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ABSTRACT: Quantum dots (QDs) with tunable photo-optical properties and colloidal
nature are ideal for a wide range of photocatalytic reactions. In particular, QD photocatalysts
for organic transformations can provide new and effective synthetic routes to high value-added
molecules under mild conditions. In this Perspective, we discuss the advances of employing
QDs for visible-light-driven organic transformations categorized into net reductive reactions,
net oxidative reactions, and redox neutral reactions. We then provide our outlook for potential
future directions in the field: nanostructure engineering to improve charge separation
efficiencies, ligand shell engineering to optimize overall catalyst performance, in situ
comprehensive studies to delineate underlying reaction mechanisms, and laboratory
automation with the assistance of modern computing techniques to revolutionize the reaction
optimization process.

Photocatalytic reactions driven by visible light have drawn
much attention for decades, because they allow us to

make good use of sustainable solar energy with much reduced
environmental concerns. Through absorption of light, photo-
excited catalysts activate the substrates by charge or energy
transfer, producing highly reactive radical intermediates that
form certain products usually with high selectivity. In contrast
to the traditional redox reactions, where high pressure and high
temperature are often needed, photocatalytic reactions can
occur using a small amount of photocatalysts under mild
reaction conditions. As such, precious-metal-based photo-
catalysts, e.g., tris(2,2′-bipyridine)ruthenium(II) (Ru(bpy)3

2+)
and fac-tris(2-phenylpyridine)iridium(III) (Ir(ppy)3), have
been extensively studied and fueled great achievements during
the past several decades.1−3 However, these precious-metal-
based photocatalysts are not ideal for large-scale industrial
applications because of their limited availability and high cost.
Therefore, searching alternative photocatalysts that are
composed of abundant materials and exhibit high catalytic
efficiencies has been an active research topic in the past
decades.4−6 In this context, colloidal quantum dots (QDs)
have emerged as one of the most promising candidates owing
to their intrinsic advantages for photocatalysis. Upon light
irradiation, an electron of a QD is excited to the conduction
band (CB), leaving a positively charged hole in the initial
valence band (VB). These photogenerated charge carriers can
then migrate to the QD surface and separately catalyze net
reductive reactions (using electrons) and net oxidative
reactions (using holes) or collectively catalyze redox neutral
reactions (Figure 1). QDs are in many ways ideal catalysts for
organic transformations, highlighted by their tunable redox
potential and unique catalyst−substrate interface. One can
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Figure 1. Schematic illustration of QD-photocatalyzed organic
transformations.

QDs are in many ways ideal
catalysts for organic transforma-
tions, highlighted by their tuna-
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catalyst−substrate interface.
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modulate the redox potential (mainly determined by the
inorganic core through, e.g., size and composition engineering)
and catalyst−substrate interface (via surface atom control and
ligand shell design) of QDs separately without reciprocal
compromise.7,8 Another advantage of QD catalysts for organic
transformations in particular lies in their colloidal nature,
which allows both sufficient interactions between the catalysts
and substrates and the ease of catalyst removal from the
reaction solution system, sharing the benefits of both
homogeneous and heterogeneous catalysts. In addition, merits
of QDs as photocatalysts also include large extinction
coefficient, wide absorption spectral coverage, large catalytic
surface area relative to volume, and high chemical and
photostability.9,10

Because of the outstanding properties, scientists have been
investigating the photocatalytic performance of QDs over
decades, benefitting from the continuous achievements in the
synthesis of such materials.11−23 Studies on the utilization of

QD photocatalysts for organic conversions have been more
frequently reported in recent years, which provides new and
effective synthetic routes to high value-added molecules and
novel solutions to organic pollutant treatments under mild
conditions.24−27 In this Perspective, we summarize recent
advances of QD-photocatalyzed organic reactions categorized
into net reductive reactions, net oxidative reactions, and redox

neutral reactions. We also provide useful information to enrich
the field in terms of nanostructure designs for charge
separation, ligand shell engineering for optimizing reaction
efficiency, advanced in situ techniques to assist the exploration
of underlying reaction mechanisms, and promising accelerated
reaction optimization facilitated by modern computing
technologies.
Net Reductive Reactions. QD-catalyzed net reductive

reactions utilizing photogenerated electrons have been
commonly conducted under inert gas (i.e., Ar or N2)
protection with sacrificial reductants (consuming holes)
(Table 1). The pioneering works of employing QDs for net
reductive organic reactions date back to the 1980s, the early
development stage of QDs.28,29 Owing to their highly negative
reduction potentials, CdS and ZnS QDs were first employed
by Yanagida to reduce aldehydes and Schiff bases to alcohols28

and secondary amines,29 respectively. Later, the reaction scope
was expanded to reducing aliphatic or aromatic ketones,30−33

and alkenes31 to form aromatic alcohols or pinacols and
alkanes, typically in the presence of triethylamine (TEA) as an
electron donor. In the meantime, Yoneyama explored the
electron transfer (ET) dynamics from different QDs, including
PbS,34,35 ZnS,36 and CdS,37 to methyl viologen. In addition,
Yanagida also applied CdS and ZnS QDs to the dehalogena-
tion of halogenated benzene derivatives to decrease the toxicity
of organic halides.38,39 Because the polyhalogenated com-
pounds are electron-deficient molecules, their oxidation
potentials are quite positive intrinsically. This results in a
relatively slow oxidative degradation rate, leading to a favored
reductive process of dehalogenation. In the recent past, ZnSe−
CdS core−shell QDs were utilized for dehalogenation of aryl
bromides and chlorides with various functional groups.40 The
formed type II bandgap alignment structure was beneficial for
charge separation compared to pure CdS or ZnS QDs, and the
reaction scope investigated in this report was expanded to the
substrates with electron-withdrawing groups (e.g., CN, CF3,
and COOMe).40

Studies on the utilization of QD
photocatalysts for organic con-
versions have been more fre-

quently reported in recent years,
which provides new and effective
synthetic routes to high value-
added molecules and novel sol-
utions to organic pollutant treat-
ments under mild conditions.

