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catalysts and applications
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Plastic, due to its low cost, light weight, and tunable mechanical strength, is one of the most commonly

used materials in daily life. However, the massive production of plastics in the last century has resulted in

an environmental crisis globally, clogging oceans and poisoning communities around the world.

Furthermore, the traditional methods for handling plastic waste, such as incineration and landfill disposal,

can easily result in the generation of excessive amounts of microplastics (MPs), which lead to severe

environmental pollution and pose a great threat to living organisms. Photocatalytic conversion of plastics

to light-weight hydrocarbons and recycling are considered to be promising strategies towards the

mitigation of MPs and have attracted a great deal of attention in the last few decades. In this review,

a few representative and frontier studies on photocatalysis are presented as green promising methods

towards the degradation of (micro)plastics. Initially, we introduce the harmful nature of waste (micro)

plastics and discuss the background of photocatalysis. Then, the mechanisms for the photocatalytic

degradation of (micro)plastics are presented, followed by the classification of photocatalysts. Also, we

highlight conventional inorganic semiconductor oxides (TiO2, ZnO, etc.) and organic–inorganic hybrid

composites, including doped and surface-modified nanoparticles. To further improve the efficiency of

photocatalytic degradation, several approaches related to reactants, photocatalysts, and reaction

conditions are proposed. Finally, based on current photocatalyst-mediated (micro)plastic degradation

techniques, we provide some existing limitations and a perspective towards future research directions.

This review systematically summarizes the efforts devoted to the photocatalysis of plastic and progress

made in the degradation rate.
1. Introduction

Plastics are the third-largest produced materials globally,1 with
their global manufacturing and systematic use since the 1950s.
To date, the utilization of plastic products is still popular and
would still be on the rise in future owing to their excellent
performances such as exibility and stability,2 together with low
production and user cost. By the end of 2015, the annual plastic
production worldwide reached 322 million tons, with its
cumulative production reaching 8.3 billion tons.3 In the
absence of an international plastic ban convention or regula-
tion, the universal collective plastic production is expected to
grow to 26 billion tons by 2050.4 Among the great amount of
plastics, almost 76% becomes waste plastics. Without proper
post-treatment, these plastics can directly lead to serious
marine, atmospheric and soil pollution. According to the
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assessment of the United Nations Environment Programme
(UNEP),5 there is an estimated 75 million to 199 million tons of
plastic in the ocean, which is 85% of the total weight of marine
debris. Thus, without effective interventions, the amount of
plastic waste entering aquatic ecosystems annually is expected
to nearly triple to more than 30 million tons per year by 2040.6

Nowadays, the most common ways of handling plastics are
landll disposal, incineration and mechanical reprocessing
(Fig. 1). Till 2015, the world has produced 6.3 billion tons of
waste plastics in total, of which 12% was incinerated and 79%
was landlled or abandoned in the natural environment.7 It is
also estimated that if this status is maintained, 12 billion tons
of waste plastic will be buried, incinerated, or discarded into the
natural environment.8 However, these methods are only tran-
sient, which cannot alleviate the environmental problems
caused by plastics permanently. Furthermore, the abuse of
these strategies can lead to severe environmental issues. Among
them, plastic landlls need large area of lands and can cause
chronic pollution with nearly zero payback;9 the incineration of
plastics causes poisonous gas emissions and deleterious
chemical compositions such as CO, furans, dioxins and volatile
organic compounds;10 and even worse, mechanical
J. Mater. Chem. A, 2023, 11, 2503–2527 | 2503
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Fig. 1 Traditional and novel ways for the disposal of plastics.
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reprocessing requires presorting and damages their mechanical
performances.11 All these physical methods have no signicant
effects on reducing the amount of castoff plastics and can
inversely cause more severe environmental problems with the
generation of microplastics. To date, microplastics have been
found in seawater, seaoor sediment and even in human blood
and lungs, which is much more dangerous than the inuence
caused by common plastic wastes.12

Compared to the typical ways of managing waste plastics,
innovative chemical techniques for the degradation of plastics
are emerging, which are more environmentally friendly,
productive, and can even convert plastics into value-added
products (Fig. 1),13 including biochemical conversion,
microwave-assisted conversion, plasma-assisted conversion,
supercritical water conversion, compatibilization, pyrolysis,
gasication, polymer design and modication, and photo-
reforming.14 In addition to their environmentally friendly
nature, these approaches are similar, exhibiting advantages and
disadvantages. On the one hand, they can decrease the time for
plastics to decompose, which takes hundreds of years employ-
ing traditional methods, while that for emerging strategies is
a few days and even a few hours.15 Also, during the degradation
processes, clean energy and high-value-added products are
produced, contributing to the achievements of superior
commercial benets.16 On the other hand, the shortcomings of
these approaches are also prominent due to their low yielding
rate and signicant cost.17 Although chemical disposal methods
can avoid the production of detrimental substances to a large
extent, they lack product regulation and have an extremely low
energy efficiency.18,19 Besides, presorting is required in most
strategies, further raising the cost of investments.15 Also,
although quality corrosion and recovery loss are largely avoided
compared with conventional methods,20 these drawbacks
greatly hinder their promotion. To achieve the large-scale
2504 | J. Mater. Chem. A, 2023, 11, 2503–2527
decomposition of plastic wastes, improving the chemical recy-
cling and upcycling of (micro)plastics are necessary and
researchers have been devoted to eliminating the above-
mentioned limitations. Among the novel chemical methods
for the degradation of plastics, photocatalysis is a superior
method to overcome these defects. Thus far, many studies have
elaborated the many strengths of photocatalysis in decompos-
ing (micro)plastics as a rapid and stable technique with a rela-
tively high efficiency.21

In contrast to other thermochemical and biochemical
routes, which may require high energy consumption and harsh
reaction conditions such as extremely high temperature and
pressure, photocatalysis is comparatively greener and cheaper
owning to its suitable energy input and moderate reaction
conditions applying sunlight or UV light as the energy source
under ambient temperature and pressure.22 Photocatalysis has
a promising outlook in environmental protection due to its
redox property,23 which is related to the excitation of valence
electrons to the conduction band and the valence band holes
can work as oxidizing agents.24 Generally, photocatalysis is
carried out in cooperation with several steps of hydrogen
evolution reaction and oxygen evolution reaction,25 nally
generating H2O, CO2 and other value-added chemical products
such as H2 and low-molecular weight organic matter.13 TiO2 is
the earliest photocatalyst, which was rst reported in 1974,26

with a comprehensive review on the degradation of polyolens
and extensive research on photocatalysis in the eld of inor-
ganic semiconductor materials carried out consecutively in the
next few decades. Subsequently, numerous studies were con-
ducted on different types of photocatalysts such as organic
materials and hybrid materials. Many reviews have focused on
photocatalysis and concluded that this burgeoning way of
disposing plastics is appropriate from several
perspectives.13,27–30 Chen et al. concentrated on the different
This journal is © The Royal Society of Chemistry 2023
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reaction paths, advanced representative catalyst systems and
converted products in their work.31 Castilla-Caballero and
coworkers introduced various photocatalysts in a chronological
order and further evaluated the degree of plastic degradation
using techniques such as weight loss, molecular weight deter-
mination and carbonyl index.32 Chu et al. emphasized the
transformation from plastics to materials, chemicals and access
fuels through selective C–C and C–H bonds.22 Du et al. classied
solid wastes and elaborated the strengths of cooperatively
coupling hydrogen production with the photodegradation of
solid wastes.30 Karimi et al. demonstrated the post-synthetic
modications of plastic wastes to improve the degradation
effect and acquire the desired products.33 Zheng and coworkers
divided state-of-the-art techniques into two categories, and
summarized several catalysis methods with their present situ-
ations and potential applications.34 Zhang et al. reviewed solar-
driven catalytic plastic upcycling under mild conditions. They
also discussed how to precisely and selectively produce high
value-added chemical products.35 However, little attention has
been given to the classication of photocatalysis based on the
constituents and the recent advancements in achieving the
intended effect of photocatalytic degradation of plastics and
enhancing the feasibility of its widespread application.

In this review, we focus on studies on different types of
photocatalysts and various means of optimizing the photo-
catalysis performance. This review aims to provide an organized
and systematic overview of the progress achieved in the pho-
tocatalysis of (micro)plastics, exploring aspects that may affect
the processes and outcomes of photocatalysis and considering
the current limitations and future perspectives in
Table 1 The properties and mechanical parameters of some typical pla

Polymer type Degree of crystallinity
Tensile strength
(MPa)

Elongation at
break (%)

HDPE High 20–30 10–1000

LDPE Moderate 8–30 100–650

PVC Nil 40–50 2–80

PP High 30–40 100 = 600
PS Nil 35–50 1–2

Table 2 Some parameters of biodegradable plastics compared with LD

Plastics
Melting point
(°C)

Tensile strength
(MPa)

Elongation at
break (%)

LDPE 110 12 148
PLA 180 60 6
PBS 120 40 400
PBAT 120 18 750
PPC — 13 650
PCL 60 20 300
PHA 145 30 10
PGA 225 80 10

This journal is © The Royal Society of Chemistry 2023
photocatalysis. It is believed that photocatalysis technologies
for the degradation of (micro)plastics can achieve signicant
commercial and environmentally friendly potential in the
future.
2. (Micro)plastic feedstocks and
fundamental principles of
photodegradation
2.1. Plastics

Plastic is a general term for a class of long-chain polymeric
materials that can be shaped or molded at a particular
temperature and pressure.36 Due to the properties of plastic
such as plasticity, transparency, low density, toughness and low
electrical conductivity, it is widely applied in a variety of
conditions such as lightweight disposable bags, beverage
bottles, food containers and personal protective equipment
such as single-use masks, gowns, and gloves.32 The common
plastics encountered are mainly made of high-density poly-
ethylene (HDPE), low-density polyethylene (LDPE), polyvinyl
chloride (PVC), polypropylene (PP), and polystyrene (PS) (Table
1).37 The most well-known classication of plastics is based on
their respective engineering behaviours, which are thermo-
plastic resin and thermosetting resin.38 In the case of thermo-
plastic resin, the polymer can be soened by heating, and then
remoulded or reshaped repeatedly. Alternatively, thermosetting
resin is insoluble, non-melting and cannot be reprocessed by
heating. Besides the ordinary categorization, plastics can also
be separated into two types based on their chemical
stics

Flexural modulus
(GPa) Typical products and applications Ref.

1–1.5 Milk bottles, wire and cable insulation,
and toys

41

0.25–0.35 Packaging les, grocery bags, and
agricultural mulch

42

2.1–3.4 Pipes, conduits, and home siding,
window frames

43

1.2–1.7 Bottles, food containers, and toys 44
2.6–3.4 Eating utensils, and foam food

containers
45

PE

Degradation rate
O2 barrier
property

H2O
barrier property Ref.

