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ABSTRACT

The development of photocatalysts to drive organic reactions is a frontier research topic. Organic polymers can be well tuned in terms of
structural and photophysical properties and, therefore, constitute a promising class of photocatalysts in photoredox catalysis for organic
synthesis. In this review article, we provide an overview of the concept of photoredox catalysis and recent developments in organic polymers
as photocatalysts including porous organic polymers, graphitic carbon nitride, carbon dots, and polymer dots with adjustable reactivity that
have undergone state-of-the-art advancement in different photoredox catalytic organic reactions.
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I. INTRODUCTION

Photocatalysts that absorb photon energy and drive reactions
have been widely used for hydrogen production,1–3 CO2 reduction,

4

water treatment5 and phototherapy.6 This technology converts
solar energy directly into chemical energy.7–10 Recently, using pho-
tocatalysis to drive organic reactions has also been rapidly devel-
oped and is commonly recognized as “photoredox catalysis.” The
term photoredox catalysis was coined as early as 1911.11 As the
photocatalyst is at the core of photoredox catalysis, the develop-
ment of photocatalysts to drive various reactions is, therefore,
desirable.

Inorganic semiconductors, such as TiO2, CdSe, WO3, ZnS, and
ZnO,12,13 have been used as photocatalysts to drive organic reactions.
Due to large band gaps, most of them only absorb UV regions. Metal
complexes, such as ruthenium and iridium complexes,14–17 can absorb
visible light; however, their scarcity and toxicity hampers their indus-
trial application. Small organic molecular photocatalysts, such as fluo-
rescein and rose bengal,18–20 have been used in some photoredox
catalytic reactions and showed good reactivity. However, the reactions
using small organic molecular photocatalysts are commonly carried
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out under homogenous conditions, which makes the recycling of pho-
tocatalysts difficult.

Over the past decade, we have witnessed a swift gain in the
advance of heterogeneous organic photocatalysts, such as organic
polymeric photocatalysts for photoredox catalysis. Organic polymers
are considered a promising type of photocatalyst for organic synthesis
owing to their good light-harvesting ability, high strength, and modu-
larity, easy accessibility to building blocks, abundance of active sites,
feasible recycling process after photocatalysis, etc.21–27 In this review,
we will overview the fundamental working principle of photoredox
catalysis and the applications of organic polymeric photocatalysts,
including porous organic polymers (POPs), graphitic carbon nitride
(g-C3N4), carbon dots (Cdots), and polymer dots (Pdots), in various
photoredox catalytic reactions such as coupling, reduction, and
oxidation.

II. PHOTOPHYSICS AND PHOTOCHEMISTRY
A. Molecular photocatalysts

Basic photochemistry knowledge is fundamental to understand
the working principle of a photoredox catalytic reaction. As shown in
the simplified Jablonski diagram Fig. 1, the electron in a photocatalyst
is prompted from its ground state (S0) to the first singlet state (S1)
upon light absorption which normally happens on the timescale of
femtoseconds, followed by rapid vibrational relaxation to the lowest
vibrational energy level in S1 state.

28 Thus, the prompted electron or/
and the created holes play a crucial role in later catalytic reactions
before the electron and hole are recombined by emitting fluorescence
or via internal conversion. However, the formation of a triplet state
(T1) via intersystem cross (IST) from the S1 state could be also helpful
for some photocatalytic reactions.29 Because the deactivation of T1
state to S0 state via phosphorescence is spin-forbidden, T1 is relatively

long-lived as compared to the S1 state. Thus, the T1 state, in principle,
is more favorable to certain reactions which take charges from the
photocatalyst rather slowly, if the charge transfer between the T1 state
of the photocatalyst and the substance is still thermodynamically feasi-
ble. The reduction and oxidation potentials of an excited state can be
obtained from the following formulas:

E�PC=
�
PC ¼ EPC=

�
PC þ E0�0; (1)

EþPC=
�
PC ¼ EþPC=PC � E0�0; (2)

where PC� is the excited photocatalyst, EPC�=PC� is the reduction
potential of the excited-state photocatalyst, EPC=PC� is the reduction
potential of the ground-state photocatalyst, E0�0 is the 0–0 transition
energy of the photocatalyst; EPCþ=PC� is the oxidation potential of the
excited-state photocatalyst, and EPCþ=PC is the oxidation potential of
the ground-state photocatalyst.

The reactant can either be reduced or oxidized by the exited pho-
tocatalyst depending on their relative redox potentials, the following
reactions may happen:

PC� þ R! PCþ þ R� DG1 ¼ �ðER=R� � EþPC=
�
PCÞ F; (3)

PC� þ R! PC� þ Rþ DG2 ¼ �ðE�PC=
�
PC � ERþ=RÞ F; (4)

where R is the reactant substrate, R� is the reduced state of the reac-
tant, DG1 is the reaction Gibbs free energy when the reactant is
reduced by the excited photocatalyst, F is the Faraday constant, Rþ is
the oxidized state of the reactant, ER=R� is the reduction potential of
the reactant, ERþ=R is the oxidation potential of the reactant, and DG2

is the reaction Gibbs free energy when the reactant is oxidized by the
excited photocatalyst.

Assuming that all reduction and oxidation processes are only one
electron involved, then the reaction Gibbs free energy is listed as

FIG. 1. Jablonski diagram of creating an excited singlet state and triplet state of the photocatalysts (PC) and their relative redox potentials.
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formula (3) and (4). In order to ensure DG1 < 0 during a photo-
reduction process, EþPC=

�
PC < E�R =R should be fulfilled. Similarly, in

order to guarantee DG2 < 0 during a photo-oxidation process,
E�PC=

�
PC > EþR =R should be satisfied.

30

E0�0 is normally determined by the intersection wavelength
(kint) between absorption and emission spectra of the photocatalyst,

E0�0 ¼ hc=kint ¼ 1240=kint ; (5)

where h is Plank’s constant and c is the speed of light.

B. Polymeric photocatalysts

Since polymers are used as alternative photocatalysts, many
methods have been used to determine the energy levels and bandgap
of the polymer. The above method for molecular photocatalysts has
also been applied to polymers when the polymers are treated as mole-
cules.2 The oxidation potential of a polymer obtained from electro-
chemistry or ultraviolet photoelectron spectroscopy (UPS) is also
commonly used as the polymer’s highest-occupied molecular orbital
(HOMO) or valence band (VB) edge.31,32 The lowest unoccupied
molecular orbital (LUMO) or conduction band (CB) edge can be cal-
culated from the bandgap (Eg) of the polymer,

Eg ¼ HOMO� LUMO ¼ EVB � ECB; (6)

where EVB and ECB are the energy of VB and CB edge of the polymers.
In some cases, HOMO and LUMO levels of a polymer are

directly taken from oxidation and reduction potential from cyclic vol-
tammetry, respectively.33,34 Eg that are determined in that fashion may
however be flawed by considerable mistakes as most polymers exhibit
electrochemically irreversible oxidations and reductions, and the
anodic and cathodic peak potentials do not reflect the true theormal-
dynamic potentials. In addition to electrochemistry, the onset wave-
length of the absorption spectrum [Eq. (7)] and the Tauc plot [Eq. (8)]
is also used to determine Eg of the polymer,

Eg ¼ hc=konset ¼ 1240=konset; (7)

where h is Plank’s constant, c is the speed of light, and konset is the
onset wavelength of the absorption spectrum,

ah�ð Þn ¼ A h� � Eg
� �

; (8)

where a is the molar absorption coefficient, hv is the photon energy, A
is the proportionality constant (i.e., based on refraction index, effective
masses of electron and hole; however, for amorphous materials it is
considered to be 1), and n can be one of the following values: 1/2 for
allowed direct, 3/2 for forbidden direct, 2 for allowed indirect, and 3
for forbidden indirect transitions.

