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Abstract: As the disposal of waste plastic emerges as a societal problem, photocatalytic waste plastic
conversion is attracting significant attention. Ultimately, for a sustainable future, the development of
an eco-friendly plastic conversion technology is essential for breaking away from the current plastic
use environment. Compared to conventional methods, photocatalysis can be a more environmentally
friendly option for waste plastic reprocessing because it uses sunlight as an energy source under
ambient temperature and pressure. In addition to this, waste plastics can be upcycled (i.e., converted
into useful chemicals or fuels) to enhance their original value via photocatalytic methods. Among
various strategies for improving the efficiency of the photocatalytic method, nanomaterials have
played a pivotal role in suppressing charge recombination. Hence, in recent years, attempts have
been made to introduce nanomaterials/nanostructures into photocatalytic plastic conversion on the
basis of advances in material-based studies using simple photocatalysts. In line with this trend, the
present review examines the nanomaterials/nanostructures that have been recently developed for
photocatalytic plastic conversion and discusses the direction of future development.
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1. Introduction

Since the photocatalytic activity of titanium dioxide (TiO2) was first demonstrated, the
photocatalytic approach has been considered as an environmentally friendly method for
solving various environmental issues, and the method has been applied to several research
fields, including pollutant decomposition, water splitting, and carbon dioxide conversion.
In particular, photocatalytic waste plastic conversion has attracted significant attention for
addressing the emerging societal problem of waste plastic disposal.

To date, plastics have been consumed without much consideration for post-processing.
This resulted in a 200-fold increase in the global yield of plastics, from 2 million metric
tons in 1950 to 380 million metric tons in 2015, and it is expected to increase to 500 million
tons by 2050 [1]. Plastic in its natural state takes hundreds of years to decompose, and
has countless negative effects on the environment during this process [2–5], including the
formation of fragments such as microplastics (defined as ≤5 mm). These become widely
distributed in the sea and even in drinking water [6–8]. Microplastic travels through the
food chain and contaminates marine life, animals, and humans, thereby threatening human
health and the ecosystem alike [9–14]. Hence, for a sustainable future, the development of
eco-friendly plastic conversion technology is essential for breaking away from the current
plastic use environment.

Numerous technologies have been developed for reprocessing of waste plastic, includ-
ing landfill, incineration, mechanical recycling, and thermochemical conversion [15–19]
(Figure 1). Among these, incineration and landfill are the most common ways to easily
dispose of waste plastic, but they have the disadvantage of emitting pollutants that are
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fatal to the environment, such as dioxins and greenhouse gases [20]. Alternatively, me-
chanical recycling is widely used for the reprocessing of waste plastic [19]. This consists
of physical processes such as grinding, extruding, compounding, and pelletizing, and
generally downgrades the original properties of the plastics. In addition, only uncontami-
nated and single-component plastics can be used as substrates for mechanical recycling.
By contrast, catalytic methods for waste plastic reprocessing, including thermochemi-
cal recycling and photo/electrocatalytic methods, allow the waste plastic to be upcycled
(i.e., converted into useful chemicals or fuels), thereby increasing their original value [21–27].
However, while thermochemical recycling generally requires high temperature and pres-
sure, photo/electrocatalysis uses sunlight as an energy source under ambient temperature
and pressure [28–32]. Moreover, the mild reaction conditions of photo/electrocatalysis
have great potential for the precise activation of specific chemical bonds while preserving
other functional groups, which can provide high selectivity toward targeted products [33].
Following C–C and C–H bond cleavages, research on C=C bond cleavage is also actively
underway for the purposes of polymer degradation [34,35]. Hence, catalytic waste plastic
conversion is regarded as a more forward-looking technology than mechanical recycling,
and photo/electrocatalysis is regarded as the more environmentally friendly option overall.
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During the photocatalytic process, plastics undergo decomposition through the ab-
sorption of energy from sunlight, generating active free radicals. When photon energy
illuminates the catalysts, photogenerated electrons (e−) and holes (h+) are produced and
subsequently transferred to the catalyst surface to initiate various reactions. In general,
photoexcited holes can directly oxidize plastics, while other free radicals such as hydroxyl
and superoxide radicals, resulting from the reaction of electrons and holes with O2 or H2O,
can also contribute to the degradation of plastics [33]. A major application of photocatalysis
over the past decades has been the splitting of water into molecular oxygen and hydrogen.
The potential energy required to drive the overall water splitting reaction is at least 1.6 eV,
which is greater than the theoretical thermodynamic requirement (1.23 eV); this is due
to the kinetic overpotentials from the hydrogen evolution reaction (HER) and the even
more sluggish oxygen evolution reaction (OER) [33,36–42] (Figure 2). In contrast to water
oxidation, however, plastic oxidation occurs much more readily due to its lower potential,
which reduces the overall potential requirement for coupling with H2 evolution. Therefore,
a wide range of photocatalysts with narrow bandgaps and low valance band positions can
be used for the oxidation of plastics. In fact, plastics act as sacrificial reagents that can be
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oxidized by low energy photogenerated holes (e.g., methanol, lactic acid, triethanolamine,
etc.) [33]. Thus, waste plastics are abundant and readily available feedstock for the genera-
tion of H2 or other valuable chemicals, and photocatalytic plastic conversion is a much less
energy consuming process than water splitting. Therefore, a significant amount of progress
is expected in the use of photocatalysis as a reprocessing method for waste plastics.
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scale versus the normal hydrogen electrode (NHE). Reproduced with permission of [33]. Copyright
2022, John Wiley and Sons.