Nil Low High 42
Moderate Moderate Moderate 49
Fast — — 50
Moderate Low Low 51
Moderate High High 52
Low — Moderate 53
High High High 54
High High High 55

J. Mater. Chem. A, 2023, 11, 2503–2527 | 2505
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composition.39 One includes the most frequently used
commodity plastics, as listed all above, which consist of poly-
mers with only aliphatic (linear) carbon atoms in their back-
bone chains. The other type is plastic composed of heterochain
polymers whose backbone chains contain carbons, oxygen,
nitrogen, and sulphur.39 Engineering plastics are mostly from
this category, for instance, polyethylene glycol terephthalate
(PET), polyacetal, polyamide (commonly known as nylon), pol-
ytetrauoroethylene, epoxy, polycarbonate and polyphenylene
sulde.40

Currently, under the promotion of plastic restriction, heter-
ochain polymers, which are well-known as biodegradable plas-
tics, have become a type of environmentally friendly material
with high demand in the market.46 Compared with traditional
plastics, they are non-toxic, harmless and can bemetabolized by
microorganisms in the natural environment and degraded
swily into small molecules such as CO2, H2O and methane.47

According to the composition and preparation method of raw
materials, biodegradable plastics can be divided into natural
polymer degradable plastics, microbial synthetic degradable
plastics, ad chemical synthetic degradable plastics.48 At present,
the biodegradable plastics that are well developed and
employed on an industrial scale to a certain degree mainly
include polylactic acid (PLA), poly(butylene succinate) (PBS),
poly(butylene succinate-co-butylene adipate) (PBSA), poly(-
butylene adipate-co-terephthalate) (PBAT), poly-
hydroxyalkanoate (PHA), polypropylene carbonate (PPA),
polyglycolic acid (PGA), and polycaprolactone (PCL).48 As
substitutes for the widely used typical plastic PE, Table 2 shows
the evaluation of biodegradable plastics and LDPE from
different perspectives.

To some extent, biodegradable plastic can indeed alleviate
the white pollution problem that has plagued human beings for
a long time,47 but it still has many problems at present. Firstly,
the degradation conditions of biodegradable plastics are harsh
given they can only be rapidly degraded under compost condi-
tions.56 Secondly, most biodegradable plastics are made from
food. Taking PLA as an example, it is made from corn starch or
the sugar found in sugar cane and sugar beets.57 Thus, if the
situation does not improve, there will be less food available for
humans to eat in the future if the production of biodegradable
plastics continues to increase, leading to a severe food race
between plastics and humans. Thirdly, the prohibitive cost of
biodegradable plastics will be a signicant factor limiting their
use for at least ve years.58
2.2. Microplastics

Microplastics are dened as plastic particles with a size of less than
5 mm in diameter,59 which originate from two sources, with the
main on being the degradation of numerous plastic products
under conventional disposal strategies.60 The second source of
microplastics is their intentional addition to products such as
pesticides, diapers, detergents, cosmetics, pharmaceuticals, and
paint products.60 Subsequently, with the abuse of these products,
microplastics are forced into the biosphere and food chain,
causing hormone disruption, cancer, and developmental and
2506 | J. Mater. Chem. A, 2023, 11, 2503–2527
reproductive problems.61 In studies about microplastics world-
wide, waterways, particularly in aquatic animals, rivers and lakes,
are one of themost enriched places wheremicroplastics exist. Data
suggests that there are 50 particles per serving of commercially
cultured oysters, 90 particles per serving of commercially cultured
mussels,62 and 1 particle for every 8 gallons of Great Lakes tributary
water.63 On average, there were 1285 particles per square foot of
river sediment64 and 112 000 particles per square mile of Great
Lakes water.65 Even worse, microplastics have been observed in
12% of freshwater sh.66 Additionally, 0.54 mg kg−1 microplastics
was found in agricultural land located at Loess Plateau in China.67

To date, microplastics have been detected globally, ranging from
industrial estates to places that are off the beaten track, such as the
polar regions.68 Considering the huge impacts that microplastics
may have on ecosystems, the benets of employing plastics are
unworthy of consideration and the omnipresent contamination
caused by microplastics should be a global concern. In 2015, USA
set out a Microbead-free Water Act to prohibit the introduction or
manufacture of cosmetics containing intentionally added plastic
microbeads.69 In 2016, an international Pollution Management
and Environmental Health (PMEH) program was unveiled by the
World Bank to help countries reduce air, land and marine pollu-
tion and raise the awareness of the environmental circumstances
and pollution issues amongst policy makers and relevant stake-
holders.70 In 2019, the European Union also proposed a resolution
to handle the microplastic problem in WWTPs, together with
limits for the quantity of microplastics in sewage sludge and
treated wastewater.71

Microplastics are classied depending on the path through
which they enter the natural environment and ecosystem.72

Primary microplastics are products manufactured specically as
mentioned above, which enter the terrestrial ecosystem through
atmospheric deposition and their employment in agricultural
lands.73 Secondary microplastics come from larger plastics that
break into small pieces with the help of physical, chemical,
mechanical and biological activities.73 Microplastics originating
from the improper disposal of plastics are mostly secondary
microplastics, which occupy a large proportion in the environ-
mental network.73 Despite the small size of microplastics, similar
to plastics, they still take hundreds or even thousands of years to
decompose, leading to a greater biohazard especially to freshwater
ecosystems andmarine organisms.74Whenmicroplastics enter the
soil system, they cause great harm directly or indirectly by inter-
acting with or absorbing organic or inorganic toxins, and then
disperse in the soil, thus affecting the polymer composition,
oxygen concentration and pH value.75 These factors are essential
for the survival of microorganisms and plants in soil and further
enter the food chain, posing a risk to all creatures. Even worse,
during the aging process, different types of chemicals including
phthalates, phenols, and acetophenones can be discharged and
long-lasting negative effects are consecutively triggered.75
2.3. Mechanism of photocatalytic reaction

When plastics are exposed to ultraviolet or sunlight irradiation
alone, their polymer macromolecules can directly absorb
photons and generate excited states, leading to chain scission,
This journal is © The Royal Society of Chemistry 2023
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Table 3 The general photocatalytic reactions of (micro)plastics

Photocatalytic reactions in oxygen-rich atmosphere:

Photocatalyst + hv / h(VB)
+ + e(CB)

− 1
O2 + e(CB)

− / O2c
− 2

H2O + h(VB)
+ /$OH + H+ 3

O2c
− + 2H+ + e(CB)

− / H2O2 4
H2O2 + hv / 2cOH 5
H2O2 + O2c

− / cOH + OH− + O2 6
H2O2 + e(CB)

− / cOH + OH− 7
cOH or O2c

− + (micro)plastics / intermediates + products 8

Photocatalytic reactions in inert atmosphere:

Photocatalyst + hv / h(VB)
+ + e(CB)

− 1
H2O + h(VB)

+ / cOH + H+ 9
H+ + e(CB)

− / H2 10
h(VB)

+ or cOH + (micro)plastics / Selective valuable organic
products

11
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branching cross-linking and oxidation reactions.76 However, it
takes at least hundreds of years for plastics to degrade.77

Consequently, to achieve the photodegradation of plastics,
suitable catalysts play an essential role throughout the process.
The mechanism of photocatalysis has been extensively studied,
especially under the catalysis of semiconductors. Below we
explain the principles of photocatalysis in detail.

When plastics are disposed in the presence of photo-
catalysts, briey, their degradation can be attributed to the
following procedures: (i) capturing energy from light to produce
electron–hole pairs, (ii) aggregating charge from the interior
homogeneous dispersal of the photocatalysts to the surface,
and (iii) triggering the redox reactions with the actuation of
charges at the interface between reactants and
photocatalysts.78–80 When the photocatalyst absorbs light with
Fig. 2 Schematic diagram of photocatalytic reactions in different enviro

This journal is © The Royal Society of Chemistry 2023
sufficiently high energy, electrons are excited from the valence
band to the conduction band, e(CB)−, and subsequently holes
are formed on the valence band, h(VB)+.81 One strategy for
photocatalytic reaction is conducted in an oxygen-rich atmo-
sphere, which is called the O2 evolution reaction (OER).82

During the degradation process, O2 reacts with free electrons
and is reduced to superoxide anion radicals, O2c

−, in the valence
band. Simultaneously, the holes in the valence band migrate to
the surface and react with H2O to form hydroxyl radicals, cOH,
or directly with (micro)plastics (eqn (1)–(3)).83 Then, the super-
oxide radicals, O2c

−, react with the e(CB)
− and H+ produced from

H2O to form hydrogen peroxide (eqn (4)), which further reacts
with photons, superoxide radicals, O2c

−, and e(CB)
− to form

hydroxyl radical cOH, OH− and O2 (eqn (5)–(7)), respectively.
Superoxide radicals, O2c

−, and hydroxyl radicals, cOH, are
among the most active photocatalytic oxidants, which can effi-
ciently oxidize organic compounds (eqn (8)).84,85 OER photo-
degradation treats (micro)plastics as wastes to be degraded and
generates highly oxidizing radical species, subsequently leading
to nonselective oxidation reactions.86,87

Another type of photocatalytic reaction is carried out in inert
atmosphere, usually in N2 or Ar, which is usually called the H2

evolution reaction (HER).88 In this case, (micro)plastic wastes
function as misplaced hydrocarbon resources, enabling the
production of value-added products and H2.22 Different from
photodegradation with O2, the holes generated by photons on
photocatalysts drive the transformation of (micro)plastics to
produce relatively highly selective value-added chemicals (eqn
(11)), while the photoinduced electrons react with protons
simultaneously to form H2 (eqn (10)).89,90 The overall photo-
catalytic reaction process of (micro)plastics of these two
different strategies is summarized in Table 3, and Fig. 2 illus-
trates their mechanism briey.

The photocatalytic effect is greatly related to the bandgap of
photocatalysts, which can dominate the beginning and ending
nments.