Table 1. Summary of QD-Photocatalyzed Net Reductive Reactionsa

entry catalyst (ligands) cocatalyst solvent(s) atmosphere hole scavenger reaction type light source ref (year)

1 ZnS or CdS (S2−) none DMF N2 TEA dehalogenation 500 W mercury lamp,
>300 nm

38 and 39
(1998,
2001)

2 CdS or CdSe
(aminothiol)

none none sodium formate reduction of aromatic
azides to amines

1 kW Hg−Xe lamp,
≥400 nm

41 (2004)

3 Rh-loaded CdS (silica) Rh NCs H2O/i-PrOH in SiO2
shell

i-PrOH reduction of NB to
AZYB

7.3 mW cm−2 mercury
lamp, 436 nm filter

42 (2007)

4 CdS (MEA) none i-PrOH Ar AF, i-PrOH reduction of aromatic
nitros to amines

3W LED, blue 43 (2014)

5 CdS (MPA) none H2O/
CH3OH
(80/20)

Ar MPA, CH3OH reduction of NB to
AN

7 mW laser, 405 nm 44 (2016)

6 ZnSe-CdS (stearate,
TOP, OA, and ODA)

none hexane N2 DIPEA dehalogenation 2.45 W LEDs,
440−470 nm

40 (2017)

7 CdSe (oleate and TOP) none various Ar DIPEA polymerization 10 W LED, 480 nm 45 (2018)
8 CdSe-CdS (mostly

OAm)
none toluene Ar 4-fuorothiphenol reduction of imines 3 W LED, green 46 (2018)

9 CdS (OPA) none NMP Ar DIPEA cascade cycloaddition 36 W LED, blue 47 (2019)
10 CuInS−ZnS (MPO) none DMSO-d6 Ar TEA removal of protecting

groups
4.5 mW laser, 532 nm 48 (2020)

aDMF, N,N-dimethylformamide; AZYB, azoxybenzene; AF, ammonium formate; TOP, Tri-n-octyl phosphine; OA, oleic acid; ODA,
octadecylamine; DIPEA, N,N-diisopropylethylamine; OAm, oleylamine; OPA, octyl phosphonate; NMP, N-methyl-2-pyrrolidone; MPO, 3-
mercapto-1-propanol.
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Aromatic amines are one class of specifically targeted
compounds in QD-based photoreduction reactions because
of their broad utilizations in agricultural and pharmaceutical
industries.49 Successful examples of photocatalytic formations
of aromatic amines include reductions of aromatic azides or
aromatic nitro compounds catalyzed by CdS or CdSe
QDs.41,43,44 In conventional organic reactions, selectively
reducing aromatic nitro compounds to amines, a six-electron,
six-proton reductive process, without ceasing the reaction at
intermediate stages and thus containing byproducts under mild
reaction conditions, can be challenging.50 In 2014, it was
demonstrated that by using mercaptoethylamine hydrochloride
(MEA) capped CdS QDs, aromatic nitro compounds of wide
scope can be reduced efficiently to the corresponding aromatic
amines, without producing the byproducts from the reduction
of carbonyl and cyano functional groups on the aromatic
rings.43 To further understand the underlying mechanisms of
QDs as photocatalysts, using nitrobenzene (NB) as a model
substrate, Weiss’s group later investigated the six-electron, six-
photon photoreduction of NB to aniline (AN) catalyzed by
CdS QDs via successive photoinitiated one-electron transfers
in an acidic aqueous dispersion, which can be shown as a
simple kinetic model of the three sequential reactions (Figure

2A).44 Four-electron and six-electron photoproducts of
phenylhydroxylamine (PHA) and AN were readily detected
using gas chromatography−mass spectrometry (GC-MS), with
the absence of two-electron intermediate nitrosobenzene
(NSB).44 The high product selectivity was attributed to the
low reduction potential of NSB to PHA (+0.29 V), leading to
irreversibly converting NSB intermediates to further reduced
products, i.e., PHA (Figure 2A,B). Governed by the limit of
single-electron generation and utilization of the QD catalyst at
a time under the applied photon flux condition, a photo-
catalytic cycle from NB to AN was proposed and outlined as
shown in Figure 2C. When molecules are bound to the surface
of nanoparticles, the nuclear magnetic resonance (NMR)
signals for the protons close to the particles are broadened
because of a prolonged rotational correlation time of the
molecules. This signal-broadening effect makes NMR spec-
troscopy a powerful technique to differentiate and semi-
quantitatively determine the molecules adsorbed to the QD
surface from free molecules in solution.44 In this particular
system, it was estimated that there were ∼80 NB molecules
absorbed on each QD by comparing the integration areas of
the NMR signals from the molecules before and after mixing
with QDs. Therefore, the catalytic cycle occurred through