The conversion method is divided into the following categories: (i) photo-degradation,
(ii) photo-reforming, and (iii) photo-conversion. In the photo-degradation process, the
plastic is degraded or mineralized into CO2 under aerobic conditions, thus leading to
nonselective oxidation reactions. By contrast, plastic waste can be selectively converted into
value-added products via photo-reforming and photo-conversion. In the latter processes,
anoxic conditions are usually applied, and the photo-generated holes are used to drive
plastic transformations, while the remaining electrons produce H2 when coupled with pro-
ton reduction (photo-reforming) or other valuable products when coupled with desirable
reactions such as CO2 reduction, etc. (photo-conversion). In terms of the type of plastic,
polyethylene (PE), polypropylene (PP), polystyrene (PS), and poly vinyl chloride (PVC)
are commonly investigated for photo-degradation due to their chemically inert C–C bonds.
Meanwhile, polar polymers, such as polyethylene terephthalate (PET), polylactic acid
(PLA), polyurethane (PUR), etc., have a relative advantage in photo-conversion/reforming
because they can facilitate hydrolysis and subsequent photo-reactions.
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2. Nanomaterials for Photocatalytic Plastic Conversion

Nanomaterials have played a pivotal role in effectively and reliably suppressing charge
recombination and improving the photocatalytic efficiency [43–52]. This is because the sur-
face area of the nanostructured photocatalyst is greatly enlarged and the travel distance of
the photogenerated charges is shortened, thereby increasing the probability that the desired
reaction will occur without charge recombination. Historically, numerous nanomaterials
have been developed for use in photocatalytic reactions, including nanostructured photo-
catalysts such as nanospheres, nanodots, and nanorods, along with carbon-based materials
such as graphene and carbon nitride [43–52]. Hence, in recent years, attempts have been
made to introduce nanomaterials/nanostructures into photocatalytic plastic conversion
on the basis of advances in material-based studies using simple photocatalysts (Table 1).
In line with this trend, the present review examines the nanomaterials/nanostructures
that have been recently developed for photocatalytic plastic conversion, and discusses the
direction of future development.

Table 1. Typical photocatalyst/nanostructures for plastic conversion, along with the types of plastics
converted, methods used, corresponding performance results and literature references.

Photocatalyst/Nanostructure Plastic Method Efficiency/Yield Time Ref.