J. Mater. Chem. A, 2023, 11, 2503–2527 | 2507
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of the reaction process. A narrower bandgap allows (micro)
plastic degradation to be conducted in a more facile way, and
thus a broader range of materials can be chosen as photo-
catalysts. For example, TiO2 and ZnO have bandgaps of
3.2 eV,91,92 while that of C3N4 is 2.7 eV, CN-CNTs-NM is 2.4 eV,93

polypyrrole (PPy) is 2.2 eV, V-substituted phosphomolybdic acid
(VPOM) is 2.19 eV,94 and PET-derived carbon nitride sheets
(PCNS) is 1.82 eV.95 During degradation, the measured activa-
tion energies vary with different properties. In the case of HDPE,
the activation energy is in the range of 85.6 ± 27.6 kJ mol−1 for
the formation of a carbonyl group and 71.5 ± 8.9 kJ mol−1 for
the formation of vinyl.96 Meanwhile, in the case of LDPE, the
reported activation energy for carbonyl formation uctuates in
the range of 46 kJ mol−1 to 95 kJ mol−1. For other degradation
products, namely vinyl and hydroxyl groups, the activation
energies are lower, which are between 20 kJ mol−1 and
46 kJ mol−1.97–99 The Gibbs energy changes (DG0) have also been
reported in some studies. For example, the DG0 for the
reforming of lactic acid (a monomer of PLA) is +27 kJ mol−1,
while that for ethylene glycol (a monomer of PET) is
+9.2 kJ mol−1.100,101 In general, plastic disposal requires a lower
potential, hence lowering the total potential required to
Table 4 Photocatalytic degradation of different plastics and photocatal

Cat. type Photocatalyst Plastic Light source

Inorganic TiO2 PVC Simulated sunlig
Fe/Ag mix doped TiO2 PE UV light
Ag doped TiO2 PE Articial light
BiOI/TiO2 PVC UV light
TiO2-MWCNTs PE UV light
OMS-2 PE UV light
ZnO PS UV light
B–goethite PE UV light
FeCl3 PS Blue LED
FeCl3 PS White light
Fe2(SO4)3 PS LED
C3N4 PS 300 W Xenon la
CdS/CdOx QDs PLA Simulated solar
CNxjNi2P PET Simulated solar
CN-CNTs-NM PET LED (288 K)
VPOM/CNNS PEG Visible light

Organic Fluorenone PS Blue LED
pTsOH$H2O PS 450 nm, 9 W

Hybrid FePc–TiO2 PS Sunlight
PPy/TiO2 PE Sunlight
FePcCl16-TiO2 PVC UV light
PAM-g-TiO2 LDPE UV light
T@AIH LDPE 340 nm Xenon l

a Different papers present the degradation rate through different indices. B
index is remarked respectively. b NMR yield of benzoic acid. c Total yield o
benzoic acid, acetophenone and benzaldehyde)/(n(carbon in benzoic acid
solvent oxidation is included. e Conversion (%) = 100 × Nlim/N100%, N
N100% is the ideal amount of H2 obtainable from 1 mol of substrate (ca
(number of reacted electrons)/(number of incident photons) = (2 × num
100%. g Upcycling efficiency, dened as the carbon element recovery effi
by the moles of carbon atoms in the added plastic. h Degradation efficien

2508 | J. Mater. Chem. A, 2023, 11, 2503–2527
accomplish the OER and HER reactions, making photocatalytic
degradation more accessible.22,101 Under this condition, plastic
wastes are similar to sacricial agents, which are easily oxidized
by superoxide radicals, hydroxyl radicals or low energy photo-
induced holes.22

For most doped semiconductors such as Fe/Ag-doped TiO2,
the dopants serve as traps of both h(VB)

+ and e(CB)
−, aiming to

avoid the recombination of electron/hole pairs.102 Also, semi-
conductors with other surface modications can increase the
degradation rate because the composite extends the light
absorption to the visible spectral region. In these case of hybrid
catalysts such as CuPc–TiO2 and FePc–TiO2, the dye sensitiza-
tion is rstly excited to generate e(CB)

− and h(VB)
+, and then the

electron is shied to the conduction band of TiO2 and lead to
next series of oxidation–reduction reactions. Additionally, these
composites can effectively prevent the aggregation of semi-
conductors on polymers due to their particular microstruc-
ture.103 Beneting from these features, composite
photocatalysts can achieve a uniform dispersion, higher
stability and relatively higher degradation rate compared to
other catalysts.
ysts

Time

Degradation efficiencya [%]

Ref.Weight loss Other

ht 300 h 27 104
300 h 14.34 105
300 h 14.28 105
336 h 30.8 106
180 h 35 107
288 h 16.5 108
2 h 16 109
300 h 12.6 110
48 h 78b 111
20 h 23c 112
66 h 63b 112

mp (150 °C) 24 h 60 � 4d 113
light 24 h 38.8 � 4e 114
light 8 days 24.5 � 3.3e 100

4 h 0.62f 93
3 h 16.55g 115

48 h 38 � 3b 116
15 h 50b 117

12 days 35 103
240 h 35.4 118
240 h 50 119
520 h 39.85 120

amp (65 °C) 72 h 54.7h 78

elow we list the results with the data provided in the references and the
f benzoyl products on a monomer basis. d Selectivity (%) = (n(carbon in
, acetophenone and benzaldehyde) + n(COx total))) × 100%, COx from
lim is the limiting amount of H2 obtained from 1 mol of substrate.
lculated from chemical reactions listed in the main text). f AQY (%) =
ber of evolved hydrogen molecules)/(number of incident photons) ×
ciency aer 36 h reaction: the moles of produced formic acid divided
cy.

This journal is © The Royal Society of Chemistry 2023
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3. Classification and overview of
photocatalysts

Numerous studies have been conducted regarding photo-
catalytic degradation in the last few decades, and thus it is
necessary summarize some of the research (Table 4). We
introduce several representative photocatalysts and their
performances in the following section and their mechanism will
be proposed aerwards.
3.1. Inorganic semiconductor photocatalysts

3.1.1. Bare photocatalysts. The use of TiO2 as a photo-
catalyst dates back to 1974, when the effect of TiO2 pigments on
phosphorescence from polyolens such as PP and LDPE was
studied.121 Allen et al. reported that anatase TiO2 had high
photosensitivity and high capacity to capture the phosphores-
cence emitted by the impurities of the polymers, which
contributes to the degradation of these polymers. Since then,
many studies have been done on the solid-phase photocatalytic
degradation of polymer-TiO2 composites in relation to the
chalking phenomenon (the surface of the polymer erodes
gradually).

In 2001, Cho et al. studied the photocatalytic degradation of
PVC lms embedded with TiO2 particles (0–2 wt%) under
ambient air or a nitrogen atmosphere using SEM microscopy,
FT-IR and UV-vis spectroscopy, and XPS (Fig. 3).104 In these
experiments, the PVC–TiO2 composite lms consisted of
1.5 wt% of TiO2 and were 25–30 mm thick, which were irradiated
Fig. 3 (a) Weight loss of the pure PVC or PVC–TiO2 (1.5 wt%) composi
spectra of volatile products evolved from the irradiated PVC–TiO2 (1.5 w
a function of irradiation time. (c) SEM images of the pure PVC or PVC–T
PVC–TiO2 film, irradiated for 25 h; (iii) PVC–TiO2 film, irradiated for 50 h;
100 h (enlarged view); (vi) backside view of the PVC–TiO2 film, irradiated
pure PVC film, irradiated for 100 h. Reproduced with permission from re

This journal is © The Royal Society of Chemistry 2023
under a 200 W mercury lamp. According to the results, the
weight of the PVC–TiO2 lm decreased by 27% with irradiation
under air, while the PVC lm showed only 10% weight loss
under identical experimental conditions. Cho et al. reported
that the Mw of the composite lm steadily decreased with irra-
diation time. During the process of photodegradation, most of
the higher Mw fraction disappeared aer 13–15 min of elution
and the average Mw was reduced to a third aer 300 h irradia-
tion. The average Mw of the pure PVC lms was reduced by half
in 300 h accordingly, indicating that both the direct photolytic
and photocatalytic reaction participated in the bond scission in
the backbone of the polymer.

The SEM images of the PVC–TiO2 composite lms showed
much more and larger holes on their surface under the ambient
air atmosphere compared to merely no holes under a nitrogen
atmosphere. This result conrmed the necessity of oxygen for
the solid-phase photocatalytic reaction. The SEM images also
proved that the active oxygen species generated on illuminated
TiO2 diffused away from the surface into the gas-phase. Most of
the oxidizing power of TiO2 is attributed to the reaction of
surface hydroxyl groups on TiO2 with the valence band holes,
generating hydroxyl radicals. The main gaseous products, CO2

and H2O, were monitored by using an FT-IR gas cell. Also, HCl,
the main product of thermal and direct photolytic degradation
of PVC, did not appear, showing that photocatalytic degradation
of the PVC–TiO2 lm is an environmentally friendly method.

In 2007, Bandyopadhyay et al. reported the photo-
degradation of polystyrene (PS) using ZnO as a photocatalyst.109

ZnO had the greatest advantage of absorbing a longer fraction
te films during irradiation under air or nitrogen atmosphere. (b) FT-IR
t%) film under air. The inset shows the evolved CO2 concentration as
iO2 (1.5 wt%) composite films. (i) PVC–TiO2 film before irradiation; (ii)
(iv) PVC–TiO2 film, irradiated for 100 h; (v) PVC–TiO2 film, irradiated for
for 100 h; (vii) PVC–TiO2 film, irradiated for 100 h under N2; and (viii)
f. 104. Copyright 2001, Elsevier.
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of the solar spectrum, and therefore may provide the highest
efficiency. The weight loss of the virgin PS as a function of UV
exposure time barely increased, while the weight loss upon the
addition of 0.1 wt% ZnO to PS0.1 increased, showing that ZnO
acted as a photocatalyst for the degradation of PS. The weight
loss of PS as a function of UV exposure time gradually increased
with an increase in ZnO concentration up to 0.5 wt% with
respect to PS. The 0.5 wt% ZnO-containing PS0.5 showed the
highest weight loss. However, when the concentration of ZnO
reached 1 wt%, PS hardly showed any weight loss under the
experimental conditions. In fact, the rate of photodegradation
of PS slowed down signicantly when the concentration of ZnO
was greater than 0.5 wt%. During the degradation, ZnO, acting
as a UV absorber, could transmit the absorbed energy to the C–C
and C–H bonds of the PS molecules, which caused cleavage
reactions given that this energy was higher than the dissocia-
tion energies of these bonds. The dispersion of ZnO in the PS
matrix was the most important factor. The better dispersion of
ZnO would cause the greater absorption of the polymer mac-
rochains on the metal oxide and higher chances of cleavage
reactions by efficient energy transfer to the matrix. AFM was
used to investigate the sample surface. The RMS roughness of
PS0.5 aer degradation reached 101 nm, which is about 7-times
rougher than PS0.5 before degradation, which led by the loss of
oxidized materials (mainly as CO2) from the surface upon UV
exposure. The main products of the photodegradation of PS
were CO2 and H2O, as reected by the viscosity average molec-
ular weight measurements of the degraded samples.
Fig. 4 (a) Schematic illustration of the conversion of various waste plastic
environment conditions. Specifically, various plastics were exclusively d
tocatalyst, while the produced CO2 was further reduced into highly va
photocatalyst. (b) Photoconversion of various plastics into C2 fuels unde
photoconversion of pure PE, PP, and PVC over the Nb2O5 atomic layers
layers is ca. 50 : 1. (ii) Yield of CH3COOH and (iii) evolution rates of CH3C
well as during the photoreduction of pure CO2 in water. In all the photo
moles of carbon. (c) Schematic representation of (i) band-edge positions
and O2 redox couples at pH 7 and (ii) proposed two-step C–C bond cl
simulated natural environment conditions. Reproduced with permission