Figure 2. (A) QD photocatalyzing the reduction of protonated NB ([NB H]+) to AN ([AN H]+) through six sequential proton-coupled electron
transfer steps, using MPA and MeOH as proton and terminal electron sources. (B) Time-dependent concentration of NB (initially 4 mM) and
reduction products PHA and AN in the presence of 20 mM MPA and 4 nM CdS QDs. (C) Catalytic cycle for the six-electron, six-proton
photoreduction of NB (1) to AN through NSB (2) and PHA (3) two-electron intermediates, all of which are partially protonated at pH 3.6. (D)
Visible TA spectrum of 2 μM CdS QDs (no added NB or excess MPA) in 80:20 H2O:MeOH, collected 1 ns after excitation at 390 nm. Inset:
Near-infrared TA spectrum of the same sample of CdS QDs collected 1 ps after excitation at 390 nm. The red dotted lines mark two of the
wavelengths at which the dynamics of the excited state of the QD were monitored, as shown in panels E and G. (E) Normalized kinetic traces
extracted at 420 nm from the TA spectra of the 2 μM QDs (black), the QDs with 1000 equiv of NB (green), and the QDs with 1000 equiv of NB
and 1000 equiv of MPA (orange). Inset: Normalized kinetic traces extracted at 420 nm from the TA spectra of the same samples but monitored on
the ultrafast time scale (150 fs to 3 ns). (F) Normalized kinetic traces, monitored on the ultrafast time scale, extracted at 1250 nm from the TA
spectra of the same samples as in panel E. (G) Normalized kinetic traces extracted at 420 nm from the TA spectra of the QDs (black), the QDs
with 1000 equiv of NB and 1000 equiv of MPA (orange), the QDs with 1000 equiv of NSB and 1000 equiv of MPA (blue), and the QDs with 1000
equiv of PHA and 1000 equiv of MPA (pink). (A−G) Reproduced from ref 44. Copyright 2016 American Chemical Society.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Perspective

https://doi.org/10.1021/acs.jpclett.1c01717
J. Phys. Chem. Lett. 2021, 12, 7180−7193

7182

https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01717?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01717?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01717?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01717?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


“static” proton-coupled electron transfer reactions from QDs
to pre-adsorbed molecules instead of a diffusion-controlled
process.44 In addition, transient absorption (TA) measure-
ments were applied to monitor the transfer rates of electrons
(monitored at 420 nm) and holes (monitored at 1250 nm)
(Figure 2D−G). Results showed that each catalytic step
occurred first by transferring a hole from the photoexcited QD
to 3-mercaptopropionic acid (MPA, the hole scavenger) in 5.7
ps to form QD•−, which then can donate an electron to an
adsorbed substrate molecule (i.e., NB, NSB, and PHA) at the
nanosecond time scale.44 The rate constant for each electron
transfer step was correlated to the thermodynamic driving
force for the corresponding two-electron, two-proton reduc-
tion, which was consistent with the observation of concerted
two-electron steps in the electrocatalysis of the same
reaction.44,51 More importantly, the rate constant implied
that an electron transfer, rather than a proton transfer, was the
rate-limiting step for each reduction process. Although this
study provided meaningful insights on investigating the
mechanism of QD-photocatalyzed reduction of NB, more
research efforts are still needed to enrich the understanding of
reaction mechanisms, especially for complicated multielectron,
proton-coupled reactions.
Expanding the scope of QD-photocatalyzed organic trans-

formations, photoexcited CdSe QDs were reported as efficient
photocatalysts for radical-mediated polymerizations.45 With
reduction of the alkyl bromide initiator as the key step,
different functional monomers were demonstrated to be able
to drive the chain extension reactions.45 Moreover, with
improved material stability, CdSe−CdS core−shell QDs were
proven to be stable and highly active photocatalysts for the
proton-coupled electron transfer mediated reductions of
imines to amines.46 In addition, catalyzed by CdS QDs with
a wide bandgap (2.42 eV), a broad range of CF2-containing
azaheterocycles were synthesized from dechlorogenation of

ethyl chlorodifluoroacetate (ECDFA) and cascade cyclization
with inactivated olefins.47 The reactions were initiated by the
reductive C−Cl bond cleavage of ECDFA through transferring
one electron from a photoexcited CdS QD. The produced
CF2-containing azaheterocycles exhibited superior antiprolifer-
ative activity toward triple negative breast cancer and lung
carcinoma cells, making them promising drugs for future
cancer treatment.47 Recently, it was also reported that CuInS−
ZnS QDs can effectively photocatalyze the reductive
deprotection of aryl sulfonyl-protected phenols.48 Compared
with Ir(ppy)3, CuInS−ZnS QDs can absorb photons with
energy as low as 730 nm (1.70 eV), and the interaction
between substrate (i.e., through carboxylic acid) and QDs can
accelerate the deprotection rate of aryl sulfonyl-protected
phenols.48

Net Oxidative Reactions. Unlike net reductive reactions, inert
gas protection is not required in net oxidative reactions, as O2
in the air sometimes promotes oxidation. To date, various
kinds of QD-catalyzed oxidation reactions have been explored
(Table 2), including oxidation of functional groups,52,53

oxidative bond cleavage,54 oxidative coupling,55 etc.56,57 In
addition to producing useful molecules, attention has been
particularly paid to oxidative environmental remediation,
aiming to upgrade wastes into valuable chemicals.58 Among
all the reactions, alcohol oxidation represents one of the
earliest and also the most widely studied net oxidative
reactions catalyzed by QDs and is often used as a model
reaction to evaluate the catalytic activity of QD-based
photocatalysts. Traditional conversion of alcohols to carbonyl
compounds often suffers from overoxidation and toxic
oxidants, while the application of QDs with a finely adjusted
redox potential as photocatalysts can potentially solve these
problems. The earliest report of using QDs for alcohol
oxidation dates back to 2008, when Palmisano and co-workers
employed rutile TiO2 nanocrystals (NCs) for selective photo-

Table 2. Summary of QD-Photocatalyzed Net Oxidative Reactionsa

entry
catalyst
(lignds) cocatalyst solvent(s) atmosphere e− scavenger reaction type light source

ref
(year)

1 CdSe
(DTO)

none H2O air O2 carbon disulfide
production

365 nm high-pressure
mercury arc lamp

54
(2014)

2 CdS-TiO2
(Brij-58)

none acetonitrile O2 O2 benzyl alcohol
oxidation

>320 nm 300 W xenon
lamp

62
(2015)

3 CdSe−ZnS
(histidine)

none H2O Ar oxidant free condition deoxyguanosine
oxidation

420 nm halogen lamp 66
(2015)

4 CdSe
(MPA)

Ni2+ H2O Ar oxidant free condition benzyl alcohol
oxidation

purple LEDs 60
(2017)