In this review, we will keep the terms of energy levels originally
used in the publications.

III. PHOTOREACTION

With the aid of light energy, a photoreaction can produce a prod-
uct that is thermodynamically uphill under dark conditions, such as
water splitting and some organic synthesis.35 Typically, photoreaction
can be divided into two categories: photochemical reaction and photo-
catalytic reaction (for organic synthesis, it is generally known as photo-
redox catalysis; Fig. 2).36 In a photochemical reaction, the reactant
itself is prompted to its excited state by absorbing light. The excited
state crosses over a small activation energy barrier and forms a prod-
uct. One of the well-known photochemical reactions is the
“electrocyclic reaction,” which is a kind of pericyclic rearrangement
reaction involved with ring-opening and ring-closing and has been
widely applied in fluorescent switching.37 In a photocatalytic reaction,
the photocatalyst reaches its excited state by absorbing light. Then, the
excited photocatalyst can be either oxidized or reduced by the reactant.
These processes sometimes can be assisted with an intermediate such
as a redox-shuttle or a co-catalyst. Either way, the reactant is converted
to an anion radical, cation radical, or neutral radical that reacts further
to the product. For example, several photocatalytic reactions based on

FIG. 2. Two types of typical photoreactions, photochemical reaction, and photocatalytic reaction, R is the ground state of the reactant, R� is the excited state of the reactant,
EA is the activation energy through the ground state reactant to the product, EA

� is the activation energy through the excited state reactant to the product, green P is the product
which possesses a higher energy level than the reactant, black P is the product which possesses a lower energy level than the reactant, DG is the reaction free Gibbs
energy.
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Eosin Y have been successfully developed.38–40 There are several
advantages of the photocatalytic reaction compared to the photochem-
ical reaction:

1. By using a light-absorbing photocatalyst, the photoreaction
range can be greatly broadened where the reactant needs not be
light-absorbing.

2. In presence of a photocatalyst, the reactant can be either oxidized
into a cation radical or reduced into an anion radical, which can be
modified by tuning the photoredox properties of the photocatalyst.

3. Photochemical reactions normally are achieved under near UV
illumination due to the high energy required for a new bond for-
mation. By contrast, the photocatalytic reaction can be extended
to almost all the visible spectrum regions up to near-infrared by
choosing different photocatalysts based on their optical proper-
ties and reaction selectivities.

IV. MECHANISTIC APPROACH FOR PHOTOREDOX
CATALYSIS

Typically, the photocatalytic reaction pathway follows one of the
two mechanisms depicted in Scheme 1. Generally, in the presence of a
light source, the photocatalyst is excited from the ground state to the
excited state. This excited state can be quenched either oxidatively or
reductively via single electron transfer (SET) in the presence of an elec-
tron acceptor (A) or an electron donor (D), respectively.41 The elec-
tron acceptor/donor mentioned here can be either the substrate or a
sacrificial reagent.

According on whether the substrates go through net oxidative,
net reductive, or redox-neutral transformations, photoredox catalytic
processes can be categorized as shown in Scheme 2. A stoichiometric
sacrificial oxidant or reducing agent is necessary for net oxidative or
net reductive reactions, however in redox neutral reactions, substrates
will experience both single electron reduction and oxidation as part of
the reaction mechanism.

A. Net oxidative reactions

Net oxidative reactions are the ones in which the substrate is
oxidized using photocatalyst by a stoichiometric oxidizing agent.

Net-oxidative transformations rely on a terminal oxidant (sacrificial
acceptor of electrons).

B. Net reductive reactions

Net reductive reactions are those in which the substrate is
reduced using a photocatalyst by a stoichiometric reducing agent. Net-
reductive processes require a terminal reductant (sacrificial source of
electrons).

C. Redox neutral reactions

The substrates participate in both phases of the photocatalytic
cycle in redox-neutral reactions. For example, the substrate may first
constitute the electron donor that reductively quenches the photocata-
lyst’s excited state. The overall reaction becomes redox neutral by re-
oxidation of the reduced photocatalyst through an electron uptake of a
close-to-product intermediate that is formed during the organic
transformation.

Organic porous materials are having high ability to transform
organic reaction under visible light. To comprehend how the light
mediated catalytic reaction pathway that a photoredox catalyst may
transform the organic product, some spectroscopic techniques, such as
ultraviolet-visible (UV-Vis) absorption and emission spectroscopy,
spectroelectrochemistry, and transient spectroscopy, are normally
used to investigate the reaction kinetics and intermediates. Such mech-
anistic studies can also offer important insights into the kinetics and
intermediates of a reaction and gain knowledge to design new photo-
catalysts for a photoredox catalytic reaction.

V. ORGANIC POLYMERIC PHOTOCATALYSTS
FOR PHOTOREDOX CATALYSIS

Organic polymeric photocatalysts, such as POP, g-C3N4, Cdots,
and Pdots, have their advantages and disadvantages. These are sum-
marized in Table I and thoroughly discussed in Secs. VA–VF.

A. Porous organic polymers (POPs)

POPs (Scheme 3), which are a more modern type of porous
organic material made primarily of organic building blocks joined by

SCHEME 1. Types of quenching pathways in photoredox catalysis, viz., D and A represents electron donor and acceptor that may be substrate/reagent and PC denotes
photocatalyst.
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strong covalent bonds, have recently come into existence. They have
stiff, strongly cross-linked frameworks with specific void regions that
can accommodate the presence of guest molecules.57 Due to their fas-
cinating features, including strong thermal and chemical stabilities,
customizable chemical functionalities, huge surface areas, tunable

optical band gaps, and adjustable pore size distributions, POPs have
recently gained a lot of study interest as a heterogeneous photocata-
lyst.58 This section provides an overview of existing research examples
related to various POPs utilized in photoredox catalysis methodologies
while keeping in mind the design principle of possible POP functionality

SCHEME 2. Net redox events for the visi-
ble light-mediated photoredox catalyzed
organic transformations.

SCHEME 3. Classification of the porous organic polymers based on the reversible and irreversible nature of the structures.
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adjustment. These POPs are particularly intriguing because they have the
potential to be used for photocatalytic oxidation,59 reduction,60 cou-
pling,61,62 and cycloaddition,63 as well as cross dehydrogenative coupling
reactions (CDC),64,65 C-3 functionalization of indoles,66,67 Mannich type
reaction.57 In terms of structural order, the POPs that have been
described so far can be divided into two categories: crystalline and amor-
phous. While the latter consist of all amorphous POPs, with conjugated
microporous polymers (CMPs),68–71 hyper-crosslinked polymers
(HCPs),72–75 polymers of intrinsic microporosity (PIMs),76–78 porous
aromatic frameworks (PAFs),79–81 and amorphous covalent triazine
frameworks (CTFs),82 the former primarily refers to covalent organic
frameworks (COFs)83–87 and crystalline covalent triazine frameworks
(CTFs).88–91

Over the past decade, there has been much research done on
photocatalytic organic transformations using POP-based photocata-
lysts. This section describes some of representative examples as well as
categorizes and summarizes the photocatalytic reactions in POP
based-organic transformations. Most of the reactions discussed con-
cern oxidation, reduction, and coupling reactions.