2510 | J. Mater. Chem. A, 2023, 11, 2503–2527
Liu et al. used manganese oxide (OMS-2) as a photocatalyst
in the photocatalytic degradation of polyethylene (PE) in
2011.108 They studied the photocatalytic degradation of PE with
OMS-2 in the ambient air under UV and visible light irradiation.
During the photodegradation, OMS-2 played a vital role because
of its octahedral molecular structure sieves and excellent cata-
lytic properties. OMS-2 powder exhibited remarkable absor-
bance in the visible region beyond 400 nm. The weight of PE-
OMS-2 (0.1 wt%) decreased by 16.5% aer 288 h under UV
light irradiation, while there was only 4.1% weight loss in the
pure PE under the same experimental conditions. In contrast,
no weight loss was observed for PE-OMS-2 under visible light
irradiation aer 128 h, which suggested that visible light irra-
diation could not induce activity for the photocatalytic degra-
dation of OMS-2. The degradation rate is proportional to the
concentration of OMS-2 when it was less than 1.0%. However,
a reduction in weight loss was observed with the further addi-
tion of OMS-2. The SEM images showed the growth of cavities in
the surface of PE-OMS-2 during photodegradation. An increase
in the size and depth of the cavities was observed in the PE-
OMS-2 lms due to the escape of volatile products from the
PE matrix, while few changes appeared in the pure PE lm. The
degradation of PE may start at the PE-OMS-2 interface, where
active oxygen species generated on the surface of OMS-2
diffused and etched the polymer matrix, which led the forma-
tion of cavities around the OMS-2 particles. The OMS-2 particles
irradiated by UV light generated electron/hole pairs in the
conduction band and valence band, contributing to the degra-
dation reaction.
s into C2 fuels by a designed two-step pathway under simulated natural
egraded into CO2 by photooxidative C–C bond cleavage over a pho-
luable C2 fuels by photoinduced C–C bond coupling over the same
r simulated natural environment conditions. (i) Yield of CO2 during the
, in which the molar ratio of carbon in each plastic and Nb2O5 atomic
OOH and CO during the photoconversion of pure PE, PP, and PVC, as
conversion tests, each plastic and pure CO2 have the same number of
of Nb2O5 atomic layers along with the potentials of CO2, H2O, H2O2,

eavage and coupling mechanism from pure PE into CH3COOH under
from ref. 122. Copyright 2020, John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2023
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Besides conventional semiconductors such as TiO2, ZnO and
MnO, Jiao et al. achieved a 100% photodegradation rate of PE,
PP and PVC into CO2 with single-unit-cell thick Ni2O5 layers, at
room temperature and ambient pressure within 40, 60 and 90 h
in 2020 (Fig. 4).122 Then, CO2 was further photoreduced to
CH3COOH, helping to relieve the environmental pollution
caused by (micro)plastics and generate value-added multi-
carbon fuels simultaneously. Ni2O5 is a type of highly stable
and earth-abundant semiconductor, and the fabricated single-
unit-cell thick Ni2O5 can largely maximize the conducting
surface, and consequently optimize the photodegradation
conversion. Also, commercial PE-, PP- and PVC-based plastic
commodities such as food wrap lms, single-use bags and
disposable food containers could also be photodegraded into
CH3COOH with a smaller yield compared with pure PE, PP and
PVC, indicating its possible real-world application.

In 2022, the degradation of PS with FeCl3 was reported by Oh
et al., which could promote the upcycling of PS to benzoyl
products and primarily benzoic (Fig. 5).123 Under visible light
irradiation, FeCl3 can generate chlorine radicals and abstract
C–H bonds from the PS backbone, nally resulting in the
cleavage of the C–C bond. In experiments, commercial PS was
degraded. Aer photooxidative degradation, PS with Mw more
than 90 kg mol−1 was degraded into oligomers (Mn = 0.8 kg
mol−1), with up to 23 mol% generation of small-molecule
benzoyl products under saturation system of O2, that is, ben-
zoic acid, benzaldehyde, benzoyl chloride and acetophenone.
Fig. 5 (a) Proposed upcycling of polystyrene. (b) (i) Scatter plot for benz
degradation under O2. (ii) Degradation profile of oxidized PS in the a
permission from ref. 123. Copyright 2022, the American Chemical Socie

This journal is © The Royal Society of Chemistry 2023
Compared with benzophenone, which was used in previous
research on the degradation of PS degradation, the introduction
of chlorine radical in this study enhanced the formation of
benzoyl products. Also, FeCl3$6H2O, LiCl, NaCl and NH4Cl were
used as alternatives under identical conditions; however, no
improvement in benzoyl product formation was observed.

Later, in the same year, another method was proposed using
heterogeneous graphitic carbon nitride (g-C3N4) as catalysts
under visible light irradiation to degrade PS to aromatic
oxygenates such as benzoic acid, acetophenone and benzalde-
hyde (Fig. 6).113 Chain oxidation happened primarily, and then
the oxidized PS was cleaved. In the experiments, the exceedingly
efficient upcycling of PS with the yield of 60% towards organic
products was achieved. High selectivity of 74% for benzoic acid
or 51% for benzaldehyde in independent experiments was
achieved by adjusting the weight hourly space velocity (WHSV)
of PS in a ow reaction system. In the circulatory system, with
pretreated PS, at 150 °C with a proper ratio of substrate/catalyst
(5 : 2) and reaction time (8 h), about 10 mg gcatal

−1 h−1 mass-
specic reactivity and over 80% selectivity towards benzoic
acid were observed, indicating excellent reaction performance
under the g-C3N4 photocatalyst.

3.1.2. Composite photocatalysts. Liu and coworkers
prepared a novel photodegradable polyethylene–boron–
goethite (PE–B–goethite) composite lm by embedding boron-
doped goethite in the commercial polyethylene.110 The photo-
catalytic efficiency of the boron-modied goethite catalyst was
oic acid, benzaldehyde, and benzoyl chloride at each time point for PS
bsence of FeCl3. (c) Commercial PS degradation. Reproduced with
ty.

J. Mater. Chem. A, 2023, 11, 2503–2527 | 2511
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improved under UV light and visible light irradiation.
Compared to goethite, the B–goethite composite powder had
a decreased band gap aer boron doping, exhibiting a remark-
able absorbance in the visible region from 400 to 600 nm. The
dispersion also improved given that that boron entered the
lattice spaces of goethite and prevented crystal growth. The
weight loss of PE–B–goethite (0.4 wt%) was 12.6% under 300 h
UV irradiation in the air, while only 2.6% for pure PE and 9.5%
for PE–goethite, indicating the higher photocatalytic activity of
boron-doped goethite. The weight loss of PE–B–goethite was not
detected under visible light irradiation aer 128 h, which sug-
gested that visible light irradiation could not induce activity for
the photocatalytic degradation of B–goethite.

Yang et al. improved the photocatalytic performance of
nano-TiO2 by embedding a nano-TiO2 photocatalyst modied
by bismuth oxyiodide (BiOI), preparing a new type of photode-
gradable PVC–BiOI/TiO2 nanocomposite lm.106 Nano-TiO2 is
considered a good photocatalyst because of its high reactivity,
good photostability, low cost and non-toxicity, but it can only
absorb UV light with a wavelength of less than 387 nm.124,125Due
to the heterostructure of BiOI/TiO2, the combination of nano-
TiO2 and BiOI achieved more efficient separation of the elec-
tron–hole pairs and higher photocatalytic activity. The absor-
bance of the PVC–BiOI/TiO2 nanocomposite lm was higher
Fig. 6 (a) Catalytic performances of (i) oxygen-treated polystyrene, (ii)
under standard reaction conditions. Reaction conditions: 50 mg g-C3N
Xenon lamp at 150 °C. (b) Proposed reaction pathway of polystyrene p
Copyright 2022, Springer Nature.

2512 | J. Mater. Chem. A, 2023, 11, 2503–2527
than that of the PVC–TiO2 nanocomposite lm and pure PVC
lm. Aer 336 h UV light irradiation, the weight of the pure PVC
lm decreased by 3.2%. The weight loss of the PVC–TiO2

nanocomposite lm reached 20.8% aer 336 h of irradiation,
while that of the PVC–BiOI/TiO2 nanocomposite lm was
30.8%, which was 1.5-times higher than that of the PVC–TiO2

nanocomposite lm. This proved that the photocatalytic
performance of the nano-TiO2-containing PVC lm was
remarkably promoted by the BiOI modier. They reported that
the concentration of BiOI inuenced the weight loss rates of the
PVC–BiOI/TiO2 nanocomposite lm, and when themass ratio of
BiOI to TiO2 reached 0.75%, the degradation rate reached its
peak, indicating that at this time, the PVC–BiOI/TiO2 nano-
composite lm had the best photocatalytic activity. When the
mass ratio exceeded 0.75%, the weight loss rate decreased
drastically but was still higher than that of the PVC–TiO2

nanocomposite lm. The decreasing intensities of the C–H
groups and the increasing intensities of the carbonyl groups
shown in the FT-IR spectra of the PVC–BiOI/TiO2 nano-
composite lm were more pronounced than that of the PVC–
TiO2 nanocomposite lm, suggesting that the photooxidation
reaction occurred in the composite lm. The weight loss rate of
the PVC–BiOI/TiO2 nanocomposite lm (TiO2: 2 wt%) changed
oxygenate monomers, and (iii) hydrocarbon monomers as reactants

4, 20 mg reactant, 30 mL acetonitrile, 10 bar O2, irradiated by 300 W
hoto–oxidation reaction. Reproduced with permission from ref. 113.

This journal is © The Royal Society of Chemistry 2023
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at different mass ratios of BiOI to TiO2 under UV light
irradiation.