5 CsPbI3
(oleate)

none toluene and
dichloromethane

air or Ar O2 or Bq oxidative
polymerization

solar simulator (LCS-
100)

65
(2017)

6 CdS (oleate
or BF4)

none highly alkaline
aqueous solution

N2 H2O plastic
photoreforming

simulated solar light, AM
1.5G, 100 mW·cm−2

58
(2018)

7 CdS (PPA) none water−methanol Ar anthroquinone-2-
sulfonate and methyl
viologen

benzyl alcohol
oxidation

405 nm 2.6 mW light 61
(2019)

8 CdSe-GR
(MAA)

none BTF air K2S2O8 benzyl alcohol
oxidation

>420 nm 300 W Xe arc
lamp

63
(2019)

9 Bi-Bi2WO6−x
(none)

none H2O O2 O2 benzyl alcohol
oxidation

420 nm 300W Xe arc
lamp

64
(2019)

10 Mn-CdS/
ZnS
(silica)

deposited
Pt NCs

H2O O2 O2 benzyl alcohol
oxidation

405 nm 2.5 W LED 52
(2020)

11 CsPbBr3
(DMOA-
PS)

none THF/toluene air O2 stereoselective
oxidative C−C
coupling

435−445 nm blue LED 55
(2020)

aDTO, 1,1-dithiooxalate; Bq, 1,4-benzoquinone; PPA, phosphonopropionic acid; MAA, mercaptoacetic acid; BTF, benzotrifluoride; DMOA-PS, 3-
(N,N-dimethyloctadecylammonio)propanesulfonate; THF, tetrahydrofuran.
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oxidation of benzylic alcohols to aldehydes in water.59 Inspired
by this study, different QD-based catalytic systems were
explored to understand the alcohol oxidation mechanism in a
wide range of alcohols with incredibly high selectivity. For
example, site-selective oxidation of polyhydroxy alcohols to
aldehydes/ketones has been achieved using MPA-capped CdSe
QDs (MPA-CdSe QDs) (Figure 3A).60 The thiyl radical was
generated from transferring an electron to the MPA ligand,
which played an essential role in extracting the H atom from
the C−H bond of the alcohol through a radical relay process
(Figure 3B).60 CdS QDs were also reported to convert benzyl
alcohol to benzaldehyde with 99% selectivity. More interest-
ingly, through tuning the number of Cd0 on the surface of the
CdS QDs, one can direct the reaction to produce either
benzaldehyde (less Cd0) or C−C coupled products (more
Cd0).61 In addition to using pure QDs, different design
strategies have been explored to improve catalytic efficiencies,
among which QD-based hybrid materials present one of the
most promising means. For instance, an interconnected
network of CdS QDs and TiO2 NCs was reported by Armatas
and colleagues.62 This hybrid system with a narrower bandgap
(comparing to the sole TiO2 NCs) improved catalytic
efficiency from 38% to 99% under visible light illumination.62

Xiao et al. developed a three-dimensional, layer-by-layer
assembled CdSe QDs−graphene nanosheet (CdSe-GR)
heterostructure through electrostatic interactions.63 The
efficiency of the CdSe-GR for selectively oxidizing aromatic
alcohols to the corresponding aldehydes far exceeds that of

pure CdSe QDs.63 The improvement was ascribed to the
prolonged excited-state lifetime due to electron shuttling from
CB of CdSe QDs to graphene nanosheets, as well as enlarged
catalytic surface area originating from graphene nanosheet
intercalation.63 The design of metal doping and/or nonmetal
vacancy has also been explored to improve the catalytic
performance. As one example, Bi2WO6−x nanosheets with
tunable amounts of Bi QDs and oxygen vacancies were
synthesized for selective aromatic alcohol oxidation.64 The
greatly enhanced activity of this photocatalyst was mainly
attributed to the introduction of both Bi QDs and oxygen
vacancies (Figure 3C), which resulted in the formation of an
intrabandgap defect state that was responsible for the
enhanced light-harvesting ability and charge separation
efficiency.64 In another example, silica-coated Mn-doped
CdS/ZnS QDs decorated with Pt NCs (Mn-NCs@SiO2-Pt)
were fabricated to lengthen the excited-state lifetime.52 Owing
to the long-lived excited state of Mn dopants (several
milliseconds), the energy transfer between Mn-doped CdS/
ZnS QDs and molecular oxygen was facilitated with the
assistance of the deposition of Pt NCs on the Mn-NC@SiO2
surface (Figure 3D). The resulting Mn-NCs@SiO2-Pt
composite exhibited excellent catalytic activity and selectivity
for the oxidation of primary benzylic alcohols to aldehydes
through an 1O2 engaged oxidation process.52 It is noteworthy
that, although the role of hybrid QD-heterostructures in
facilitating charge separation has been widely studied in
different systems, whether introducing dopants/vacancies to

Figure 3. (A) Site-selective photo-oxidation of polyhydroxy alcohols to aldehydes/ketones catalyzed by CdSe QDs. Reproduced with permission
from ref 60. Copyright 2017 Wiley-VCH GmbH. (B) Benzyl alcohol oxidation through a radical relay process using CdSe QDs. Reproduced with
permission from ref 60. Copyright 2017 Wiley-VCH GmbH. (C) Bi2WO6−x nanosheets with tunable Bi QDs and oxygen vacancy heterostructure,
and the mechanism for facilitated charge transfer. Reproduced with permission from ref 64. Copyright 2019 Elsevier B.V. (D) Mn-NCs@SiO2-Pt
heterostructures and the mechanism for facilitated QD charge transfer. Reproduced with permission from ref 52. Copyright 2020 Tsinghua
University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020. (E) CsPbI3 perovskite QDs catalyzed polymerization of
TerEDOT. Reproduced from ref 65. Copyright 2017 American Chemical Society.
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the QD-based catalysts facilitates or inhibits catalytic reactions
remains controversial.10 The intrinsic complexities of dopants/
vacancies (e.g., dopant/vacancy type, concentration, and
geometrical location) complicate the interaction between the
QD-host and the dopants/vacancies, often making it difficult
to draw a decisive conclusion.
While we elaborate on alcohol oxidation, there are a variety

of other photo-oxidative reactions catalyzed by QDs, such as
oxidation of cyclohexane,67 deoxyguanosine,66 and gas-phase o-
oxylene,68 epoxide ring-opening reactions,69 dithiooxalate to
CS2 conversion,