TiO2 nanoparticle film PS Photo-degradation 98.4% 12 h [53]
TiO2 nanorods PE Photo-degradation 6% 20 h [54]
TiO2 nanotubes PE Photo-degradation 67% 15 days [55]
ZnO nanorods PE Photo-degradation 30% 175 h [56]
CdS/CdOx quantum dots PLA Photo-reforming 64.3 mmolH2 gcat

–1 h–1 – [57]
d-NiPS3/CdS nanosheets PLA Photo-reforming 40 mmolH2 gcat

–1 h–1 – [58]
d-NiPS3/CdS nanosheets PET Photo-reforming 32 mmolH2 gcat

–1 h–1 – [58]
RGO-Ag/TiO2 PE Photo-degradation 76% 4 h [59]
GO-Cu2O PE Photo-degradation 48.06% 8 h [60]
GO-MnO2 PE Photo-degradation 39.54% 8 h [60]
MoS2/RGO/cotton PE Photo-degradation 32% 1 h [61]
g-C3N4/TiO2 PE Photo-degradation 99% 400 h [62]
CNx-Ni2P PE Photo-reforming 111 µmolH2 gcat–1 – [63]
CNx-Ni2P PLA Photo-reforming 211 µmolH2 gcat–1 – [63]
ZnO/UiO66-NH2 (MOF) PLA Photo-conversion 14.4%, SCH3OOH: 91.6% – [64]
ZnO/UiO66-NH2 (MOF) PVC Photo-conversion 9% – [64]
XWO4/PAN nanofiber 1 PLA Photo-conversion 38.51 mg gcat

−1 h−1 – [65]
M. b-CDPCN PLA Photo-conversion 90.2%, SCH4: 99.5% 1 h [66]
Zr:Fe2O3‖carbon|enzyme PET Photo-conversion TON: 362 k – [67]
Ni-Pi/α-Fe2O3 PET Photo-conversion 60 µmolformate cm−2 5 h [68]

1 XWO4: (FeCoNiCuZn)WO4. PAN: polyacrylonitrile.

This section introduces various examples of the nanostructures that have been devel-
oped for photocatalytic plastic conversion, including metal oxide nanostructures, carbon-
based nanomaterials, and some more innovative nanostructure-based systems. The role of
each nanostructure will also be discussed, along with the conversion methods used, and
the types of plastic converted.

2.1. Metal Oxide/Sulfide Nanostructures

Among the various materials of use as photocatalysts, the metal oxides are regarded
as the closest to practical use due to their good photo-stability, low cost, and non-toxicity.
In addition, titanium dioxide (TiO2) and zinc oxide (ZnO) are the most popular because
their electronic band structures are suitable for photocatalytic water splitting. However, the
high charge recombination rates of these materials have always been a major obstacle to
improving the photocatalytic efficiency. Therefore, various nanostructures such as nanopar-
ticles, nanorods, and nanotubes have been developed for preventing charge recombination
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within the metal oxide photocatalysts, and these metal oxide nanostructures have found
recent application for photocatalytic plastic conversion.

For example, TiO2 nanoparticle films have been used for the photocatalytic decomposi-
tion of polyethylene (PE) and polystyrene (PS) microspheres under UV radiation (Figure 3).
Thus, Zhang et al. recently reported the complete mineralization of PS microplastics by
30-nm TiO2 nanoparticle photocatalysts fabricated using Triton X-100 as a nonionic surfac-
tant [53]. A decomposition of 98.4% was observed after 12 h, and complete decomposition
occurred after 36 h, which is the best performance among the photocatalysts reported to
date. Significant changes in the PS morphology were observed, and the 400-nm PS spheres
had disappeared after 12 h of irradiation. Pure TiO2 nanorods were also successfully used
for the degradation of microplastic particles [54]. In that study, high-density polyethylene
(HDPE) microplastic was extracted from a commercially available facial scrub, and the TiO2
was derived from the extrapallial fluid of saltwater mussels for a more sustainable approach.
At a pH of 3 and a temperature of 0 ◦C, the mass of microplastic particles decreased by
60% after 50 h of irradiation under a 50 W LED lamp. Meanwhile, TiO2 nanotubes with a
large surface area were investigated for the photocatalytic degradation of PE [55]. In that
study, dye sensitization was applied because other studies had demonstrated a significantly
enhanced photocatalytic activity of TiO2 in the visible range of the solar spectrum via this
approach [69,70]. The degradation rates of pure and composite PE films were measured
in terms of photo-induced weight loss, and the PE films with 10% dye-sensitized TiO2
nanotubes showed a degradation of ~50% under visible light over a period of 45 days.
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Figure 3. Photodegradation of PS with TiO2. SEM images of PS spheres on TiO2 after (a) 0 h and
(b) 12 h irradiation under 365 nm UV light. (c) Degradation efficiency (%) of 1 µm and 700 nm PS
on TiO2 film under 365 nm UV light. (d) Concentrations of CO2 and CO at different stages of a
photodegradation reaction. Reproduced with permission of [53]. Copyright 2020, Elsevier.