In 2018, Uekert et al. reported the preparation of an
economical photocatalyst, i.e., CdS/CdOx quantum dots, and
employed it for the visible light-driven photodegradation of
PLA, PET and PUR.114 Aer degradation, these waste plastics
were converted into H2 and organic products such as formate,
acetate, and pyruvate at ambient temperature and pressure.
Under an N2 atmosphere, PLA, PET and PUR exhibited higher
activities and could generate larger quantities of H2 compared
to other types of polymers. Aer photocatalytic reactions, the
activity for the degradation of PLA, PET and PUR was 64.3 ±

14.7, 3.42 ± 0.87, and 0.85 ± 0.28 mmolH2
gCdS

−1 h−1,
Fig. 7 (a) Schematic diagram of the polymer photoreforming process usi
photocatalyst. Comparison of (i) diffuse-reflectance UV-vis, (ii) emission (
(iv) TEM image of the CNxjNi2P catalyst, with the inset showing the lattice
(vi) Ni2p edge for Ni2P and CNxjNi2P. (c) Photoreforming of PET and PLAw
for the photoreforming of PET (after 20 h irradiation). Black circles in (ii) m
same conditions. (iii) Long-term photoreforming of PET and PLA. Conditi
PET (25 mg mL−1), aqueous KOH (1 M, 2 mL), and simulated solar light (
plastic waste. (i) Long-term photoreforming of polyester microfibers, a PE
polyester microfibers, where sample was purged every 24 h. Conditions:
(ii)), pretreated microfibers (5 mg mL−1) or PET bottle (25 mg mL−1) witho
mW cm−2). (iii) Photograph of the batch reactor in use. Reproduced w
Society.

This journal is © The Royal Society of Chemistry 2023
respectively. Individually, the overall H2 production of the three
plastics reached 3.09 ± 0.15, 0.21 ± 0.04, and 0.04 ± 0.01
mmolH2

gsubstrate
−1, respectively. In controlled trials without UV

irradiation (l > 400 nm), photoreforming still continued effec-
tively, suggesting that the photocatalyst could function with the
utilization of visible light ultimately.

However, this cadmium-containing catalyst makes the
subsequent treatment of the plastic degradation system diffi-
cult owing to its toxicity. Then, one year later, Uekert et al.
proposed the use of a nontoxic and reasonably priced carbon
nitride/nickel phosphide (CNxjNi2P) as a photocatalyst to
reform PET and PLA under visible light, generating pure H2 and
various organic chemicals (Fig. 7).100 Different from CdS/CdOx,
ng CNxjNi2P photocatalyst. (b) Characterization of the CNxjNi2P (2 wt%)
lex= 360 nm, lem= 450 nm), and (iii) FTIR spectra of CNx and CNxjNi2P.
spacing of Ni2P. XPS spectra of (v) C1s edge for CNx and CNxjNi2P and

ith CNxjNi2P. Optimization of (i) Ni2P loading and (ii) KOH concentration
ark H2 evolution per gram of substrate over CNxjPt (2 wt%) under the

ons unless stated otherwise: CNxjNi2P 2 wt% (1.6 mg mL−1), pretreated
AM 1.5 G, 100 mW cm−2, 25 °C). (d) Photoreforming of nonrecyclable
T bottle, and an oil-coated PET bottle. (ii) Upscaled photoreforming of
CNxjNi2P (1.6 mg mL−1), 1 M KOH (2 mL for part (i) and 120 mL for part
ut or with soybean oil (5 mg mL−1), simulated solar light (AM 1.5 G, 100
ith permission from ref. 100. Copyright 2019, the American Chemical

J. Mater. Chem. A, 2023, 11, 2503–2527 | 2513
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this type of noble-metal- and Cd-free photocatalyst exhibited
enhanced stability, catalytic efficiency and charge separation,
achieving photostability for at least 5 days. Also, 82.5 ± 7.3 and
178 ± 12 mmolH2

gsub
−1 H2 were produced from PET and PLA

aer 50 h of irradiation, with the external quantum yields of
0.035% ± 0.005% and 0.101% ± 0.018% for PLA at l = 430 nm,
respectively. The H2 conversion reached 4.4% ± 0.6% and 1.6%
± 0.2% aer 8 days of photoreforming with PET and PLA,
respectively. It was noted that the reaction system was still
active aer 8 days, indicating that the H2 conversion may ach-
ieve a higher value if the photodegradation process lasted for
a longer time. Actually, the photoreforming of ethylene glycol
showed 50% H2 conversions aer 18 days. At a higher pH
condition, elevated H2 conversions were observed as 24.5% ±

3.3% for PET and 6.7% ± 0.8% for PLA.
In 2022, Gong et al. developed an in situ-derived carbon

nitride–carbon nanotube–NiMo hybrid via NiMo-assisted
catalysis route (CN–CNTs–NiMo), which proved to be an effi-
cient and stable photocatalyst (Fig. 8).93 The NiMo nanoparticles
acted as a co-catalyst to improve the photocatalytic activity of
Fig. 8 (a) (i) XRD patterns of CN, CN–NM, CN–CNTs–NM and CNTs–NM
HRTEM image and SAED pattern of CN–CNTs–NM. (v) N2 adsorption des
the process of photoreforming of PET using CN–CNTs–NM. (c) (i) 1H NMR
PET to obtain commodity chemicals and H2 fuel. Reaction conditions: 10
under simulated solar light for 4 h at 288 K. Light resource: simulated
Copyright 2022, Elsevier.

2514 | J. Mater. Chem. A, 2023, 11, 2503–2527
PET because of its excellent HER electrocatalytic activity and
durability in alkaline condition. CNTs exhibited superior
chemical stability, large surface area and excellent electron
mobility in alkaline condition.126,127 The integration of NiMo
nanoparticles and CNTs into a heterogenous structure is an
effective strategy to promote the transfer of electrons from CN
to NiMo. According to their study, the strong p–p interactions
between CNTs and CN can promote electron transfer from CN
to NiMo, increase the carrier lifetime and improve the photo-
catalytic activity. The photocatalytic activity of CN–CNTs–NiMo
for the photodegradation of PET was around 14 times higher
than that of CN. Aer normalization to exclude the inuence of
the surface area of the photocatalyst, CN–CNTs–NiMo still
showed nearly 2-times higher hydrogen evolution rate with PET
than CN.

Also, based on the advantages of carbon nitride, C3N4, Xing
et al. designed and fabricated a self-assembly Z-scheme heter-
ostructure of V-substituted phosphomolybdic acid clusters/g-
C3N4 nanosheets (VPOM/CNNS), which is an efficient and
sustainable strategy for the photodegradation of various plastic
. (ii) SEM images of CN–CNTs–NM. (iii) Low-magnification TEM and (iv)
orption isotherms of CN–CNTs–NM and CN. (b) Schematic diagram of
spectra of PET before and after photoreforming. (ii) Photoreforming of

mL KOH (5M), pretreated PET (50mgmL−1), and 10mg CN–CNTs–NM
solar light, 95 mW cm−2. Reproduced with permission from ref. 93.

This journal is © The Royal Society of Chemistry 2023
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waste under visible light irradiation (Fig. 9).115 The bio-mimic Z-
scheme heterostructure not only promoted the carrier separa-
tion, but also reserved the strong redox ability of electrons and
holes to participate in the photodegradation of plastics. The
VPOM/CNNS Z-scheme heterojunction exhibited abundant
surface-active sites and short charge transport by rationally
modulating the surface charge. VPOM/CNNS could photo-
degrade various polymers to produce formic acid (HCOOH),
which has a wide range of applications in fuel cells and liquid
storage for hydrogen energy. The best formic acid production
rate of the VPOM/CNNS composite was up to 24.66 mmol h−1

g−1, which was 262-times higher than that of pristine CNNS.
3.2. Organic photocatalysts

In 1997, Wéry et al. optimized the photodegradation of poly-p-
paraphenylene vinylene (PPV) by monitoring the substrate
temperature and irradiation time by UV-vis absorption. The
photodegradation of the tetrahydrothiophenium precursor of
PPV could happen under UV irradiation in air at room
temperature.128 In the study by Li et al., they introduced
concepts ranging from small-molecule catalysis to polymer
deconstruction, as demonstrated by the photodegradation of PS
foam on a gram scale via the C–H bond oxidation pathway.116

Inspired by the bond cleavage chemistry of small hydrocarbon
Fig. 9 (a) (i) Schematic diagram of VPOM/CNNS heterojunction prepare
HAADF-STEM image of VPOM/CNNS-15 hybrid. (iv) Optimized model of
VPOM/CNNS-15 hybrid. (vi), (vii), and (viii) Intensity profile of the selecte
VPOM cluster and (ii) CNNS model (the left, middle and right columns
respectively). (iii) Schematic of the photocatalytic upcycling process
mechanism for photocatalytic upcycling of plastics by the oxidative C–C
of polyethylene and (ii) bar chart of HCOOH production rates for 36 h irra
15 for photocatalytic upcycling of polyethylene. (iv) Photocatalytic upcycl
upcycling of polyethylene with different scavengers of VPOM/CNNS-15
Reproduced with permission from ref. 115. Copyright 2022, Elsevier.

This journal is © The Royal Society of Chemistry 2023
molecules, employing a hydrogen atom transfer (HAT) catalyst
could handle the challenge of activation and selective chemistry
of stable C–H bonds.129–132 Li et al. used an aromatic ketone as
the HAT photocatalyst and the photocatalysis was driven by
a blue LED under mild temperature and pressure. PS was
degraded to form benzoin acid with ∼40% yield and other
identied monomeric aromatic products with ∼20% yield aer
about 48 h irradiation due to the cleavage of the C–C bonds in
the polymer backbone. No reactivity was observed without the
photocatalyst or light under the same condition. Only 5 mol%
of uorenone was required to produce benzoic acid with 31%
yield at 48 h, while 20 mol% loading of the photocatalyst
produced 38 ± 3% yield, proving the photocatalytic role of
uorenone.

In 2022, Huang et al. rst described a light-driven, acid-
catalyzed protocol for the degradation of polystyrene under
mild conditions without the need for photosensitizers
(Fig. 10).133 They found that triic acid (5 mol%, HOTf) could
catalyze the photodegradation of PS under 405 nm violet-blue
light irradiation with 1 bar O2 as the oxidant. The products of
the photodegradation of PS were isolable formic acid with 72%
yield, benzoic acid with 40% yield and benzophenone with 2%
yield. Since there were no desirable products without irradia-
tion, light played a signicant role in the degradation. This
d via electrostatic self-assembly process. (ii) TEM images and (iii) AC-
VPOM cluster by theoretical calculation. (v) AC-HAADF-STEM image of
d circled area in (v). (b) DFT calculations for the molecular orbits of (i)
represent the ball-and-stick representation, HOMO and LUMO orbits,
for VPOM/CNNS Z-scheme heterojunction. (iv) Proposed reaction
bond cleavagewith VPOM/CNNS hybrid. (c) (i) Photocatalytic upcycling
diation of samples. (iii) Long-term photocatalytic test of VPOM/CNNS-
ing of real-world plastic waste over VPOM/CNNS-15. (v) Photocatalytic
. (vi) ESR spectra of reaction mixtures in different reaction conditions.
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group also found that methanesulfonic (CH3SO3H) and p-tol-
uenesulfonic acid monohydrate (pTsOH$H2O) can afford the
corresponding products.
3.3. Organic/inorganic hybrid photocatalysts

Many studies in hybrid photocatalysts started with the aim of
further utilizing TiO2 with certain polymers.118,134 In 2008, Zhao
et al. studied the solid-phase photodegradation of polyethylene
(PE) plastic in ambient air under solar light irradiation.134 They
investigated a copper phthalocyanine (CuPc)-modied TiO2

(TiO2/CuPc) photocatalyst and observed the enhancement of
photocatalytic degradation of PE over the CuPc-modied TiO2

composite lm. According to the research results of Xu Zhao
et al., the weight loss rate for the PE-(TiO2/CuPc) samples was
much higher than that of the PE-TiO2 sample aer 160 h. When
the mass ratio of CuPc and TiO2 was approximately equal to
0.7 wt%, the degradation rate reached its peak, which was
around 0.23. Compared with the PE-TiO2 lm, the PE-(TiO2/
CuPc) lm had a broader absorption range in the solar spec-
trum, stronger photovoltage intensity and broader photovoltaic
response range.
Fig. 10 (a) Computational study of the hydrogen atom transfer (HAT) reac
were calculated at the B3LYP-D3/6-311+G (d,p)/SMD (acetonitrile)//B3
photocatalysis in flow: (i) optimized setup and conditions and (ii) gram–s
transformation). (c) UV-vis spectra of PS, pTsOH$H2O, mixture of PS and
(based on single repeat unit); [acid]: 10 mM; [byproduct]: 1 mg mL−1, in
American Chemical Society.