54 and coupling reactions.70 In this section, we
focus on oxidative coupling because of its significance in
synthetic chemistry, pharmaceutical design, organic materials
and polymer development, etc.71 In 2017, Chen et al. reported
the application of CsPbI3 perovskite QDs as photocatalysts for
an oxidative polymerization.65 In this reaction, 2,2′,5′,2″-ter-
3,4-ethylenedioxythiophene (TerEDOT) monomer was specif-
ically chosen instead of the commonly used 3,4-ethyl-
enedioxythiophene (EDOT). This is because the oxidation
potential of the TerEDOT measured by cyclic voltammetry
(CV) lies above the VB of CsPbI3 perovskite QDs, which
enables charge transfer between the substrate and the QDs.
Upon oxidation by CsPbI3 QDs, the TerEDOT monomer
forms a positively charged intermediate, which can further go
through a self-polymerization process to form poly(3,4-
ethylenedioxythiophene) (PEDOT). Interestingly, the photo-
catalytic polymerization naturally produced the polymer-
encapsulated CsPbI3 QDs, providing an energy-efficient in
situ method for fabricating QD−polymer conjugates, which
can be potentially utilized in optoelectronics.65

Recently, our group reported a work of stereoselective C−C
coupling reactions of α-aryl ketonitriles (selectivity of >99%)
using zwitterionic ligand-capped CsPbBr3 (ZW-CsPbBr3)
perovskite QDs (Figure 4).55 We found that the zwitterionic
ligand coating can not only improve the stability of CsPbBr3
QDs for catalyst recycling and reuse but also increase the
photocatalytic reaction rate by ∼3.5 times. This enhanced
reactivity can be attributed to a reduced density of surface
ligand coverage and thus an increased accessibility of the
substrates to the particle surface (catalytic sites), lowering the
kinetic barrier of the reaction.55 A reaction scope study
revealed that electron-donating groups or large conjugated π
systems were necessary for the efficient C−C oxidative
coupling reactions (Figure 4A).55 All the products exhibited
a stereoselectivity of dl-isomers, which are hardly accessible
using other oxidants or catalysts. Furthermore, DFT
calculations of the bond dissociation energies explained the
generation of dimers, which are energetically favored rather

than benzo[b]furans, another commonly formed type of
products under oxidative conditions. The substrate radical
intermediate and superoxide trapped by 5,5-dimethyl-pyrroline
N-oxide, a radical scavenger, were detected by electron
paramagnetic resonance measurements, indicating that the
reaction underwent a free-radical-mediated reaction pathway.55

The observed stereoselectivity of dl-isomers was induced by
steric hindrance effect between neighboring substrate mole-
cules assembled on the perovskite QD surface during the C−C
bond formation process (Figure 4B).55 Our study demon-
strates that QDs with optimized ligand passivation hold the
potential of acting as efficient photocatalysts for organic
transformations with enhanced product yield and selectivity.
Increased environmental concerns have attracted scientists’

attention toward catalytic degradation of wastes. QD photo-
catalysts represent one promising candidate for degradation of
various organic pollutants, including organic dyes;72 pharma-
ceuticals (especially antibiotics); pesticides;73 and other
industrial wastes, such as toluene.74 Nonmetal-based materials,
such as graphene QDs and carbon QDs, are of particular
interest in photodegradation of wastes because of their
environmental friendliness. In many cases, these organic
pollutants can be directly converted to nontoxic CO2 and
H2O. Researchers also seek to upcycle these wastes into
valuable chemicals. For example, plastic photoreforming and
upcycling reactions with the potential of using plastic waste as
the feedstock for fuel production (such as H2 generation)
attracted much attention in recent years.58 A pretreatment of
plastics using highly concentrated alkaline solutions was
commonly applied to first break down plastics to release
monomers or oligomers, which can be subsequently trans-
formed to smaller molecules through photo-oxidation reactions
catalyzed by QDs.58,75 The Reisner group reported that high
plastic conversion rates can be achieved for different types of
polymers (i.e., polylactic acid (PLA), polyethylene tereph-
thalate, and polyurethane) through QD-based photoreforming
reactions.58 For example, the PLA plastic conversion can reach
as high as 38.8 ± 4.0%, with the generation of H2 and CO2 as
nontoxic byproducts. Later, the same group reported the
feasibility of using nontoxic and inexpensive carbon nitride/
nickel phosphide (CNx|Ni2P) as a photocatalyst for plastic
reforming.75 Although the low reaction yield and product
selectivity along with the required harsh alkaline conditions
largely limit the choices of QD catalysts and practical
implementations, the studies promisingly demonstrate the
potential of QD photocatalysts in the use of upcycling
unreactive plastic waste to value-added products in a
sustainable way. Given that, exploring efficient photocatalysts

Figure 4. (A) Reaction scope and (B) proposed reaction scheme of the stereoselective dimerization of α-aryl ketonitriles photocatalyzed by ZW-
CsPbBr3 perovskite QDs. (A and B) Reproduced with permission from ref 55. Copyright 2020 Wiley-VCH GmbH.
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Table 3. Summary for QD-Photocatalyzed Redox Reactionsa

entry catalyst (ligands) cocatalyst solvent(s) atmosphere reaction type light source ref (year)