We demonstrate the structural design principles of the POP pho-
tocatalysts for a specific application by selecting several examples
based on the structure of the pre-synthesized POPs and post-synthetic
modification (PSM) into the structure.

The structural design with functionality is a need for producing
superior POP-based catalysts by the inherent principle of the catalytic
mechanism and the hands-on necessities of heterogeneous photocata-
lytic systems. For POPs to function as efficient heterogeneous catalysts,
it is crucial to take into account the light-harvesting characteristics,
tunable optical bandgap, aligned energy levels, easy recyclable property
and migration of generated charge, and mass transfer.

B. Design principles

Photocatalysts are brought out of their ground state and into an
excited state by absorbing photons. In general, energy, charge, and

atom transfer are the three ways that photoexcited species are involved
in the photocatalytic reaction system. The charge transfer of photoex-
cited species is what initiates most of photoredox organic transforma-
tions (as single-electron oxidants or reductants). As a result, it is
crucial to determine the redox potential in visible-light-driven pro-
cesses that include electron transfer to assess the reaction’s thermody-
namic feasibility. Additionally, it offers the benchmark for choosing
and creating appropriate photocatalysts.

As a crude guideline when designing POP photocatalysts, one
needs to

• first check to see if energy levels match the redox potentials of
the chemical reactions, i.e., the thermodynamic test that deter-
mines whether the reaction can continue.

• Second, for optimum solar energy use with maximum absorption,
a suitable energy bandwidth (within the range of 1.7–3.1 eV)
within the visible part of the spectrum (400–800 nm) is crucial.

• Third, to achieve high photocatalytic performance, photogenerated
charges (holes and electrons) must be successfully separated from
one another, and the separated charges must be sufficiently long-
lived to carry out the reactions before charge recombination.

When one builds POP-based photocatalysts, one also needs to
consider the pore structure qualities and material stability. This is due
to the fact that the stability of a catalyst is an inherent prerequisite for
accomplishing photoredox catalysis, yet adequate pore diameter and
high Brunauer–Emmett–Teller (BET) surface area of the POP photo-
catalyst typically have a substantial influence on diffusion of the sub-
strate into the matrix of the photocatalyst in order to reach the
reactive sites.

C. Design strategy

Several design approaches based on the structure in situ (bottom-
up) and PSM have been developed, beginning with the design values
of POPs as heterogeneous photocatalysts and ultimately aiming for

TABLE I. Comparison chart of the organic polymers.

Types of polymer

POP
Graphitic carbon
nitride (g-C3N4)

Carbon dots
(Cdots)

Polymer dots
(Pdots)Amorphous POP Crystalline POP

Porosity Mostly microporous
broader pore sizes

Micro/Mesoporous
narrow PSD (pore size

distribution)

Low to high42 Low43 �

Crystallinity Amorphous44 Modest to high High45 Modest to high46,47 Low to modest48

Synthetic strategy Coupling based reac-
tion; sonogashiro
based, Schiff base
condensation

Self-assembly based on
covalent bond imine
linkages and triazine

linkage

Thermal polymeri-
zation, high
temperature49

Thermal polymeri-
zation, high

temperature50,51

Self-assembly,
room temperature2

Dimensions Multidimensions Two or three Two to three52 Zero Zero
Challenges To have uniform pore

size
To increase active sites

for catalysis53
To well control the
synthesis, clear rela-
tionship between
structure and
properties54

To well control the
synthesis, limited
light-harvesting

ability55

To prevent
aggregation56

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 011307 (2023); doi: 10.1063/5.0123282 4, 011307-6

VC Author(s) 2023

 05 January 2024 10:49:15

https://scitation.org/journal/cpr


high catalytic efficiency (Scheme 4). While the latter approaches pri-
marily involve linkage conversion, post incorporation of the functional
moiety, metal loading, and heterojunction construction, the earlier
approaches mainly involve structural variation in the precursor
ligands, such as heteroatom doping and metal complexation, and
rational design of electron donor–acceptor (D–A) ligands.92–94

The PSM has advantages and disadvantages. Similar to PSM,
which has many benefits based on the design of a suitable catalyst with
desired properties, such as post-synthetic metalation, incorporation of
active catalysts, and metal doping, the challenges include the necessity
of an additional synthetic step, uncertainties of where in the material
the PSM has occurred, and on whether a sufficient amount of catalyst
has been introduced.

1. Oxidation reaction

The majority of observed photoredoxcatalytic organic transfor-
mations involving POPs are photocatalytic oxidation processes in
which superoxide (O2

•�) and singlet oxygen (1O2) are generally the
most prevalent reactive oxygen species (ROS). Furthermore, hydroxyl
radical (•OH) and hydrogen peroxide (H2O2) converted directly or
indirectly from water or oxygen often play a significant role in the
reaction. Plentiful photocatalytic oxidation reactions have been investi-
gated to date, including oxidation of sulfides,95 oxidation of benzyl hal-
ides,96 and oxidative hydroxylation of aryl boronic acids.97

a. Photoredox catalyzed cross dehydrogenative coupling
reactions. Photoredox-catalyzed cross dehydrogenative coupling (CDC)
reactions are prevailing synthetic tools for generating C–C bonds
directly and selectively from two different C–H bonds (Scheme 5).

Guo et al. recently described in situ synthesis of a sequence of
hybrid porous polymers (HPPs) [Fig. 3(a)].98 This class of polyhedral
oligomeric silsesquioxane (POSS), HPP 1–4, was synthesized by a cou-
pling reaction between the OVS and A1, A2, A3, or A4 monomers, as
shown in Fig. 3(a). Among the various POPs identified, those based
on POSS, a family of silicon-based hybrid molecules, demonstrated
particularly good stability as well as exceptional performance as stable
heterogeneous catalysts in organic synthesis. These HPPs were suc-
cessfully used as metal-free heterogeneous photocatalysts for the CDC
reaction. The model reaction was the aza-Henry coupling of tetrahy-
droisoquinolines with nitroalkanes.

The intermediate 1O2, formed from 3O2 sensitization via energy
transfer by the excited photocatalyst, was identified by mechanistic
investigations [Fig. 3(b)]. In addition to this photocatalytic reaction,
good functional group tolerance and recyclability have been achieved.
The use of POSS-based luminescent HPPs as photocatalysts in syn-
thetic reactions is demonstrated for the first time in this study.

In a study by Kumar et al., a 2D amide-based porous organic
framework (POF) for atom-economic and metal-free visible-light
triggered oxidative Mannich reaction was developed as shown in
Fig. 4(a).99 The C-7 POF was successfully grafted via the solid phase

SCHEME 4. The main characteristics of organic polymers and the design technique for porous organic polymers.

SCHEME 5. General reaction scheme for
the photoredox catalytic CDC reaction.

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 011307 (2023); doi: 10.1063/5.0123282 4, 011307-7

VC Author(s) 2023

 05 January 2024 10:49:15

https://scitation.org/journal/cpr


peptide synthesis (SPPS) with molecular photocatalysts (Rose bengal).
It is a successful example of the PSM of the POFs with a bifunctional
catalytic group that works synergistically.

Experimental and theoretical shreds of evidence validated the
combined photo-organic mechanism as a result of the effective modu-
lation of an energy gap in the catalyst. The atom-economic oxidative
Mannich reaction is carried out to the best of the catalytic system, gen-
erating the iminium ion intermediate in situ [Fig. 4(b)] and

minimizing the number of typical Mannich reaction steps. Similarly,
the hooked L-proline moiety with the C-7 POF acts synergistically as a
base to catalyze the ketone (2a) to produce enamine (2a0). As a result,
nucleophile enamine is added to intermediate (1c) to yield, b-amino
ketone (3a).

