in Fig. 14a. The adsorbed THF molecules are oxidized
by photogenerated holes into alkoxyalkyl radicals, while the
protons produced by oxidative cleavage of the o-C-H bonds of
THF are reduced by photogenerated electrons into H atoms.
Then, the produced alkoxyalkyl radical directly undergoes
radical cross-coupling with an a-amino radical from the amino
C(sp®)-H bond or radical addition with alkene or phenyl-
acetylene (Fig. 14a). Besides the coupling and addition reac-
tions of THF, Wu et al. also presented the ZnSe QDs in the C-C
coupling of furfural and revealed that furfural at exposed QD
metal sites blocks the competitive reaction (H, evolution) in
photocatalytic CO, reduction (Fig. 14b)."** According to the
mechanistic analysis, the furfural coupling occurs at the
exposed surface Zn-sites of QDs, consuming the electrons and
protons initially devoted to produce H,. Fig. 14c shows a posi-
tive shift in the Zn 2p XPS binding energy after adding furfural
into the solution of ZnSe QDs, indicating that the charge density
decreases. That is attributed to the migration of electrons from
surface Zn to furfural, that is, furfural competes with protons
for photogenerated electrons simultaneously. According to the
above results, furfural can effectively inhibit the production of
H, over ZnSe QDs.

In addition, Xiong and co-workers designed a novel photo-
catalyst by anchoring a Ru complex on CdS QDs for selective
oxidation of HMF with excellent photocatalytic activity and
selectivity.** The Ru complex can effectively extract photo-
generated holes of CdS QDs, thus remarkably improving the
photostability of CdS and providing moderate oxidation
capacity. By adding different radical scavengers in different
atmospheres, it is further proved that the product selectivity of
HMF oxidation is intimately connected to "OH and ‘O,- radi-
cals. As displayed in Fig. 14d, under an Ar atmosphere, when
tert-butanol (TBO) consuming ‘OH is added to the reaction
solution, the conversion of HMF to DFF is significantly sup-
pressed. The results suggest that DFF is produced by ‘OH.
Similarly, p-benzoquinone (PBQ) is added to consume ‘O,-
under an air atmosphere. It can be found that ‘O,- has an
impact on the generation of HMFCA and FFCA (Fig. 14e).
Through further experimental studies, the catalytic mechanism
schematic as shown in Fig. 14f is proposed. The photogenerated
holes on CdS QDs are transferred to the Ru complex for the
oxidation of water to generate ‘OH under an Ar atmosphere.
Instead, "O,- is produced by combining photogenerated elec-
trons with O, on catalysts under an air atmosphere.

4. Conclusions and perspectives

In this review, we discuss the current status of photocatalysis in
selective organic synthesis over semiconductor QD-based
materials. After briefly introducing the fundamental principles
of photoredox organic transformation of QD-based catalysts
and the effects of surface chemistry on photocatalytic perfor-
mance of QDs, we focus on the recent advances in various QD-
mediated photoredox organic conversion reactions including
nitroaromatic reduction, selective alcohols oxidation, C-H
functionalization, sulfide oxidation, amine oxidation, and
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biomass valorization. Photocatalytic organic conversion based
on QDs has made plenty of achievements and has a broad
prospect of research. However, research in this area is still in its
infancy with both opportunities and several long-standing
challenges needing continuous efforts to promote future inno-
vation in organic synthesis on semiconductor QDs.

First, the performance of QD catalysts currently used in
photoredox catalysis is unsatisfactory. By integrating QDs with
cocatalysts, semiconductors, and/or carbon materials, deco-
rating with organic/inorganic ligands, or constructing core/
shell hybrid composites, it is promising to develop methods
of QD functionalization for more efficient photocatalysts with
structural modifiability, exciton controllability, and surface
tunability. Generally, improving the activity and selectivity of
organic conversion over QD-based photocatalysts can be
roughly started from the following aspects: (i) enhancing light
absorption and improving light utilization efficiency, (ii)
boosting carrier separation/transfer and facilitating surface
reaction kinetics, and (iii) manipulating radicals and/or inter-
mediates to form target products. For example, QDs can recycle
the scattered light in the near-field of SiO, through interface
interaction to enhance light-harvesting**? or can realize effective
charge immigration by engineering intimate interfacial contact
via constructing a type II heterostructure or forming a QD
conjugate, thus further promoting the photocatalytic perfor-
mance over QD-based catalysts.

Second, the construction of a cooperative photoredox reac-
tion system for combining oxidative organic synthesis with H,
evolution or CO, reduction deserves more attention due to the
limited activity and selectivity of traditional single-functional
photocatalytic reactions. On one hand, in order to select suit-
able catalysts and construct an efficient catalytic system, the
band structure suitable for both oxidation and reduction reac-
tions, the active sites for this dual-functional photoredox reac-
tions, and the efficiency of electron and hole separation and
transfer need to be considered. On the other hand, it is neces-
sary to screen the organic substrates matching the energy band
of catalysts and take the interaction among organic substrates,
radical intermediates, and the photocatalyst surface into
consideration to allow the photoexcited holes and electrons on
the QD-based catalysts to be consumed simultaneously to
produce value-added chemicals and solar fuels such as CO and
H,.

Third, continues efforts are needed to enhance the selectivity
of target products in the dual-functional photocatalytic system.
The selectivity of an organic synthesis reaction can be modu-
lated by optimizing the external reaction conditions including
temperature, solvent, light source, reaction time and so on. For
example, the "O,- derived from O, in air can manipulate the
organic intermediates to produce specific products, which
cannot occur in an inert atmosphere. The catalyst modification
strategy is also an effective approach to improve the selectivity
of organic synthesis. Since the interaction between semi-
conductor QDs and photogenerated radicals is unselective, the
radical conversion can be manipulated by rational design of
QD-based catalysts to accurately control the selectivity of
organic synthesis reactions, such as cationic/anionic ratio

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta09423a

Published on 16 2023. Downloaded on 16.07.2025 16:43:04.

Review

variation, ligand exchange, doping with heteroatoms, and
hybridization with cocatalysts or other matchable semi-
conductors to construct stable heterostructures. The photo-
redox reaction kinetics can be promoted by regulating the band
structure, adjusting the molecular adsorption sites and
improving the surface chemical structure.

Last but not least, QDs-based catalysts are multicomponent
materials in that a layer of organic ligands inevitably exists on
the surface of inorganic core, thus making the system much
more complex. To this end, the potential mechanism of various
photocatalytic organic transformations over QDs remains to be
explored. In situ comprehensive studies can monitor the
changes of the structure and surface valence states of the pho-
tocatalyst, explore the intermediates formed during the photo-
catalytic organic conversion reaction, and identify the rate-
limiting step, which assist the exploration of the reaction
mechanism of diverse redox organic transformations over QD-
based photocatalysts. Further study of the organic synthesis
mechanism is practically necessary to reveal the influence of
material morphology, structure, composition, reaction condi-
tions and other related factors on the efficiency and selectivity
of organic conversion of QD-based catalysts, and offers a new
sparkling idea for the more rational design and development of
QD-based artificial photocatalysts.
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