1 CdSe (oleate and TOP) DCHA various N2 C−C coupling 520 mW LEDs,
440−460 nm

76 (2017)

2 CdS (oleate and OPA) none benzene N2 C−C coupling 13 mW laser, 405 nm 77 (2017)
3 ZnSe-CdS (stearate, TOP, OA,

and ODA)
DIPEA hexane N2 C−H arylation 2.45 W LEDs, 440−470

nm
40 (2017)

4 CdS (various ligands) none CH3CN N2 biomass valorization 300 W Xe lamp,
420−780 nm

78 and 81 (2018,
2019)

5 CdSe (oleate/phosphonate) none DCM air C−O cleavage 200 mW/cm2, white
LED

86 (2019)

6 InP−ZnS (MUA) none benzene Ar C−C coupling 1 W LED, ∼ 465 nm 79 (2019)
7 CdSe (oleate) none THF N2 intermolecular [2 + 2]

cycloadditions
16.5 W LED, white
light

80 (2019)

8 APbBr3 (A = Cs, MA)
(octylamine)

Ni various air C−C, C−O coupling, N-
heterocyclization

12 W LED, 455 nm 82 (2019)

9 CsPbBr3 (oleate) DCHA toluene N2 α-alkylation 12 W, 400 nm 83 (2020)
10 CdSe QDs (thiolate) none H2O N2 polymerization 5 mW laser, 532 nm 83 (2020)
11 CdSe nanoplates (oleate) none THF N2 intermolecular [2 + 2]

cycloadditions
16.5 W LED, white
light

85 (2021)

aDCHA, dicyclohexylamine; DCM, dichloromethane; MUA, 11-mercaptoundecanoic acid.

Figure 5. (A) Scope of photoredox reactions catalyzed by CdSe QDs. Reproduced from ref 76. Copyright 2017 American Chemical Society. (B)
Conditions and catalytic cycle for the coupling reaction of 1-phenylpyrrolidine, 22, and phenyl trans-styryl sulfone, 23. (C) Concentration of
product 24 vs cumulative energy absorbed and vs illumination time for the reaction in panel B, using QDs with their native oleate ligands (“0 equiv
OPA”) or pretreated with 250 equiv of OPA. Inset: GC-determined concentration of product 24 vs time for the first 15 min of illumination for the
reaction in panel B, using QDs pretreated with different equivalents of OPA. (B and C) Reproduced from ref 77. Copyright 2017 American
Chemical Society. (D) Sensitization of T1 of the substrate through TT EnT from CdSe QDs and the syn-HH selectivity of CdSe QDs. Reproduced
with permission from ref 80. Copyright 2019 Nature Publishing Group.
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for plastic upcycling under mild conditions is still a pressing
need, represeting an active but challenging research direction.
Redox Neutral Reactions. The first reports using QDs for

redox neutral organic transformation were published in
2017,76,77 which were followed by extensive studies in the
past few years (Table 3).40,76−84 In 2017, Krauss’s and Weix’s
groups reported photoredox catalysis using CdSe QDs for
versatile C−C bond formation, including β-alkylation, β-
aminoalkylation, amine arylation, and decarboxylative radical
addition to styrene (Figure 5A).76 This work demonstrated
that even single-sized CdSe QDs can replace the most widely
used molecular photocatalysts (i.e., Ru(bpy)3X2 and Ir-
(ppy)2(dtbbpy)X) in different reactions, implying the potential
of utilizing QD photocatalysts in a wide scope. At the same
time, Weiss’s group reported the C−C coupling reaction
between 1-phenylpyrrolidine (PhPyr) and phenyl trans-styryl
sulfone (PhSO2) using colloidal CdS QDs (Figure 5B).77 A
kinetic study showed that the reaction is first-order with
respect to one substrate (PhPyr) and zeroth-order with respect
to the other substrate (PhSO2).

77 This result indicated the
rate-limiting step of the reaction was the hole transfer process
from the photoexcited CdS QDs to PhPyr (Figure 5B). The
authors also investigated the effect of ligand shell of CdS QDs
on the reaction efficiency by partially replacing the native
oleate ligands with different amount of octylphosphonic acid
(OPA) ligands.77 The shorter carbon chain without any double
bond of OPA ligands can disrupt the organization of crystalline
portions of the oleate shell and thus increase the permeability
of small starting molecules (i.e., PhPyr and PhSO2) to the QD

surface. The authors demonstrated that the increased
permeability to QD surfaces boosted the initial reaction rate
as well as the efficiency of the reaction (Figure 5C).77 The
same reaction can also be achieved using InP−ZnS core−shell
QDs.79 In addition to replacing metal complexes for
photocatalytic redox neutral reactions discussed above, QDs
have also been demonstrated to act as efficient catalysts for the
synthesis of syn-tetrasubstituted cyclobutanes via regio- and
diastereoselective intermolecular [2 + 2] cycloadditions, which
are typically the side-products of metal complex-catalyzed
reactions (Figure 5D).80 In these reactions, TA spectroscopy
studies demonstrated that the photocatalytic reactions were
initiated by triplet−triplet energy transfer (TT EnT) instead of
charge transfer from the CdSe QDs to the organic molecules
(i.e., 4-vinylbenzoic acid derivatives in this study). The
selectivity of the kinetically disfavored syn-configuration can
be explained by the prearrangement of the substrates at the
QD surface (Figure 5D). Later, the reaction scope was
expanded to conversions of internal and terminal dienes to
syn−trans vinylcyclobutanes with chemo- and stereoselectiv-
ity.85

Beyond small organic molecule transformations, CdS QDs
were successfully employed in the so-called lignin-first
approach, valorizing native lignin in biomass to functionalized
aromatics in the first step, with the goal of utilizing the entire
lignocellulosic biomass more efficiently (Figure 6A).78,81 In
these studies, CdS QDs were demonstrated to be able to
catalyze the selective cleavage of β-O-4 bonds through an
electron−hole coupled oxidative dehydrogenation and sequen-