Zhi et al. synthesized three donor–acceptor CMPs via an oxida-
tive coupling reaction. These CMPs based on donor–acceptor (D–A)
structures have easily modifiable photoelectric properties and

FIG. 3. (a) Synthetic route for POSS-based hybrid porous polymers including chromophores (HPP1–HPP4); (b) proposed catalytic mechanistic approach for the aerobic photo-
catalyzed aza-Henry reaction utilizing (HPPs). Reproduced with permission from Guo et al., ACS Appl. Mater. Interfaces 13, 42889 (2021). Copyright 2021 American Chemical
Society.

FIG. 4. (a) Representation of dual-catalyst engineered framework C-7; (b) schematic representation for the coupling reaction in between 1a and 2a by bifunctional C-7 photoca-
talyst. Reproduced with permission from Kumar et al., J. Catal. 394, 40 (2021). Copyright 2021 Elsevier.
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enhanced photocatalytic performance.100 Figure 5(a) shows how to
make these three D-A types of photocatalysts with carbazole and var-
ied units of electron acceptors units.

DA-CMP2 exhibited superior interfacial separation of photo-
induced electron–hole pairs and faster charge transport. In addition,
the DA-CMP2 lifetime shows a duration of 3.35 ns in Fig. 5(b). The
extended lifetime of charge carriers increases their reactivity.
Additionally, a proposed catalytic mechanism is provided to explain

the role of the photocatalyst in Fig. 5(c). The final product is produced
through a nucleophilic addition reaction after the photocatalyst produ-
ces the excited species DA-CMP�, which is then reductively quenched
with the substrate 1a via a SET pathway to form cationic A and
anionic DA-CMP radicals.

b. Sulfide oxidation. Sulfoxides play an important role in organic
synthesis and the pharmaceutical industry as intermediates or biologi-
cally active compounds. It is the most effective and atom-economic
ways to produce sulfoxides is done by photocatalytic oxidation process
of sulfides, which abides by the standards of green synthetic chemistry
(Scheme 6).

The incorporation of pure organic dyes, i.e., boranil dye into the
backbone of conjugated microporous polymers (CMPs) by Gong et al.
in 2021 paves the way for the use of molecular photocatalysts in POPs
as shown in Fig. 6(a).101 When compared to its boranil-free equivalent,
it demonstrated improved photocatalytic performance for the aerobic

FIG. 5. (a) Synthetic scheme by using FeCl3/CHCl3 oxidative coupling polymerization process to create DA-CMPs; (b) Photoluminescence decay traces of DA-CMPs; (c) sche-
matic mechanistic representation for the catalytic C–H functionalization by the DA-CMP photocatalyst. Reproduced with permission from Zhi et al., Appl. Catal., B 244, 36
(2019). Copyright 2019 Elsevier.

SCHEME 6. General reaction scheme for photocatalytic oxidation of sulfides.

FIG. 6. (a) Synthetic route for the synthesis of conjugated microporous polymers TDFB-TEB and TCT-TEB; (b) proposed reaction mechanism of sulfide using TDFB-TEB as a
photocatalyst. Reproduced with permission from Gong et al., Polym. Chem. 12, 3153 (2021). Copyright 2021 The Royal Society of Chemistry.
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oxidation of amines and sulfides. Boron complexation increased the
visible-light absorption, optical bandgap, and planar conjugation of
the material. That is a good example of the design of photocatalysts
with enhanced optical properties.

A series of trapping experiments were conducted to better under-
stand the reaction mechanism of the selective oxidation of sulfides to
sulfoxides. When compared to its boranil-free equivalent, it demon-
strated improved photocatalytic performance for the aerobic oxidation
of amines and sulfides. Boron complexation increased the visible-light
absorption, optical bandgap, and planar conjugation of the material.
Like NaN3 scavenges 1O2 and benzoquinone scavenges O2

•�; both
reduce the yield of the products. These results demonstrated the
importance of 1O2 and O2

•� as active species. Based on the experimen-
tal screening results mentioned, plausible reaction pathways for
photo-catalytic oxidation of sulfides have been proposed in Fig. 6(b).

On the other hand, Luo et al. reported a class of
carbazole–triazine-based (D–A) POFs in a separate method [see Figs.
7(a) and 7(b)].102 The sequential outline of donor and acceptor units
into POFs stabilized the charge-transfer state and permitted an effi-
cient energy transfer to create 1O2. Meanwhile, organized adjustment
of the D–A distance resulted in appropriate photoredox characteristics
with results, therefore increasing the efficiency of ROSs formation.

Several experiments suggested that the 1O2 pathway is used for
sulfide oxidation to sulfoxide. When 2.0 equiv. of NaN3 (quencher
reagent) was used, and no product formation was observed. Addtion
of well-known O2

•� trapping agent quinone did not affect the process.
When performed in CD3OD, the reaction was greatly accelerated for
all POFs due to the prolonged lifetime of 1O2 in the deuterated
solvent.

The formation of sulfoxide occurs collectively via the 1O2 oxida-
tion pathway shown in Fig. 7(c), contrary to the O2

•� mechanism pro-
posed by Loh and colleagues.103 In addition, their findings indicated
that 1O2 is more vigorous than O2

•� for the oxidation process as shown
in Fig. 7(d). The stabilized charge separation triplet state could
enhance the high photosensitization efficiency of D–A POFs. The
addition of N atoms to the triazine core allows for charge transfer and
ISC, resulting in triplet excited state stabilization.

c. Oxidations of alcohol. In organic synthesis, the oxidation of
alcohols to ketones frequently requires harsh conditions, which war-
rants the development of new methodologies based on photoredox
catalysis (Scheme 7).

At ambient temperature conditions, Huang et al. used a
thiophene-based triazine framework as an active photocatalyst for the
oxidation of alcohols.104 It was possible to generate a very positive
HOMO level at þ1.75V against SCE (standard calomel electrode) by
inserting thiophene units into the CTF backbone, resulting in a strong
photo-oxidation potential. Furthermore, mesoporous silica was used
as a support during the photocatalytic process to clarify the morpho-
logical effect and expand the active area of CTF-Th. The framework

FIG. 7. (a) Synthetic route and chemical structures of the polymers, (b) inset images of POFs in the presence of UV and visible light, (c) conversion chart of reactant to product
in CH3OH (open circle) and CD3OD (solid circle), and (d) plausible mechanistic approach for the oxidation reaction of sulfides. Reproduced with permission from Luo et al., J.
Mater. Chem. A 6, 15154 (2018). Copyright 2018 The Royal Society of Chemistry.

SCHEME 7. General reaction scheme for photocatalytic oxidation of alcohols.
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was directly manufactured onto mesoporous silica (SBA-15) by cycli-
zation polymerization, providing an insoluble yellow powder for the
CTF-Th@SBA-15 mesoporous nanoreactor.