Meanwhile, ZnO stands out as a particularly promising metal oxide photocatalyst due
to its band gap (3.37 eV), high redox potential, better electron mobility, and non-toxicity.
In addition, ZnO is easy to synthesize and can be formed into different shapes and sizes
via facile low-temperature hydrothermal growth processes [71,72]. The degradation of
fragmented low-density polyethylene (LDPE) microplastic residues was demonstrated by
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visible light-induced heterogeneous photocatalysis activated by zinc oxide nanorods [56,73].
The results showed a 30% increase in the carbonyl index of the residues, along with an
increase in brittleness accompanied by a large number of wrinkles, cracks, and cavities on
the surface. The degree of oxidation was directly proportional to the catalyst surface area.

In addition, H2 and organics have been generated via the photo-reforming of a variety
of widely produced plastics, including PLA, PET, and PUR, over CdS/CdOx quantum dots
(QDs) in alkaline solutions [57,74]. Samples of the aforementioned plastics, along with a PET
water bottle, were oxidized by the photogenerated holes into organic products such as for-
mate, acetate, and pyruvate, while the photogenerated electrons reduced protons to produce
H2. The photoreforming of PLA yielded H2 with an activity of 64.3 mmolH2 gcat

−1 h−1,
which is one order of magnitude higher than the previous report using platinized TiO2 [75].
There is another work using metal sulfide materials for ambient-condition photo-reforming
to convert waste plastics to hydrogen (Figure 4). Qiao et al. reported the concurrent
production of H2 and organic chemicals from waste PLA and PET under ambient con-
ditions via cooperative coupling of H2 evolution and plastic oxidation using defect-rich
chalcogenide-coupled photocatalysts [58]. The defect-rich chalcogenide nanosheet-coupled
photocatalysts, e.g., d-NiPS3/CdS, exhibits H2 evolution of 40 mmol gcat

−1 h−1, 43 times
that for bare CdS nanoparticles, and >100 h of stable photo-reforming of waste PET bottles
and PLA cups. With the introduction of highly active d-NiPS3 nanosheets, spatial separa-
tion of electrons and holes was confirmed at a short timescale to promote the HER with
electrons and abundant surface sites. The holes localized on photocatalysts are consumed
by plastic substrates to generate organic chemicals, suppressing charge recombination, and
ensuring the stability of photocatalysts.
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(b) HRTEM image of d-NiPS3/CdS. (c) Three (3) runs of photo-reforming for H2 production by CdS,
NiPS3/CdS, and d-NiPS3/CdS under full-spectrum irradiation. (d) Organic acid products from
PLA for CdS, NiPS3/CdS, and d-NiPS3/CdS following 9 h of photo-reforming. Reproduced with
permission of [58]. Copyright 2023, American Chemical Society.
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2.2. Carbon-Based Nanomaterials

Carbon-based nanomaterials have attracted considerable attention in recent years for
their advantages, including versatility, high stability, and large surface area. For example,
graphene oxide (GO) is a layered, two-dimensional sheet structure with SP2 hybridized
orbitals and hydrophilic oxygen functional groups located at the edges and basal planes.
GO can act as an acceptor/transporter of photogenerated electrons from nanoparticles, and
can reduce the recombination of photogenerated electrons and holes, thereby increasing
the photocatalytic activity [60].