Figure 6. (A) Schematic illustration of the lignocellulose structure and photocatalytic valorization of native lignin. Major components of
lignocellulosic biomass are illustrated, and the representative chemical structure of the lignin fragment is presented with the β-O-4 linkage
highlighted in crimson. (B) kET vs ligand length. The value of d corresponds to the fully extended conformations of ligands. (C) Yield of aromatic
monomers for photocatalytic conversion of lignins with different β-O-4 contents from different sources. (A−C) Reproduced from ref 81. Copyright
2019 American Chemical Society. (D) Normalized TA kinetics probed at the center of the perovskite QDs exciton bleach spectrum for a−d. Red-
dashed traces are fits to kinetics. (E) Electrochemical potential and energy level for CsPbBr3 perovskite QDs and reactants. (F) Proposed reaction
mechanism for α-alkylation catalyzed by CsPbBr3 perovskite QDs. (D−F) Reproduced from ref 84. Copyright 2020 American Chemical Society.
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tial reductive bond cleavage.78,81 The authors found that the
ligands of QDs played significant roles in the photocatalytic
conversion of solid native lignin. First, forming a clear QD
colloidal solution, which can be tuned by the hydrophilicity of
ligands, was found to be mandatory for efficient lignin
conversion. Second, the energy barrier for transferring charge
carriers from QDs to the environment is dependent on the
anchor group of the ligands. Third, for the ligands with same
anchor group, the decrease of ligand length can facilitate the
charge carrier transfer. Evidently, for CdS QDs capped with
MPA (CdS-C3), 6-mercaptohexanoic acid (CdS-C6), and 11-
mercaptoundecanoic acid (CdS-C11), the rate constant of
electron transfer to 2-phenoxy-1-phenylethanol (PP-ol) can be
derived from TA spectroscopic measurements (Figure 6B).
The fitted rate constant showed exponential attenuation as a
function of ligand length, demonstrating a ligand-mediated
electron-tunneling pathway (Figure 6B).81 The CdS-C3 QDs
can further catalyze the transformation of various technical
lignins, indicating a good selectivity of β-O-4 bond cleavage
and a high adaptability to different substrates in the current
reaction conditions.81 Furthermore, CdSe QDs with a wider
range of visible light absorption were also demonstrated as
effective catalysts for cleavage of the C−O bond in a lignin
model substrate, demonstrating their promise in the field of
biomass depolymerization. It is noted that the CdSe QDs
outperformed state-of-the-art molecular Ir-based catalysts with
a greater turnover frequency.86

Aside from conventional QDs (e.g., CdSe and CdS QDs),
perovskite QDs have great potential for photoredox organic

transformations because of their superior charge separation
and transfer capability..87 Yan’s group demonstrated that
APbBr3 (A = Cs or methylammonium (MA)) perovskite QDs
with a broad size distribution (2−100 nm) can be used for
catalyzing a series of C−C, C−N, and C−O bond formation
reactions.82,88 Importantly, all these redox reactions are air-
tolerant in contrast to inert gas-protected reactions in other
catalytic systems using Cd-based QDs or molecular complexes
as photocatalysts.82,88 To understand the detailed reaction
mechanism of CsPbBr3 perovskite QD-photocatalyzed C−C
bond formation, TA spectroscopic studies were carried out for
a model reaction, i.e., α-alkylation of aldehydes (substrate, 2-
bromoacetophenone and octanal) (Figure 6D).84 The initial
fast decay (∼50 ps) followed by a much slower decay in the
microsecond time scale for b (QDs + 2-bromoacetophenone)
and d (QDs + octanal + dicyclohexylamine) indicated an
ultrafast charge transfer process, leading to a long-lived charge-
separated state (Figure 6D). A similar decay kinetics (i.e., a
rapid charge transfer to a charge separated state) was observed
for the system involving only perovskite QDs and cocatalyst
dicyclohexylamine, while no long-lived charge-separated state
was seen for c (QDs + octanal), indicating the charge transfer
happened between the QDs and the cocatalyst (Figure 6D).

Furthermore, CV measurements showed that the photoexcited
electrons can be transferred to 2-bromoacetophenone while
the holes can be transferred to the in situ formed enamine or
the cocatalyst (i.e., dicyclohexylamine) instead of the reactant
octanal (Figure 6E). On the basis of the reaction quantum
yield (∼0.2%), the authors concluded that the reaction
proceeded through either a biradical (solid arrow) or a one-
cycle radical (dashed arrow) mechanism rather than a chain
mechanism (Figure 6F).84

Perspective and Future Directions. The viability of utilizing
QDs as functional materials has been proven in various
applications through research papers, patents, and real
products. The availability as well as the facile synthesis of
high-quality QDs are the major competitive advantages over
current molecular photocatalysts. In addition, the precise
tunability of the redox potential of QD photocatalysts and their
flexibility of dissolving in different solvents through ligand
engineering make QDs ideal photocatalysts for a wide scope of
organic reactions. Moreover, QDs possess the advantages of
both homogeneous and heterogeneous photocatalysts, i.e., high
solubility in different solvents that enables large catalytic area
and ease of removal from the reaction mixture through
centrifuge or filtration, further indicating QDs’ great promise in
real-world industrial applications. The prospect of QDs for
transforming organics has been unveiled, as are the aspects that
require further investigation. In the following paragraphs, we
identify the current limitations of using QD photocatalysts in
organic reactions and provide our perceptions on advanced
catalyst design and techniques that can help reveal the reaction
mechanisms to enrich the field.