The activated forms (O2
•� and 1O2), are produced from activated

O2 by using the photo-generated electrons, that extract one proton
from benzyl alcohol into its anionic form and resulting in the produc-
tion of •OOH species. In Fig. 8(b), the photogenerated hole first oxi-
dizes the benzyl anion to form an anionic radical, which is then
oxidized by •OOH to form benzaldehyde.

d. Oxidative hydroxylation of arylboronic acids. The photocata-
lytic oxidative hydroxylation of arylboronic acids yields the corre-
sponding phenols in an environmentally friendly and efficient manner
as shown in Scheme 8.105

Luo et al. reported a porous organic framework, Cz-POF-1,
Fig. 9(a) toward three classical synthetic transformation reactions:
dehalogenation, hydroxylation a-alkylation.106 The hydroxylation
reaction undergoes the oxidative quenching pathway because the
reduction potential of Cz-POF-1 [E1/2

red ¼ �1.53V vs the saturated
calomel electrode (SCE)] is proficient in reducing molecular oxygen
(E1/2

red¼ �0.86V vs SCE in DMF) to the significant radical species O2
•–.

Generally, O2
•– is supposed to be active to react with boron via the

vacant orbital of the acidic boron.107 Proton abstraction and aryl shift
are carried through to the final product [see Fig. 9(b)]. Cz-POF-1 con-
jugation properties boost its visible light absorption and accelerate the
reaction pace. Because of their potent electron-donating capabilities,
the three photoreactions are valuable and catalyzed.

FIG. 8. (a) General synthesis method for thiophene-based CTF-Th on SBA-15; (b) Mechanistic diagram for the photocatalyst’s selective oxidation of alcohols. Reproduced
with permission from Huang et al., ACS Catalysis 7, 5438 (2017). Copyright 2017 the American Chemical Society.

SCHEME 8. General reaction scheme for photocatalytic oxidative hydroxylation of
arylboronic acids.

FIG. 9. (a) Synthesis of the porous framework; (b) proposed catalytic mechanism. Reproduced with permission from Luo et al., ACS Catal. 5, 2250 (2015). Copyright 2015 the
American Chemical Society.
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Moreover, Nailwal et al. synthesized a truxene-based porous
framework via a base-catalyzed condensation reaction as shown in
Fig. 10(a).108 Various electronic features of the framework were stud-
ied to gain a deeper understanding of the photocatalytic procedure. A
plausible reaction mechanism for the transformation is described in
Fig. 10(b). Initially, visible light irradiation generated an excited

intermediate, followed by electron extraction from DIPEA via the SET
pathway to generate the desired phenolic product D.

In addition, Cheng et al. reported the synthesis of two sp2 C-
COFs based on triphenylamine (TPA) donors which could generate
persistent radical cations in the presence of oxygen and light
[Fig. 11(a)].109 The originated radical cations are located at the TPA

FIG. 10. (a) Synthetic procedure of Tx-COF-2; (b) schematic mechanistic scheme for aryl boronic acids to phenols by a photocatalyst. Reproduced with permission from
Nailwal et al., Macromolecules 54, 6595 (2021). Copyright 2021 the American Chemical Society.

FIG. 11. (a) Synthesis of the radical polymer sp2C-COFs via condensation reaction; (b) proposed reaction mechanism of aryl boronic acid oxidative hydroxylation. Reproduced
with permission from Cheng et al., Appl. Catal., B 306, 121110 (2022). Copyright 2022 Elsevier.
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units after electron transfer from the excited COF to molecular oxy-
gen. The molecular oxygen finally forms O2

–•. The fs-TA experimental
confirmed that the introduction of benzene rings could significantly
prolong the lifetime of excited TBPA-sp2C-COF as compared to TPA-
sp2C-COF by suppressing the charge recombination between electron
donor TPA and acceptor triazine. The long-lived excited state of
TBPA-sp2C-COF is responsible for the higher catalytic performance
than TPA-sp2C-COF. TBPA-sp2C-COF was, therefore, found to effi-
ciently catalyze the aryl boronic acid oxidative hydroxylation process
by efficiently generating ROS [Fig. 11(b)].

2. Coupling reactions

In line with the need for sustainability, the photocatalytic C–C or
C–N coupling process by POPs forgoes the widespread use of homo-
geneous catalysts, especially noble-metal catalysts (Scheme 9). The
most significant coupling reaction instances to date are discussed in
this section.

Oxidation of benzylamine to imine is also an important reaction
to study due to its high significance in organic synthesis utilizing pho-
tocatalytic heterogeneous reactions, as well as its high yield. The in situ
incorporation of organic dyes into CMP photocatalysts with custom-
ized properties, as shown in Fig. 6(a), is based on a boranil dye that
was used as a photocatalyst.101 Compared to its boranil-free equiva-
lent, a better photocatalytic performance for the aerobic oxidation of
amines and sulfides was demonstrated. The results of this work show
that boranil dyes are useful as building blocks for the creation of novel
photocatalysts for the effective oxidation of amines and sulfides.

Wang et al. recently reported four heptazine-based POPs in
Fig. 12(a).110 The detailed investigation of the photocatalytic oxidation
reaction by varying the length of the benzene unit and the electron
density of the linker by increasing the length of the rings and electron
density of the linker, the electron donation ability is significantly
improved, which also reduces the bandgap of the POP material and

improves its electronic interaction with heptazine, thereby simplifying
the separation and transfer of photogenerated carriers. Ultimately,
POP-4 showed the best photocatalytic benzylamine oxidation perfor-
mance. The proposed photocatalytic reaction mechanism of POP-4 is
illustrated in Fig. 12(b). Photogenerated electrons and holes react with
molecular oxygen and the substrate to form 1O2 or O2

•– and amine
ions. The final product is formed by the reaction of the reacted anion
and anion pairs.

3. Porous organic polymer photoisomerization of olefins

Numerous investigations have focused on the catalytic photoiso-
merization of thermodynamically stable trans-alkene to less stable cis-
alkene, which has been effectively accomplished most often under the
UV irradiation (Scheme 10).

Bhadra et al. created a triazine as well as a keto-functionalized
based COF (TpTt) [Fig. 13(a)].111 This photoredox COF catalyst
exhibits substantial visible light absorption and has been used in the
photoisomerization of uphill conversion reaction of trans-stilbene to
cis-stilbene via an energy transfer process in the presence of blue light-
emitting diodes via an energy transfer process.

The energy states of potential intermediates during the isomeri-
zation reaction were calculated as shown in Fig. 13(b). The photocata-
lyst gets excited from So to S1 after absorbing light into the visible
spectrum. Following ISC, TpTt enters the stable T1 state and interacts
with the substrate, transferring energy. Through the energy transfer
process, the substrate is changed into its intermediate state, the radical
triplet, which is then changed into the final product.

4. Reductions reactions

Photocatalytic reduction reactions are another important visible
light mediated organic transformation. In the presence of light, POP-
based photosensitizers generate electron and hole in the presence of
light, and the electron then directly interacts with the starting mole-
cules to commence the process. The primary photocatalytic reduction
reactions are halo ketone reductive dehalogenation, aromatic nitro
compound reduction, and selectively hydrogenation of unsaturated
double bonds.

SCHEME 9. General reaction scheme for the photocatalytic coupling reaction.

FIG. 12. (a) The general synthetic scheme of heptazine-based POPs; (b) possible mechanism of the oxidation of benzylamine to imines. Reproduced with permission from
Wang et al., Chem. Eng. J. 431, 134051 (2022). Copyright 2022 Elsevier.

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 011307 (2023); doi: 10.1063/5.0123282 4, 011307-13

VC Author(s) 2023

 05 January 2024 10:49:15

https://scitation.org/journal/cpr


a. Reductive dehalogenation of haloketones. In chemical produc-
tion processes, dehalogenation is a common and efficient method for
converting halogenated hydrocarbons into other compounds as shown
in Scheme 11.