TiO2 modified with GO and silver nanoparticles has been used to degrade PE [59]. In
this approach, the TiO2 was modified with the silver dopant by using photo-assisted depo-
sition (PAD) and further modified with reduced graphene oxide (RGO) via ultrasonic radi-
ation to significantly increase the catalytic performance. The as-fabricated Ag/TiO2/RGO
catalyst exhibited a significantly high degradation efficiency of 76%, compared to 56%
and 68% for pure TiO2 and Ag/TiO2, respectively. In addition, other GO-based metal
oxide nanomaterials, such as GO–Cu2O, GO–MnO2, and GO–TiO2, have been investigated
for the degradation of microplastic particles from PE in aqueous solutions [60]. These
binary systems were found to be suitable for the degradation processes, and exhibited
high degradation efficiencies. Thus, after 480 min, the PE particles exhibited mass losses
of 48.06%, 39.54%, and 50.46% in the presence of GO–Cu2O, GO–MnO2, and GO–TiO2,
respectively; this is compared with 35.66% in the presence of GO alone. Very recently, Dai
et al. reported a biomass-derived 3D MoS2/RGO/cotton photocatalyst for PE photodegra-
dation and solar-driven freshwater production [61]. This 3D nanostructure served as a
versatile photothermal platform with a high evaporation rate (2.49 kg m–2 h–1), so that
nearly 100% of the PE microfibers were removed from the evaporated water. Furthermore,
the degradation efficiency of microplastics by MoS2/graphene/cotton could reach up to
32% with zero carbon emissions under a dominant contribution of O2

–. This work has
inspired new and advanced designs for solving the problems of removing microplastic
pollutants with all-day-round evaporation.

Polymer carbon nitride (g-C3N4) is another great example of a carbon-based nanoma-
terial that can provide a large surface area to the photocatalytic plastic conversion system.
It has a moderate bandgap of about 2.7 eV and unique electronic properties, even exhibiting
excellent photocatalytic activity under visible light [62,76]. For example, a cationic dyeable
polyester modified with the g-C3N4/TiO2 photocatalyst was synthesized by centrifugal
electrospinning and exhibited a photodegradable function under solar illumination [77].
Moreover, the cationic dyeable polyester modified with 5% g-C3N4/TiO2 displayed excel-
lent self-degradation in a water environment under solar illumination. Thus, the polymer
matrix was almost completely degraded after 400 h of illumination. Because the two-
dimensional lamellar structure of the g-C3N4 can provide sites for the TiO2 to disperse
evenly, the combination of these two photocatalysts can increase the light response range
and reduce agglomeration of the TiO2. Similarly, the combination of CNx with a nickel
phosphide cocatalyst (CNx-Ni2P) (Figure 5) has been reported for the photoreforming of
plastics to H2 [63]. Transition electron microscopy (TEM) studies showed that the Ni2P
nanoparticles (≈9.4 nm in diameter) were uniformly distributed across the CNx. During
the photocatalytic process, the photogenerated electrons migrated to the Ni2P co-catalyst
for H2 production, with the plastics acting as electron donors and being oxidized to organic
products. The CNx-Ni2P successfully reformed PET and PLA to clean H2 fuel and a variety
of organic chemicals under alkaline aqueous conditions.

Metal-organic frameworks (MOFs), as an expanding class of porous materials, have
been extensively studied [78,79]. In recent years, MOFs, including MIL-125(Ti)-NH2 [80],
MIL-101(Fe)-NH2 [81], and UiO66-NH2 [82], have been used as novel photocatalysts in the
fields of organic oxidation, CO2 reduction, water splitting, and NOx reduction [83]. Re-
cently, MOF was introduced for photocatalytic conversion of waste plastic into value-added
chemicals (Figure 6). The heterojunction of zinc oxide (ZnO) and MOF was developed
in the form of ZnO encapsulated in porous UiO66-NH2 [64]. This strategy preserves the
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framework structure of UiO66-NH2, thus enabling the formation of ZnO with ultra-small
size distributed inside the skeleton. The synergistic effect of the obtained ZnO/UiO66-
NH2 heterojunction facilitates providing an efficient channel for carrier/mass transfer and
guarantees structural stability. As a result, ZnO/UiO66-NH2 exhibits high activity for
converting PLA and PVC into acetic acid, coupled with H2 production.
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As a dual function material, photocatalysts-based fibrous membranes were reported
for capturing and upcycling of plastics [65]. Polyacrylonitrile (PAN) nanofiber templates
enable the growth of highly arranged metal tungstates (FeCoNiCuZn)WO4, denoted as
XWO4. The effect of lattice distortion in XWO4 modulates the band gap structure and
contributes to the upshift d-band center of XWO4. As a result, the modified anti-bonding
state facilitates the upcycling of captured polylactic acid (PLA) towards acetic acid pro-
duction, with an enhanced yield rate of 38.51 mg gcat