2516 | J. Mater. Chem. A, 2023, 11, 2503–2527
A photocatalyst with high activity, polypyrrole/TiO2 (PPy/
TiO2), was prepared via sol–gel and emulsion polymerization by
Li et al. in 2010.118 Aer 240 h sunlight irradiation, the weight
loss rate of PE-PPy/TiO2 was 35.4%, which was much higher
than that of 11.7% for PPy and 3.2% for TiO2. By coating the PPy
conducting polymer, the crystalline structure of TiO2 was
maintained and the visible light capturing ability of TiO2 was
enhanced, accounting for the highly enhanced photocatalytic
activity of PPy/TiO2.135 In 2011, Fa et al. applied TiO2

nanoparticle-modied perchlorinated iron(II) phthalocyanine
(FePcCl16) as a photocatalyst for the photodegradation of
a poly(vinyl chloride) (PVC) composite.119 The FePcCl16–TiO2

composite exhibited a remarkable absorbance in the visible
region beyond 400 nm, while blank TiO2 could only absorb UV
light and hardly absorbed light beyond 400 nm. The weight loss
rate of the PVC–FePcCl16–TiO2 lm reached 50% aer 240 h
irradiation under UV light, which was much higher than 30%
weight loss rate of the PVC–TiO2 lm under the same condition.
Under 15 days of solar light irradiation experiment, the weight
loss rate of the PVC–FePcCl16–TiO2 lm was 81%, which was
80% higher than that of the PVC–TiO2 lm. The PVC–FePcCl16–
tion of 1,3-diphenylbutane 7 with various oxygen speciesa (aall energies
LYP-D3/6-31G(d) level of theory). (b) Degradation of PS enabled by
cale reaction (note: E-series system from Vapourtec was used for this
acid (pTsOH$H2O, H2SO4, or HOTf), and the byproduct ([PS]: 10 mM

DCE). Reproduced with permission from ref. 133. Copyright 2022, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (a) Photodegradation reaction with newly designed photocatalyst T@AIH. (b) Photocatalytic performance of T@H, T@AI, TiO2, and T@AIH
on phenol degradation and adsorption performance of T@AIH on phenol. (c) SEM images of TiO2 (i), T@AIH (ii), UV-vis absorption spectrum of
T@AIH (iii), and TGA curve of T@AIH (iv). Bottom left inset in (iii) is the digital graph of T@AIH. Reproduced with permission from ref. 78. Copyright
2021, Elsevier.
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TiO2 lm showed a higher photodegradation efficiency under
both sunlight irradiation and UV light irradiation.

Liang et al. prepared a photocatalytic polyacrylamide-graed
TiO2 (PAM-g-TiO2) nanocomposite and studied the photo-
degradation of LDPE/PAM-g-TiO2.120 The weight loss rate of
LDPE/TiO2 was 30.63% under 520 h UV light irradiation. The
weight of the LDPE/PAM-TiO2 composite lm decreased by
39.85% under 520 h UV light irradiation and its average
molecular weight was reduced by 94.60%. By introducing PAM
on TiO2 particles, good dispersion and hydrophilicity are ex-
pected to appear in the LDPEmatrix. The reaction between TiO2

and the adsorbed H2O in the PAM phase led to an increase in
hydroxyl radicals, which initiated the degradation of LDPE.

In 2021, Zhao et al. designed a new photocatalyst, TiO2@-
amylose/polyiodide/hydroxyethyl cellulose (T@AIH), for the
rst time, achieving not only a tunable and stable stage, but
encouraging self-colour-changing property and a self-indicating
delayed onset of operation (Fig. 11).78 The particular self-colour-
changing property ts well with the beginning of the active
stage of degradation, from blue to white, which prots from the
addition of hydroxyethyl cellulose (HEC). Aer 72 h irradiation
with the T@A0.1IN photocatalyst, LDPE-CP was oxidized, where
the carbonyl index (CI) was 0.6556, and mineralized into CO2.
The weight average molecular weight (Mw) of LEPE-CP experi-
enced a reduction from 233 105 g mol−1 to 206 370 g mol−1.
Similarly, the number average molecular weight (Mn) decreased
from 26 234 g mol−1 to 1462 g mol−1. The decrease in Mw and
Mn indicates the chain breakage reaction of LDPE, suggesting
the degradation of the polymer.
This journal is © The Royal Society of Chemistry 2023
Besides TiO2, C3N4 is also commonly employed in the
research on hybrid photocatalysts. Sun et al. proposed the use of
a benzenesulfonyl chloride-incorporated g-C3N4 (BS–CN), which
is a novel intramolecular donor–acceptor conjugated g-C3N4

(Fig. 12).136 This synthesis extended the p-electron delocaliza-
tion, narrowing the bandgap and strengthening the absorption
in the visible light region, and consequently enhanced the
photocatalytic performance signicantly. The indirect band gap
of CN and BS5–CN are 2.75 and 2.54 eV, respectively. The
graing of the electron acceptor BS on the CN framework also
accelerated the electron transmission and increased the effi-
ciency of the separation of photoexcited electron–hole pairs.
Using PLA dispersed in KOH solution as a sacricial reagent in
this work, the H2 production rate employing Pt-loaded (1 wt%)
BS5–CN was optimized to roughly 1.8-times higher than pure g-
C3N4, which was 1890 mmol h−1 g−1 under visible light irradi-
ation, at 40 °C for 24 h. Simultaneously, lactate was oxidized
into formate and acetate, achieving the transformation of PLA
plastic wastes into high-added-value chemical products and
clean hydrogen energy, relieving the environmental pollution
and energy dilemma.

In 2022, Han and coworkers focused on carbonized polymer
dot-graphitic (CPDs-CN) catalytic solar-driven PET upcycling,
together with H2 production.137 In this work, PET was used as
a valuable feedstock to produce high-value-added products,
which were mainly glycolic acid, glycolaldehyde and ethanol,
together with H2 produced from water splitting. The yield of
terephthalic acid reached 304.7± 17.2 mmol and the production
rate of H2 achieved was 1034± 134 mmol g−1 h−1, which showed
J. Mater. Chem. A, 2023, 11, 2503–2527 | 2517
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Fig. 12 (a) UV-vis DRS and Tauc plots (i), Mott–Schottky plots (ii), and band position (iii) of CN and BS5–CN. (b) Effect of the concentration of
KOH solution for hydrolysis of PLA with course (inset) and rate of H2 generation in the presence of BS5–CN(i), time course (inset) and rate of H2

production over CN and BSx-CNs using the hydrolysate of PLA, hydrolyzed in 1 M KOH solution, as the sacrificial reagent, and SBET of CN and
BSx–CNs (ii), photocatalytic stability of BS5–CN(iii), and AQE of BS5–CN under three different wavelengths of monochromatic light (l= 420, 450,
and 500 nm) (iv). (c) Mechanism of photocatalytic production of H2 and organic chemicals over BS–CN from lactate solution. Reproduced with
permission from ref. 136. Copyright 2021, Elsevier.
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promising application towards the sustainable production of
added-value solar chemicals and fuels.
4. Performance optimization

In this section, we highlight the methods for the optimization
and enhancement of the performance for the photocatalytic
degradation of plastics. The strategies presented below include
the regulation of photocatalysts, the modication of critical
intermediates and products during photocatalysis, and the
control of environmental factors.
4.1. Regulation of photocatalyst composition

Different types of photocatalysts such as titanium dioxide
(TiO2), zinc oxide (ZnO) and ferric chloride (FeCI3) have been
frequently reported thus far.138 Among them, TiO2 and ZnO have
high catalytic activity and efficiency, and thus have become
exceedingly popular.139,140 However, the use of pure TiO2 and
pure ZnO in photocatalytic degradation still has some limita-
tions. The light absorption edge of pure TiO2 is lower than
380 nm, and thus most of its current applications are limited to
UV light irradiation,141 while the concentration and dispersion
of pure ZnO in the plastic matrix are difficult to regulate,109

leading to the fact that they cannot be used in their pure form.
2518 | J. Mater. Chem. A, 2023, 11, 2503–2527
Thus, to address this limitation, better photocatalytic effi-
ciency can be obtained by systematically exploring photo-
catalysts. One of the efficient ways is the combination with
other metal/non-metal dopants to enhance the photocatalyst
capacity. For example, Asghar et al. prepared four types of
composite lms of PE undoped, Fe-doped, Ag-doped and Fe/Ag
mix-doped TiO2 nanoparticles to research the photocatalytic
degradation.105 The results demonstrated that compared to the
PE-TiO2 lms without dopants, the other three composite lms
showed a more positive effect on weight reduction under the
same experimental conditions (Fig. 13a).