A series of the conjugated porous poly-benzobisthiadiazole net-
work were synthesized byWang et al. via high internal phase emulsion
polymerization [see Fig. 14(a)].112

The proposed reaction sequence is depicted in Fig. 14(b). The
photo-generated hole in the polymer oxidizes the amine DIPEA and
causes the creation of anionic radicals in the polymer. These anionic
radicals further react with the substrate, producing the intermediate
radical with the departure of the leaving group. The hydrogen donor
Hantzsch esters afterwards contribute a hydrogen radical to create the
finished product.

b. Reduction of aromatic nitro compounds. Huang et al. synthe-
sized a series of nanoporous CTFs (CTF-B and CTF-BT) with a novel
triflic acid vapor-assisted solid-phase synthetic approach; triazine
frameworks are generally generated in molten ZnCl2 at high tempera-
tures [Scheme 12 and Fig. 15(a)].113 These D–A arrangements, such
as the BT unit in CTFs, enhance the delocalization of their electrons,
tune their band gaps, and expand their absorption range. During the
catalytic process, the photoreduction of nitro substrates to amino
products involves electron transfer between the CTF-BT and substrate.

Sodium borohydride (NaBH4) functions both as a source of hydrogen
and an electron donor in this context.114

Borohydride was oxidized by the hole generated in the photoca-
talyst, this was followed with transfer of charge from the photocata-
lyst’s conduction band to the substrate to form its activated
intermediate, which extracted hydrogen species from either NaBH4 or
solvent, resulting in the final product.

D. g-C3N4

1. Characteristics of the g-C3N4

Graphitic carbon nitrite (g-C3N4) is a kind of organic polymer
consisting of sp2 hybrid carbon and nitrogen atoms. Discovered by
Liebig in 1834, and named as C3N4 by Franklin in 1922, it did not
catch too much attention until 2009 when it was reported as the
photo-catalyst for hydrogen production.115–117 Since then, research
works focusing on g-C3N4-based photocatalysts have grown rapidly.
The synthesis of g-C3N4 involves a high-temperature polymerization
process, and defects could be formed during this pyrolysis process as a
result of the dynamic problem.118 To a certain extent, these defect sites
can act as the active catalytic centers during photo-catalysis reactions,
which makes g-C3N4 unique photocatalysts.119,120 At the same time,
the defects also constitute trap states for charge recombination, which
deteriorate the photocatalytic efficiency.121 One common question in

FIG. 13. (a) General synthetic scheme of the TpTt synthesis; (b) using the TpTt COF catalyst, trans to cis photoisomerization of stilbene is shown mechanistically. Reproduced
with permission from Bhadra et al., J. Am. Chem. Soc. 141, 6152 (2019). Copyright 2019 the American Chemical Society.

SCHEME 10. General reaction scheme for photoisomerization of olefins.
SCHEME 11. General reaction scheme for dehalogenation of halo ketones.
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almost all photocatalysis reactions based on g-C3N4 is how to keep the
balance of this trade-off effect. Modification techniques such as dop-
ing, forming the PN heterojunction with other semi-conductors, and
morphology engineering, are three of the most widely adopted
approaches.122 In addition to water splitting,123–125 pollutant degrada-
tion,126,127 and CO2 reduction,

128,129 the modified g-C3N4 has shown
potential to be photoredox catalysts in organic transformation
reactions.

2. Oxidation reaction

Inspired by the classical Fenton’s reagent, Chen et al. developed
an iron-doped g-C3N4 that could directly oxidize benzene to phenol
using hydrogen peroxide, while the undoped material showed no
activity.130 Density functional theory (DFT) calculations found that g-
C3N4 can chemically absorb and activate benzene [Fig. 16(a)].
Nevertheless, a doping strategy does not always result in improved
photocatalysis reactions. Marc�ı et al. found that P-doped and O-doped
g-C3N4 presented an inferior oxidation catalysis ability, while the
thermal-etched group gave a better oxidation yield [Fig. 16(b)]. The
reason is that the special surface area of the g-C3N4 increased dramati-
cally after the heat treatment, thus giving more space to react with the
substrates.131,132 The benign effect of morphology engineering was
also proved by Su et al., while it was reported that the ultra-thin meso-
porous g-C3N4 showed a much stronger ability to oxidize alcohol to
aldehyde because of its significantly improved surface area [shown in
Fig. 16(c)].133

Developing the g-C3N4 composite structure with a hetero-
junction interface is an effective way to accelerate charge separation.
Xiao et al. found that a binary W18O49/holey ultra-thin g-C3N4 nano-
composite prepared via the solvothermal method showed excellent
photocatalytic activity for the selective oxidation of benzyl alcohol to
benzoic acid with a conversion above 90% in dilute alkaline conditions

[Fig. 17(a)].134 Following the same principle, Juntrapirom et al.
designed a g-C3N4/BiOBr heterojunction hybrid prepared by a two-
step combustion-coprecipitate method. It was found that the oxidative
C–N coupling conversion yield of benzylamine reached 94% under
the optimal conditions [Fig. 17(c)]. The much-improved catalysis
activity was caused by efficient charge transfer and separation originat-
ing from a staggered band lineup.135 Chai et al. discovered that the
photo-oxidative coupling of benzylamine based on CeO2/g-C3N4 het-
erojunction catalyst exhibited a three times faster rate constant com-
pared with the pure CeO2 or g-C3N4 [Fig. 17(d)]. It suggested the
formation of heterojunction between the CeO2 and g-C3N4, acting as a
channel for the transfer of photo-generated electrons from g-C3N4 to
CeO2, which may be partly responsible for the improvement in photo-
activity.136 Similarly, Samanta et al. prepared a BiVO4/g-C3N4 nano-
composite and found that the photo-oxidation yield of aromatic
alcohols and amines with O2 has improved greatly due to their suitable
energy level alignment by efficiently transferring the electrons to
BiVO4, leaving a long-lived hole to complete the oxidation reaction
[Fig. 17(b)].137

3. sp3 C–H activation

Selectively activating sp3 C–H bond is considered to be an effi-
cient synthesis strategy to produce valuable chemicals, such as

SCHEME 12. General reaction scheme for reduction of aromatic nitro compounds.

FIG. 14. (a) B2-FL2-BBT and B2-FL3’s idealized structure and synthetic approach; (b) schematic reaction mechanism for the dehalogenation reaction using the conjugated poly-
mer photocatalysts. Reproduced with permission from Wang et al., J. Mater. Chem. A 2, 18720 (2014). Copyright 2014 The Royal Society of Chemistry.
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chemical intermediates and drug molecules. However, sp3 C–H is a
kind of very stable covalent bond, which is stronger than sp1 C–H and
sp2 C–H. As a result, a great challenge remains to activate this sort of
bond. Recently, sp3 C–H activation with modified C3N4 has been

proposed. For example, Qi et al. introduced a Kþ-modified C3N4 to
selectively oxidation of 4-phenyltoluene to corresponding aldehydes
with a good conversion yield of 87%, and selectivity of 94% under
mild conditions.138 In the designed system, C3N4 absorbed light and

FIG. 15. (a) Solid vapor-phase synthesis is depicted schematically, along with idealized architectures for nanoporous hollow CTFs networks; (b) schematic reaction mechanism
for the photoredox catalytic reduction of a substrate to product. Reproduced with permission from Huang et al., J. Mater. Chem. A 4, 7555 (2016). Copyright 2016 The Royal
Society of Chemistry.