−1 h−1 and improved selectivity of
73%. Thus, the developed nanofiber template strategy, a tunable electronic structure, and
exploration of the structure-function relationship provide insight into tailoring the structure
and composition of photocatalysts for upcycling of plastic.
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(ZnO/UiO66-NH2 and ZnO/ZrO2) are formed by precisely controlling the calcination temperature,
using Zn-UiO66-NH2 as a precursor. The resultant ZnO/UiO66-NH2 exhibits high selectivity in the
photocatalytic valorization of PLA and PVC into acetic acid coupled with H2 production. (b) Acetic
acid yield over ZnO, ZnO/ZrO2, UiO66-NH2, and ZnO/UiO66-NH2, respectively. (c) The acetic acid
yield in PVC reaction systems. Reproduced with permission of [64]. Copyright 2023, John Wiley
and Sons.

2.3. Innovative Systems Based on Nanostructures

The photo-conversion of plastics is often hindered by low conversion efficiency and
the excessive accumulation of CO2 as terminal products. To address these shortcomings,
a two-step procedure has been proposed [84], involving solar-driven C–C bond cleavage
and coupling of plastic photo-conversion into carbon-based fuels at normal temperature
and pressure (Figure 7). This two-step pathway offers an innovative approach compared
to conventional one-step photocatalytic methods, as it utilizes the relatively low-value
end product, CO2. Nevertheless, the formation yield of the final product is limited by
the modest activity of CO2 photoreduction over the same catalyst employed for plastic
degradation. To overcome this limitation, a bifunctional catalyst should be designed, with
one part efficiently degrading plastics into abundant CO2, and the other part dedicated to
the subsequent CO2 photoreduction into target products with high efficiency. Furthermore,
a tandem two-chamber reaction cell can be fabricated, allowing for separate plastic degrada-
tion and CO2 reduction without mutual interference. This setup ensures that the generated
CO2 from the former cell is transferred into the latter one for efficient CO2 reduction.
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was further reduced into valuable fuels by a photoinduced C–C bond coupling over the same
photocatalyst (or bifunctional catalyst). Reproduced with permission of Ref. [84]. Copyright 2020,
John Wiley and Sons.

Another eco-friendly approach for plastic disposal is biodegradation, where living
organisms or microorganisms are capable of breaking down plastics under normal pressure
and temperature [85–87]. These microorganisms cleave the bonds in plastics, converting
them into valuable compounds. Plastic biodegradation techniques are not only econom-
ically beneficial but also environmentally friendly, as they do not produce any harmful
by-products during the process [88]. Thus, biocatalysts can serve as promising bifunctional
catalysts for plastic conversion. In fact, recent efforts have been made to achieve both high
conversion efficiency and selectivity by combining a photo-system and a bio-system.