Besides, as a result of photodegradation, cavities appeared
randomly on the surface of the composite lms, which were
caused by the escape of volatile products from the PE matrix. It
was be observed that the PE-TiO2 lm had massive cavities,142

while the composite lms doped with metal had larger cavities,
showing a rough shape (Fig. 13b). This strongly demonstrated
that the photocatalytic plastic degradation capability of TiO2

doped with metals is more efficient than that of undoped TiO2.
In addition, the effect of the mixed doping of the PE-TiO2

composite lm was midway between the Fe-doped and Ag-
doped PE-TiO2 lms. This indicated that photocatalysts with
some specic requirements can be obtained by adjusting the
ratio of doped metal ratios. Similar results were found in the
studies by Thomas et al.,143 Zhao et al.,144 and Gonçalves et al.145
This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) Effect of UV irradiation on the photocatalytic degradation of PE films. (b) SEM images of PE films before and after irradiation: (i) PE film
before irradiation, (ii) PE film after irradiation, (iii) PE-TiO2 film after irradiation, (iv) PE-Fe doped TiO2 film after irradiation, (v) PE-Ag-doped TiO2

film after irradiation, and (vi) PE-Fe/Ag mix-doped TiO2 film after irradiation. Reproduced with permission from ref. 105. Copyright 2011, Hindawi
Publishing Corporation. (c) Weight loss of PE, P25-PE and TiO2-MWCNT-PE films with different MWCNT contents under UV irradiation in air. (d)
Optical microscopy images of the TiO2-MWCNT (20 wt%)-PE film before (i) and after (ii) irradiation. The objective magnification is 40×.
Reproduced with permission from ref. 107. Copyright 2014, Elsevier.
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An et al. investigated the photocatalytic degradation of TiO2-
MWCNTs-PE lms with MWCNT weight contents of 5 wt%,
10 wt%, 20 wt% and 40 wt% by weight loss analysis under
mercury lamp irradiation in the ambient air.107 Aer 180 h
irradiation under identical experiment conditions, the weight
reduction of four lms with different mass ratios of MWCNTs
was 28%, 29%, 35% and 24% respectively, among which the
TiO2-MWCNT (20 wt%)-PE composite lm showed the highest
photodegradable efficiency (Fig. 13c). Also, the optical micro-
scopic images of the TiO2-MWCNT (20 wt%)-PE composite lm
before and aer irradiation indicated that assorted sizes of
cavities and holes appeared around the photocatalyst particles
(Fig. 13d).

As the exposure time prolonged, it was evident that the
photodegradation efficiency of the composite lms increased
with an increase in the MWCNT mass ratio ranging from 5 wt%
to 20 wt%, while that for the TiO2-MWCNT (40 wt%)-PE
composite lm was the opposite. Their research conrmed that
by adjusting the loading of MWCNTs, the optimal photo-
degradation efficiency could be achieved. Many other studies
showed the advantages of MWCNTs, which proposed that they
can be used as photosensitizers to broaden the absorption band
of TiO2 to the visible spectrum, thereby improving the efficiency
of photocatalysts.146,147 Moreover, the particle size and
This journal is © The Royal Society of Chemistry 2023
morphology of photocatalysts also affect the photocatalytic rate.
For instance, Kamrannejad et al. studied the factors affecting
the photocatalytic degradation behavior of carbon-coated TiO2

nanotubes in polypropylene (PP)-based nanocomposites,
including particle size and thickness of the carbon layer.148 A
thicker carbon layer reduced the penetration of UV light,149,150

which decreased the photocatalytic efficiency. Also, with an
increase in particle size, the interfacial area between PP and the
TiO2 reduced, leading to the lower photocatalytic efficiency.151

Besides conventional inorganic semiconductor-based
composites photocatalysts, researchers also turned their atten-
tion to organic and hybrid photocatalysts.116,119,120 In the case of
organic photocatalysts, the selective addition of acids (sulfuric
acid (H2SO4), nitric acid (HNO3), perchloric acid (HCIO4), etc.) to
the reaction process is usually employed to improve the effi-
ciency for the photodegradation of plastics and the yield of
recyclable products. These additional acids played a signicant
role in the oxygen reduction reaction and removing excess H2O
generated during the reaction. Besides, to achieve selective
oxidation or cleavage of C–H bonds, hydrogen atom transfer
(HAT) catalysts are oen added.152,153 For hybrid photocatalysts,
the most important thing is to regulate the concentration of
suitable hybridizer, which may reduce the efficiency of photo-
degradation plastic reaction if it is too high or too low.
J. Mater. Chem. A, 2023, 11, 2503–2527 | 2519
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4.2. Modication of critical intermediates and products

During the process of the photocatalytic degradation of plastics,
the production of some intermediates is inevitable, which may
reduce the reaction rate and products, which are difficult to
recycle. To make the reaction as environmentally friendly as
possible, and eventually upgraded and recycled for human
use,154–156 critical intermediates, clean products (such as water
and carbon dioxide) and recyclable products should be ob-
tained through the pretreatment of the reactants and the opti-
mization of the reaction conditions for the photocatalytic
degradation reaction. Research has been widely conducted to
minimize the pollution to the environment in the reaction
process and realize the complete degradation and recycling of
plastics.22,157

4.2.1. Reactant pretreatment. Most plastics have poor heat
resistance and large thermal expansion rate. They are easy to be
oxidized if being kept in an elevated temperature environment
for a long time. Due to these characteristics, Cao et al.
researched the degradation characteristics of partially oxidized
or relatively soluble precursors obtained by different pretreat-
ments of polystyrene (PS) at different temperatures.113

Compared with PS, some of these precursors (PS–O, PS-1, PS-2
and PS-3) showed a higher reaction rate and product selec-
tivity in photocatalytic degradation reactions, reecting the
Fig. 14 (a) (i) Conversion of 500mg plastic pellets in 20 reaction cycles, re
10 bar O2, irradiated by 300W Xenon lamp at 150 °C for 8 h in each cycle
the autoclave. (b) Catalytic performance of polystyrene with different p
30 mL acetonitrile, irradiated by 300 W Xenon lamp at 150 °C for 8 h. PS-
PS-1 and PS-2 were obtained by air treatment at 220 °C and 300 °C, respe
with permission from ref. 113. Copyright 2022, Springer Nature. (b) Plaus
111. Copyright 2021, Wiley-VCH. (c) (i) UV-vis absorption spectra of PCN
transformed Kubelka–Munk function versus the energy (hv) of absorbed
PCNS and CN. Reproduced with permission from ref. 95. Copyright 202

2520 | J. Mater. Chem. A, 2023, 11, 2503–2527
reaction advantages, which made the continuous ow reaction
system possible (Fig. 14a).

The pretreatment of plastics seems to be a small step, but it
contributes greatly to the improvement of the efficiency and
product selectivity of the photocatalytic reaction system.

4.2.2. Reaction conditions adjustment. Many chemical
reactions occur during the photocatalytic degradation of plas-
tics. Therefore, the adjustment of the chemical reaction
conditions will also affect the degradation reaction rate to
a certain extent. Zhang et al. reported an alkyl aromatic oxida-
tion directed towards the oxidative degradation of PS into
aromatic acids (benzoic acids) catalyzed by FeCI3 and 2,2,2-tri-
chloroethanol (CCI3CH2OH) under blue light irradiation and 1
atm O2 as the sole terminal oxidant at room temperature.111

According to the plausible mechanism scheme (Fig. 14b), the
efficient activation and deep oxidation to carboxylic acid could
be achieved by iron-photocatalyst-facilitated selective C(sp3)–
C(sp3) bond cleavage and subsequent oxidation and CCI3CH2-
OH-facilitated HAT.111,158–160 The selective cleavage of the C(sp3)–
C(sp3) bonds could convert the polymer into low-weight oligo-
meric intermediates (tertiary alcohols/peroxides, etc.). However,
the corresponding intermediates could be deeply oxidized to
benzoic acids in the photoinduced iron catalytic system with
oxygen molecules. In the whole reaction, the role of molecular
action conditions: 200mg g-C3N4, 500mg pellets, 40mL acetonitrile,
. The solution is released after each cycle and pure solvent is injected in
retreatment, reaction conditions: 50 mg g-C3N4, 20 mg polystyrene,
O was obtained by thermal treatment at 150 °C in acetonitrile with O2,
ctively, and PS-3was obtained by pyrolysis at 350 °C in N2. Reproduced
ible mechanism of the reaction. Reproduced with permission from ref.
S and CN; the insets show photographs of PCNS and CN. (ii) Plots of
light for PCNS and CN. (iii) XPS VB spectra and (iv) band structures of
2, Elsevier.

This journal is © The Royal Society of Chemistry 2023
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oxygen and CCI3CH2OH could not be ignored. In fact, in the
absence of CCI3CH2OH, the reaction product benzoic acid was
only slightly produced.

Alternatively, Liu et al. engineered a novel carbon nitride
(C3N4)-based donor–acceptor (D–A) conjugated copolymer.95

The aromatic ring was incorporated in the C3N4 skeleton to
form the structure through the copolymerization of melamine
and terephthalic acid obtained from the degradation of waste
PET catalyzed by ZnO at 360 °C. They prepared PET-derived
C3N4 sheets (PCNS) and used C3N4 (CN) for comparison.
Compared with pristine CN, the synthesis of the intramolecular
D–A conjugated structure strongly promoted the migration and
separation of charge carriers, signicantly enhanced the ability
Fig. 15 (a) Retained elongation-at-break as a function of exposure time (
0%, 5%, 10%, 25%, 40%, and 100% UV irradiance. (b) Surface crystallinity in
C with 40% UV irradiance and (ii) at 50 °C with 0%, 5%, 10%, 25%, 40%
Copyright 2019, Elsevier. (c) Weight loss of the composite films under U
permission from ref. 103. Copyright 2008, Elsevier.

This journal is © The Royal Society of Chemistry 2023
of capturing visible light (Fig. 14c) and made the C3N4-based
D–A conjugated copolymer photocatalysts exhibit better
photoinduced charge transfer efficiency. Besides, the special
structure greatly narrowed the band gap and enhanced the
carrier mobility. These results have been conrmed by many
other studies.161–164 Through the transformation, structure
modication and copolymerization of the products during the
photodegradation of waste plastics, more efficient photo-
catalysts can be obtained, which is conductive to the sustain-
able development and recycling of resources.

The adjustment of reaction conditions involves the use or
modication of intermediates and products to achieve the more
efficient photocatalytic degradation of plastics or recycling
i) at 30 °C, 40 °C, and 50 °C with 40% UV irradiance and (ii) at 50 °C with
dex for HDPE as a function of exposure time (i) at 30 °C, 40 °C, and 50 °
, and 100% UV irradiance. Reproduced with permission from ref. 96.
V light irradiation in (i) dry air and (ii) humidified air. Reproduced with

J. Mater. Chem. A, 2023, 11, 2503–2527 | 2521
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plastic waste for industrial manufacturing, which is killing two
birds with one stone.
4.3. Control of environmental factors

In previous studies, most of the experiments were carried out
under a single laboratory condition,165 which remained xed
and stable for a long time. Benetting from this, the plastic
degradation rate was smoothly sustained. In contrast, during
actual outdoor photocatalytic degradation, the light intensity,
temperature and humidity randomly change with the weather
conditions.166 Therefore, the control of environmental factors
cannot be neglected in the experimental processes for the
photocatalytic degradation of plastics.