FIG. 16. Scheme of selective photocatalytic oxidation of aromatic alcohols by (a) oxidation of benzene to phenol by Fe-doped g-C3N4; (b) P-doped g-; (c) C3N4mesoporous g-
C3N4. Reproduced with permission from Chen et al., J. Am. Chem. Soc. 131, 11658 (2009). Copyright 2009 American Chemical Society. Reproduced with permission from
Marc�ı et al., Catal. Today 328, 21 (2019). Copyright 2019 Elsevier. Reproduced with permission from Su et al., J. Am. Chem. Soc. 132, 16299 (2010). Copyright 2010
American Chemical Society.
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produced tripled excited electrons. After energy transfer from triplet
state electron to O2 to generate O2

1, which will act as the active species
to activate the sp3 C–H bond [Fig. 18(a)]. After being modified with
Kþ, this energy transfer process was proved to be efficiently improved.

In addition, Das et al. reported a nickel cocatalyst coupled C3N4 to
directly activate sp3 C–H bond and make the sp3 C–H arylation [Fig.
18(b)].139 More than 70 examples have been explored and applied
with the proposed method, demonstrating the university of this

FIG. 17. Forming the PN heterojunction to accelerate the charge separation of (a) g-C3N4/W18O49 for benzyl alcohol oxidation; (b) g-C3N4/BiVO4 for oxidation of aromatic alco-
hols and amines; (c) and (d) g-C3N4/BiOBr and g-C3N4/CeO2 for oxidative C–N coupling.134–137

FIG. 18. (a) Alkali metal decorated C3N4 for highly selective oxidation of benzyl C(sp3)–H bonds; (b) photocatalytic (Het)arylation of C(sp3)–H bonds with Ni complex modified
C3N4. Reproduced with permission from Qi et al., Appl. Catal., B 319, 121864 (2022). Copyright 2022 Elsevier. Reproduced with permission from Das et al., ACS Catal. 11,
1593 (2021). Copyright 2022 American Chemical Society.
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technique. Control experiments demonstrate that this is a light-driven
reaction considering that no obvious product was detected in the
absence of light. Mechanistic investigation and kinetic studies sug-
gested that energy transfer from the C3N4 to the nickel metal center is
the reaction working principle.

sp3 C–H activation through photocatalysis is still an emerging
field with limited examples. Almost all the sp3 C–H being activated
originate from the relatively weak a-H, which could be stabilized due
to a certain sort of conjugation after the H radical left. Thus, more
explorations are still needed to broaden the university of the sp3 C–H
activation through photocatalysis.

4. Suzuki coupling reaction

Suzuki coupling reaction is one of the most popular C–C bond
formation techniques through only one step. The occurrence of
Suzuki coupling usually happens under relatively high temperatures to
overcome the barrier of carbon–halogen bond breakage. By designing
an electron-rich ligand for a Pd catalyst, one can promote the electron
transfer from Pd to LUMO of aryl halides and accelerate the rate-
determining step. Alternatively, combined with the light-absorbing
semiconductor is also a promising way to lower its energy barrier. Li
et al. for the first time introduced C3N4 as the co-catalyst in Suzuki
coupling under mild conditions [Fig. 19(a)].140 The work function of
the Pd lies in the bandgap of C3N4, which favors the excited electron
transfer from C3N4 to Pd upon light illuminating. 16 kinds of sub-
strates have been tested, and excellent reaction yields of aryl iodides
with aryl boronic acid under light irradiation at room temperature
have been achieved. Recently, Han et al. reported a kind of single-
atom Cu-doped C3N4 used as the co-catalyst for Suzuki coupling [Fig.
19(b)].141 It was found that the charge transfer process from C3N4 to
Pd could be accelerated due to the electronic effect of CN–Cu, which
promotes the electron drifting to the Pd surface, thus benefiting the
breakage of the C–I bond. An apparent quantum efficiency of around
19% was obtained under 420nm light illumination. This study dem-
onstrated that modifying the electronic properties of the supporting
material C3N4 could regulate photocatalytic activity significantly.

E. Carbon dots

1. Characteristics of carbon dots

Carbon dots (Cdots), also recognized as polymeric carbon dots,
are nanometer size objects, typically less than 10nm, mainly consisting
of C, H, and O elements, sometimes containing other elements such as
N and S, depending on the preparation method.142,143 Cdots usually
exhibit excitation-dependent emission from blue light to near-infrared
region, which means that the Cdots hold a tunable bandgap due to the
quantum confinement effect.144 These properties make Cdots
completely different from pure graphene and graphite, which consist
of sp2 carbon and should have more complex aromatic structures. Due
to their high stability, strong luminescence, and flexible bandgap, C-
dots have been broadly used in photocatalysis,145–147 sensing,148–150

bioimaging,151,152 and photoredox catalysis.153,154

2. Oxidation reactions

Park et al. found that MoSx-doped Cdots showed greatly
improved oxidative C–N coupling photocatalysis activity compared to
the individual MoSx or Cdots. It was proposed that atomic level dop-
ing with pyridinic N atoms and MoSx as well as the special hollow
structure was crucial for the significantly improved photocatalytic
activity as shown in Fig. 20(a).155 Similarly, Sarma et al. reported
sulfated C-dots used as the photocatalyst for aerobic oxidative C–C
coupling with a wide range of substrates, including ketones, 1,3-
dicarbonyls, and arenes under visible light conditions.156 Cdots were
found to be able to photoactivate the benzylic-CH2 group in the pres-
ence of O2 by forming the hydroperoxyl intermediate. It demonstrated
that surface engineering with the sulfate acid group is favorable to
accelerate the catalysis processes by transporting holes to the surface
area [Fig. 20(b)]. Modifying the Cdots with a co-catalyst used in tradi-
tional organic synthesis during the preparation process is a convenient
way to achieve unconventional photoreactions. For example, Cu(I)
based complex is an efficient catalyst used in the famous “click reac-
tion.” Consequently, Liu et al. developed a zigzag-structured Cu(I)-
doped Cdots used in click reaction triggered by UV light without the
utilization of reducing agents which is demanded in the traditional

FIG. 19. (a). Scheme of proposed photocatalytic reaction over the C3N4 coupled Pd; (b) Schematic illustration of the electron transfer from C3N4 to Pd with or without Cu dop-
ant. Reproduced with permission from Li et al., Sci. Rep. 3, 1743 (2013). Copyright 2013 Nature. Reproduced with permission from Han et al., Appl. Catal., B 320, 121954
(2023). Copyright 2023 Elsevier.