Charge separation efficiency is a key factor for utilizing
photogenerated charge carriers (i.e., electrons and holes) of
QDs for organic transformations.89,90 Engineering QD
nanostructures is important to overcome electrostatic
attraction of electron−hole pairs (excitons) and therefore
achieving more efficient charge separation. In this regard, band
structure engineering through a heterostructural core−shell
design (e.g., reverse type I, or type II band alignments) to
facilitate spatial and wave function separations of electron and
hole pairs has been explored extensively, mainly in gas-phase
photocatalytic reactions.91−94 Such a concept has not yet been
widely applied to organic conversion reactions, which deserves
more dedicated research efforts. In addition, hybrid QD-based
heterostructures achieved through deposition of oxidation (e.g.,
metal oxides for hole delocalization) or reduction cocatalysts
(e.g., precious metals for electron delocalization) also hold a
promise in improving the reaction efficiency and selectivity, as
evidenced by their roles in gas-phase reactions.27 However, the
specific functions of such hybrid composites need to be
investigated specifically for organic transformations, as
heterostructures may have very different redox potential and
absorption profiles compared to each component. In addition,

Aside from conventional QDs
(e.g., CdSe and CdS QDs), perov-
skite QDs have great potential for
photoredox organic transforma-
tions because of their superior
charge separation and transfer

capability.

We identify the current limita-
tions of using QD photocatalysts
in organic reactions and provide
our perceptions on advanced
catalyst design and techniques
that can help reveal the reaction
mechanisms to enrich the field.
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QD heterostructures are found to be able to enhance multiple
exciton generation (MEG), a process of generating multiple
excitons by a single high-energy photon.95 We expect that
MEG might be used in photocatalytic organic transformations
to boost the reaction quantum efficiency and minimize/
eliminate side product formation through avoiding generation
of undesired radical intermediates.
Surface ligands are another important factor that determine

the overall catalytic performance of QD photocatalysts. The
carbon chain length, anchoring groups, and coverage density of
ligands will strongly influence the stability and recyclability of
QD catalysts and also the permeability and accessibility of the
substrates to active catalytic sites. These desired properties
often require conflicting ligand engineering strategies; hence, a
deliberate balance needs to be reached when optimizing QD
catalysts through ligand shell design. In comparison to the gas-
phase reactions (e.g., H2 evolution or CO2 reduction), the
ligand shell of QD catalysts plays an even more important role
for organic reactions. Except for the roles of maintaining the
stability and accessibility of QD catalysts, ligands can have
more versatile functions to facilitate organic transformations.
For example, conducting ligands can serve as charge-extraction
agents to improve reaction efficiency, while redox-active
ligands with desired redox potential can also participate in
the reaction as a catalyst.81 It is noted that molecular catalysts
with QD anchoring groups can also be attached to the QD
surface. In this case, QDs serve as a photosensitizer rather than
a photocatalyst. Despite the significance of ligands, studies of
QD ligand effects in photocatalyzed organic reactions have
been lacking, and they are worthy of being systematically
explored to customize QD-based catalysts with respect to
specific substrates and their conversions.77,81 Moreover, it is
worth noting that chiral molecules can give rise to chirality of
the NCs and induce enantioselectivity in catalytic reac-
tions.96,97 Yet, there are no reports on asymmetric organic
reactions catalyzed by QDs. Successful demonstrations in the
cases of metal/metal oxide NC catalyzed systems show
promise.96 We anticipate research efforts will expand into
this territory in the foreseeable future.
Comprehensive studies of the underlying reaction mecha-

nisms are imperative to developing new photocatalytic systems
for efficient organic transformations. Because the reactions are
initiated by photoexcited charge or energy transfer to the
substrates, it is crucial to understand the charge-carrier
dynamics and reaction kinetics to wholly picture the reaction
mechanism. In addition to conventional techniques that are
commonly used to characterize QD catalysts, time-resolved in
situ spectroscopic and microscopic tools have recently been
successfully applied to elucidate the structure and active sites
of catalysts under reaction conditions.98,99 Such studies shed
light on understanding the roles of QD catalysts as well as the
fate of organic reactants during the transformation. Reaction
mechanism studies taking advantages of advanced in situ
characterization tools should be very welcomed. For instance,
in situ X-ray absorption, X-ray photoelectron, and FT-IR
spectroscopies can be used to monitor the oxidation states
and/or coordination environments of the substrates and/or
QD catalysts, while active reaction sites of the QDs can be
identified and tracked using in situ operando TEM measure-
ments.100−102

It is worth mentioning that high stability of QD photo-
catalysts is generally required for reaction mechanism
investigations and possible industrialization. While maintaining

the performances of QD photocatalysts, researchers are
encouraged to continuously explore ways to further improve
the QD photocatalyst stability and recyclability that are
important to industrialization, including fabrication of core−
shell structure, utilization of more stable ligands, anchoring
QDs on stable supports (e.g., silica, alumina, carbon), etc.
With the inspiration of seminal pioneering efforts, applying

and optimizing QDs as photocatalysts in organic trans-
formations with expanded reaction scope and improved
product selectivity are expected to be progressively inves-
tigated. QDs with suitable excited-state redox potentials hold
the promise to serve as alternatives to the widely applied Ru
and Ir metal complex photocatalysts in a variety of organic
reactions.84 In addition, QD-based photocatalytic systems
show a unique capability of regio- and diastereoselective
organic transformations due to geometrical regulations during
a dynamic substrate−catalyst assembly process.55,80 Thinking
further ahead, the emerging artificial intelligence (AI)-driven
technology and machine learning (ML) techniques could
become a fascinating tool in assisting QD-catalyzed organic
reaction optimization and catalyst design.103−105 Although
such techniques are still in their infancy for photocatalysis,
Amal et al. have already integrated photocatalysis domain
knowledge with data-driven ML, demonstrating its unprece-
dented power in the field.104 With exponentially increasing
computing power, enriching data availability through auto-
mated syntheses/characterizations, and advancing algorithm
developments, such modern computing technologies will
change the traditional tedious reaction optimization process
in a revolutionary way.
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