Fairbrother et al. investigated the effects of environmental
factors on the performance of photodegradable high-density
polyethylene (HDPE) under a range of laboratory conditions,
including three temperature levels (30 °C, 40 °C, and 50 °C), six
UV irradiation levels from a metal halide light source (153 W
m−2, 61 W m−2, 38 W m−2, 15 W m−2, 8 W m−2 and 0 W m−2)
and two humidity conditions (<5% relative humidity (RH) and
75% RH).96 According to the results, an increase in temperature
and UV intensity tended to accelerate the change of the
mechanical properties of HDPE. The retained elongation-at-
break of HDPE under harsher conditions with the same expo-
sure time was larger, and the change rate of mechanical prop-
erties was faster (Fig. 15a), and thus the surface crystallinity
index for HEDP (Fig. 15b). The overall conclusions were
consistent with that in other reports.167–170 Nevertheless, there
was no signicant difference between the two humidity condi-
tions for HDPE, possibly because of its high hydrophobicity.

Similarly, they le HDPE exposed outdoors in southern
Florida in the United States and examined it periodically during
exposure to quantify the effect of each environmental factors on
the photodegradation on HDPE through the change in perfor-
mance. In this case, outdoor conditions are more diverse and
complicated, making it difficult to compare with the laboratory
environment. Under outdoor exposure conditions, the brittle
failure time was over two times longer than that under accel-
erated laboratory conditions. The rate of performance change
outdoors did not easily match that seen in the laboratory due to
the spectral differences and cyclic changes in the outdoor
environment. Up to the end of the exposure period, the varia-
tion in mechanical properties well matched the variation in
laboratory exposure at 40 °C and 50 °C.

The values of retained elongation-at-break, yield stress,
modulus of elasticity and crystallinity indices outdoors were
close to that at 40% UV exposure in the laboratory experiment at
the two higher temperatures studied. The fact that the
mechanical properties measured at embrittlement matched the
values under laboratory conditions positively implied that the
photodegradation pathway is similar in the laboratory and
outdoor environment.

Furthermore, Fa et al. revealed the effect of water vapor of
a novel photodegradable PS–FePc–TiO2 nanocomposite lm
under humidied air and dry air.103 The weight loss of the
composite lm was greater in a higher humidity environment,
2522 | J. Mater. Chem. A, 2023, 11, 2503–2527
whereas it was only one-third of that in dry air (Fig. 15c). This
proposed the physical adsorption of a certain amount of water
is essential for the photodegradation of PS lms. These
conclusions were also similar to that in other reports.171–173

In most scenarios, plastic is treated as household waste and
pollution. Consequently, to realize the wide practical applica-
tion of the photocatalytic degradation of plastics, the inuence
of environmental factors should be considered.

5. Conclusions and future
perspectives

With the improvement in the awareness of protecting the
environment, unprecedented efforts have been devoted to
exploring novel and effective ways of degrading plastics for their
disposal, among which photocatalysis is a method with great
prospects. In this review, we systematically summarized various
reports in the literature concerning photocatalysis and the
different categories of photocatalysts, ranging from typical bare
semiconductors such as TiO2, ZnO, and MnO to composite
inorganic materials, organic materials and hybrid materials.
Then, we list some remaining aspects that were analysed to be
inuential on the catalytic efficiency, beneting the further
optimization process of photocatalysis. However, the fact that
the current degradation rate of plastics remains unchanged at
less than 10%, pervasive microplastics pose an ongoing threat
to all animals, plants and humans on Earth. To date, photo-
catalysis is still at the initial theoretical stage and we need steps
forward. Here, we list some limitations and potential develop-
ment prospects, which may favour an enhancement in the
possibility of practical applications and are worthwhile to
research more comprehensively:

5.1. Photocatalyst upgrade

Semiconductors including metal suldes, phosphides, nitrides
and oxides31 make up a large proportion of the present research
in photocatalyst materials. However, although they exhibit good
performances in photocatalysis experiments, the high costs of
their raw materials and manufacture have impeded their large-
scale application. This is the same for composite, organic and
hybrid photocatalysts. Furthermore, during the degradation,
photocatalysts are treated at the nanoscale, resulting in pollu-
tion and nanotoxicity and damaging the ecological environ-
ment. Besides this potential detriment, the modication of
photocatalysts on plastics is still conducted at the laboratory
scale, which may not be achieved industrially. Therefore, new
types of light-sensitive materials should be explored with
properties such as low price, low pollution, high effectiveness
and high product selectivity. Techniques involving cocatalyst
deposition, heteroatom doping, heterostructure construction
and defect engineering30 can be attempted simultaneously to
upgrade the nature of photocatalysts.

5.2. Extension and pretreatment of plastics

Most plastics that are given attention are conned to commer-
cial plastics, while engineering plastics are largely neglected.
This journal is © The Royal Society of Chemistry 2023
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More types of plastics should be considered, which also cause
severe white pollution. Next, before the degradation of plastics,
they require pretreatment, where plastics are dissolved in
a certain solvent by regulating the pH level, mostly in the
alkaline range. On the one hand, alkaline reagents will be rarely
harmful to the environment if they are treated inappropriately.
On the other hand, pretreatment increases the degradation
cost, slowing down the commercial realization of photo-
catalysis. Besides, experiments only consider the ideal case of
a single polymer component. Nevertheless, in the real world,
plastics are composed of numerous complex components,
containing complicated impurities and defects. These compo-
sitions may be obstructions towards the degradation efficiency
and rate, triggering a huge gap between experimental results
and actual application. Thus, experiments based on real-life
plastics should be conducted to examine whether photo-
catalysts can work to degrade complex polymer components.

5.3. Product utilization

Thus far, the majority of the intermediates and nal products
from the photocatalytic degradation of plastics are low molec-
ular weight organic matter, CO2 and H2, which are of great use
in certain chemical elds. However, CO2 is one of the well-
known greenhouse gases and when emitted directly to the
atmosphere through the degradation of plastics, it can lead to
the severe greenhouse effect and contribute to global warming.
Similarly, although organic products can be applied some way,
their toxicity to organisms and pollution of the surroundings
cannot be neglected, which can be easily abused and result in
critical problems such as water pollution. Also, considering the
uncertainty of the reaction process, side reactions can occur and
their products are unknown. Consequently, consecutive studies
aimed at product utilization should be conducted to eliminate
the negative effects of products to the greatest extent.

5.4. Applicability at the commercial scale

The subsistent problems are much more complex than the
experiment, and there are many obstacles in the process of the
large-scale promotion of photocatalysis. Firstly, current tech-
niques cannot eliminate themicroplastics in the soil and ocean,
which requires more studies about the reaction mechanisms to
determine more possible ways to achieve photocatalysis.
Secondly, degradation techniques need to be optimized, espe-
cially to reduce the costs of the entire disposal process. Practical
usage necessitates commercial interest, and to substitute
conventional indispensable plastics, a relatively low price is
essential. Thirdly, to show the high degradation efficiency of
photocatalysis, most studies use UV light as the energy source.
However, when exploiting it in reality, there is 4% of UV light in
sunlight, which will largely retard the degradation rate. Hence,
on account of controlling the cost, researchers can try to
improve the efficiency by applying electric or magnetic elds,
increasing the temperature or pressure.

Briey, the optimization of the photocatalytic degradation of
plastics requires the overall improvement of photocatalysts,
reactors and reaction media. To realize the overall disposal of
This journal is © The Royal Society of Chemistry 2023
plastics and microplastics through photocatalysis, more
research should be conducted to achieve commercial success,
together with the technique being suitable for mass manufac-
ture. Moreover, great physical and mechanical properties cor-
responding to typical plastics should also be achieved based on
environmental protection. Accordingly, photocatalysis can
become widespread and gradually replace conventional plastics
or conservative strategies of disposing plastics. Photocatalysis is
quite promising in degrading plastics and we believe that it can
be widely applied one day.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This study was nancially supported by the Program for the
Natural Science Foundation of Shaanxi Province, China
(2021JM-052), and the Fundamental Research Funds for the
Central Universities (0201021GH0201, 0206022SH0201).
References

1 J. Watts, The Guardian, 2019, vol. 25, pp. 1–9.
2 G. Maitlo, I. Ali, H. A. Maitlo, S. Ali, I. N. Unar, M. B. Ahmad,
D. K. Bhutto, R. K. Karmani, S. u. R. Naich and R. U. Sajjad,
Sustainability, 2022, 14, 11637.

3 M. U. Hossain, S. T. Ng, Y. Dong and B. Amor, Waste
Manage., 2021, 131, 412–422.

4 M. Williams, R. Gower, J. Green, E. Whitebread,
Z. Lenkiewicz and P. Schröder, No Time to Waste: Tackling
the Plastic Pollution Crisis before It's Too Late, 2019.

5 T. Maes, J. McGlade, I. S. Fahim, D. S. Green, P. Landrigan,
A. L. Andrady, M. F. Costa, R. Geyer, R. Gomes and
A. T. S. Hwai, From Pollution to Solution: A Global
Assessment of Marine Litter and Plastic Pollution, Report
928073881X, 2021.

6 F. Sadeghfar and M. Ghaedi, in Interface Science and
Technology, Elsevier, 2021, vol. 32, pp. 725–759.

7 P. J. Kole, A. J. Löhr, F. G. Van Belleghem and A. M. Ragas,
Int. J. Environ. Res. Public Health, 2017, 14, 1265.

8 J. Zheng and S. Suh, Nat. Clim. Change, 2019, 9, 374–378.
9 A. Demetrious and E. Crossin, J. Mater. Cycles Waste
Manage., 2019, 21, 850–860.

10 B. K. Guptaa and S. Singhb, Int. J. Appl. Eng. Res., 2018, 13,
5815–5822.

11 G. Suzuki, N. Uchida, K. Tanaka, H. Matsukami, T. Kunisue,
S. Takahashi, P. H. Viet, H. Kuramochi and M. Osako,
Environ. Pollut., 2022, 303, 119114.

12 A. D. Vethaak and J. Legler, Science, 2021, 371, 672–674.
13 H. Luo, D. Yao, K. Zeng, J. Li, S. Yan, D. Zhong, J. Hu,

H. Yang and H. Chen, Fuel Process. Technol., 2022, 230,
107205.

14 K. Zhang, A. H. Hamidian, A. Tubíc, Y. Zhang, J. K. Fang,
C. Wu and P. K. Lam, Environ. Pollut., 2021, 274, 116554.
J. Mater. Chem. A, 2023, 11, 2503–2527 | 2523

https://doi.org/10.1039/d2ta09523h


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 0
9 

O
ca

k 
20

23
. D

ow
nl

oa
de

d 
on

 2
4.

06
.2

02
4 

21
:2

9:
00

. 
View Article Online
15 X. Zhao, M. Korey, K. Li, K. Copenhaver, H. Tekinalp,
S. Celik, K. Kalaitzidou, R. Ruan, A. J. Ragauskas and
S. Ozcan, Chem. Eng. J., 2022, 428, 131928.
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