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 011307 (2023); doi: 10.1063/5.0123282 4, 011307-18

VC Author(s) 2023

 05 January 2024 10:49:15

https://scitation.org/journal/cpr


reactions. It suggested that electrons initially escaped from the Cdots
after forming the photo-excitons, leaving holes to repel Cu(I) releasing
from the Cdots and catalyzing the reaction [Fig. 20(c)].157 Oxidizing
alcohols to aldehydes or acids selectively in a high yield is of high value
in industrial applications. Cdots possess complex bandgap structures,
which may exhibit excitation-dependent photocatalysis ability. Li et al.
discovered that when employed as the photocatalyst, Cdots could
selectively oxidize alcohols into aldehydes under infrared light, while
oxidizing alcohol into acid under visible light. It suggested that the
HO_ is the main active specie responsible for the oxidation reaction
[Fig. 20(d)].158

3. Reduction reactions

There are not many works on photo-reduction reactions employ-
ing Cdots as the photocatalyst. It seems that nano-composites with
other co-catalysts are widely needed to perform photo-reduction reac-
tions. Chai et al. fabricated a Zn-doped CdS/Cdots nanocomposite for
reducing 4-nitroaniline to p-phenylenediamine in a very short time.
As a comparison, the individual Zn-doped CdS or Cdots showed rela-
tively poor photo-reduction ability. It revealed that the C-dots can
accelerate the charge separation and transfer efficiency, while Zn dop-
ing can adjust the band position of the CdS, thus forming a better
energy alignment with the Cdots [shown in Fig. 21(a)].159 Liu et al.
developed a type of Pd-doped Cdots/SnS2 nano-composite and also
used it in the photo-reduction of aromatic nitro compounds. Under
visible light illumination for 40min, the conversion rate of 4-

nitrophenol reaches 99.7% using the composite catalyst. Control
experiments demonstrated that the as-prepared composite catalyst
showed much faster reduction kinetics and good recycling ability. The
enhanced catalysis efficiency is attributed to the Cdots promoting the
charge carrier separation on SnS2 and improving the adsorption of
active hydrogen from NaBH4 [shown in Fig. 21(b)].160

F. Polymer dots

The polymer nanoparticles known as organic polymer dots
(Pdots) range in size from 1 to 100nm.2 As a fluorescent probe and
reagent to produce active oxygen species for photodynamic treatment,
Pdots have been extensively employed in biochemistry.24,161 Our
group used Pdots for photocatalytic hydrogen production for the first
time in 2016 and discovered that Pdots performed five orders of mag-
nitude better than the bulk material.162 The dimensions of Pdots are
much smaller compared to bulk materials, which reduces the distance
that photo-generated charges must travel to reach the surface of pho-
tocatalyst particles. Heterojunction polymer nanoparticles have been
developed recently to further enhance the charge separation within the
particle and improve photocatalysis for hydrogen production.163–165

We recently developed a binary Pdots photocatalyst consisting of
1-[3-(methoxycarbonyl)propyl]-1-phenyl-[6.6]C61 (PCBM) as elec-
tron acceptor and poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(PFBT) as electron donor [shown in Fig. 22(a)].166 The PFBT/PCBM
binary Pdots as a photocatalyst can generate up to 188mmol of H2O2

per gram per hour under alkaline conditions (1 M KOH). At 450nm,

FIG. 20. (a) MoSx-doped Cdots for photo-oxidative C–N coupling; (b) sulfate acid modified Cdots for photo-oxidative C–C coupling; (c) Cu-doped Cdots for photo-induced click
reaction; and (d) light dependent photo-oxidation of benzyl alcohol by Cdots. Reproduced with permission from Park et al., J. Mater. Chem. A 4, 14796 (2016). Copyright 2016
The Royal Society of Chemistry. Reproduced with permission from Sarma et al., Green Chem. 21, 6717 (2019). Copyright 2019 The Royal Society of Chemistry. Reproduced
with permission from Liu et al., Green Chem. 19, 1494 (2017). Copyright 2017 The Royal Society of Chemistry. Reproduced with permission from Li et al., Nanoscale 5, 3289
(2013). Copyright 2013 The Royal Society of Chemistry.
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the external quantum efficiencies (EQE) reached to 30% after 5min
and 14% after 75min. For oxidation reaction, PFBT/PCBM Pdots car-
ried out photooxidation of methanol. Consequently, a thorough pho-
tocatalytic reaction procedure is suggested in Fig. 22(b). It was
proposed that formate and H2O2 are produced in a 1:1 ratio through
two possible potential paths: disproportionation reaction and an oxi-
dation reaction. Green organic synthesis using Pdots will be an appeal-
ing strategy in the future due to the fact that Pdots are well dispersed
in water and have good photophysical properties to perform
photocatalysis.

VI. PERSPECTIVE

In summary, photoredox catalysis offers appealing alternatives to
traditional thermal reaction methodologies as a lot of the energy input
to drive the reactions is provided by light illumination. Among the
variety of photocatalysts, organic polymers have drawn great attention
due to their large amount of available building blocks, feasible synthe-
sis methods, conveniently tunable physical and chemical properties,
excellent intra-molecular charge transport ability, and intrinsic stabil-
ity. By constructing complex supermolecular configuration and mor-
phology via repeating simple cross-linking organic reactions, a high

specific surface area can be obtained, such as in POPs and C3N4. A
higher exposed specific surface area of the catalyst means a higher
chance to react with the substrate, thus improving the catalysis effi-
ciency. However, the specific surface area cannot be increased indefi-
nitely, as mass transport would then become the overall limiting factor
during the photoredox catalysis reactions.

The range at which light is absorbed by the photocatalyst may be
another trade-off issue. Broadening the absorption range of the photo-
redox catalyst means a more efficient usage of the solar spectrum.
However, the reaction still requires a certain driving force, and a too
small bandgap of the catalyst may provide sufficient energy and
become limiting. In addition to absorbing light, the active reaction site
is another point that needs to be considered. Incorporating the hetero-
cyclic aromatic compounds into the polymer blocks is an effective
technique to fabricate effective photocatalysts as they usually show
excellent catalytic activity, without being transition metal-based com-
plexes. To construct a “host-guest” system is a newly emerging
approach used in designing COF photocatalysts.

Efficiently separating and transporting the photogenerated
charges is essential to the high-efficient photoredox catalysis reactions.
Rationally designed D–A molecular structures are commonly adopted

FIG. 22. (a) Energy level profiles and structures of donor and acceptor and the picture of a D–A Pdots solution; (b) The proposed catalytic H2O2 and formate production with
D–A binary Pdots. Reproduced with permission from Wang et al., Angew. Chem. Int. Ed. 61(23), e202202733 (2022). Copyright 2022 Wiley.

FIG. 21. Scheme of photo-reduction aromatic nitro compounds based on (a) Zn-doped CdS/Cdots nano-composite; (b) Pd-doped Cdots/SnS2 nano-composite. Reproduced
with permission from Chai et al., Appl. Surface Sci. 450, 1 (2018). Copyright 2018 Elsevier. Reproduced with permission from Liu et al., J. Colloid Interface Sci. 555, 423
(2019). Copyright 2019 Elsevier.

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 4, 011307 (2023); doi: 10.1063/5.0123282 4, 011307-20

VC Author(s) 2023

 05 January 2024 10:49:15

https://scitation.org/journal/cpr


approaches to accelerate the charge separation within the molecule.
Blending several kinds of material to compose the PN junction is
worth to be considered, among which, heterojunction Pdots are an
excellent form to perform this approach.

Although many photoredox catalysis reactions based on polymer
catalysts have been successfully performed, constructing low-cost,
high-efficiency, and stable polymer catalysts remains a challenge.
More attention in the future should be given to the specific properties
of the different polymeric photocatalysts such as POP, C3N4, Cdots,
and Pdots when coming to their applications in various fields. For
example, POP materials might be more suitable for small-molecules-
related catalysis involving gaseous products because of their high
porosity. Cdots and Pdots can be homogenously dispersed in water,
exhibiting the potential of adjustable surface modification, which could
preferentially be utilized in future green organic synthesis. As the
absorption range of C3N4 is relatively narrow as compared to that of
other organic polymers, C3N4 could be combined with other light-
absorbing photocatalysts or act as a scaffold to enhance photocatalytic
performance. The development of new materials and the mechanistic
study of their photoredox catalytic reactions will make future reactions
more efficient and stable, further paving the way for applications in
pharmaceutical industry and biology.
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