As an example, a biotic-abiotic photocatalytic system was designed by assembling
Methanosarcina barkeri (M. b) and carbon dot-functionalized polymeric carbon nitride (CD-
PCN), by which the heat-treated biodegradable microplastic poly(lactic acid) (PLA) could
be converted into CH4 during five successive 24-day cycles with nearly 100% CH4 selec-
tivity by the assistance of additional CO2 [66]. CH4 is selected as a target product due
to its high calorific value of 890 kJmol−1 and its compatibility with the existing energy
infrastructure. As a proof of concept, the self-assembled M. b-CDPCN demonstrated a
sustainable high-grade CH4 production (>99.5%), coupled with the 90.2% mineralization
of PLA that was pretreated at 180 ◦C for 1 h. Subsequent research confirmed the real-world
viability of the M. b-CDPCN hybrid system by effectively converting non-biodegradable
microplastics such as polystyrene (PS), polyethylene terephthalate (PET), and polyurethane
(PUR) films into CH4. This study introduces a unique and sustainable approach toward
the efficient conversion of plastic wastes into valuable fuels, achieving high mineralization
efficiency and product selectivity. Meanwhile, in another innovative example of the inte-
gration of photocatalysis and biocatalysis for plastic conversion, a solar-driven biocatalytic
photoelectrochemical platform was reported to synthesize value-added compounds using
non-recyclable real-world PET microplastics as an electron feedstock [67]. A Zr-doped
hematite (α-Fe2O3) photoanode extracted electrons from hydrolyzed PET solutions ob-
tained from post-consumer PET waste and transferred them to the bioelectrocatalytic site.
Carbon fiber paper (CFP)-based cathodes then received the electrons to activate redox
enzymes that could drive various organic synthetic reactions. These hybrid reactions
achieved total turnover numbers of 362,000 with peroxygenase and the CFP-based cathode
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generated valuable chemicals (for example, formate and acetate) through the combination
of photoelectrocatalysis and redox biotransformations, including oxyfunctionalization of
C–H bonds, reductive amination of C=O bonds, and trans-hydrogenation of C=C bonds.
In this system, the hematite nanorods and carbon fibers provided large surface areas
for plastic conversion, resulting in the improved charge separation efficiencies (∆ηbulk
of 3.5–10%, ∆ηsurface of 15–60%) and the decreased charge transfer resistance (by up to
17 times). Furthermore, the Zr:α-Fe2O3 photoanode reformed real-world PET items for
over ten days.

There is another example using α-Fe2O3 photoanode for efficient waste plastic val-
orization [68]. Jiang et al. reported a photoelectrochemical (PEC) approach for valorization
of waste PET to produce formate coupled with green hydrogen production. An alterna-
tive route to photocatalytic and electrocatalytic is photoelectrochemical (PEC) technology,
which has emerged as a powerful tool that combines both the advantages of photocatalysis
and electrocatalysis [89]. Compared with photocatalysis, the PEC system can achieve
highly efficient charge separation with the assistance of applied electrical bias, and allows
the separation of anodic and cathodic processes with minimized crossover reactions. In
comparison with electrocatalysis, the PEC system reduces external bias and saves electricity
due to the photovoltage effect, and can potentially avoid overoxidation and reduce side
reactions in order to achieve better selectivity in the lower external bias region. In this work,
a nickel phosphate cocatalyst on α-Fe2O3 photoelectrode (Ni-Pi/α-Fe2O3) is developed to
achieve a high Faradaic efficiency to formate over 85%. Benefiting from more favorable
thermodynamics of PET oxidation than that of water oxidation, the cell voltage for inte-
grated PET oxidation-hydrogen production system is significantly reduced by ~270 mV
when compared with conventional water splitting to achieve the same current density.

3. Conclusions and Perspectives

In the previous section, the nanomaterials for advanced photocatalytic plastic con-
version were introduced under the three categories of metal oxide/sulfide nanostructures,
carbon-based nanomaterials, and innovative systems based on nanostructures (Figure 8).
Nanostructures have progressed steadily from single-component to multi-component and
thin-film (electrode) structures. According to the literature, metal oxide nanostructures
began to be used for photo-degradation of waste plastics. Recently, sulfide nanostructures
and carbon-based nanomaterials seem to be expanding the application field to photo-
reforming/conversion (Table 1). Among them, graphene oxides (GO) and carbon nitrides
were the most popular scaffolds, providing a large surface area for photocatalytic plastic
conversion [59–63]. In particular, a 3D GO nanostructure was also reported to be used as
the platform for both removal and photo-degradation of microplastics [61]. Most recently,
the examples of using MOF and nanofiber has been reported as a scaffold with a large
surface area [64,65], and it is expected that more types of nanostructures will be used
for photocatalytic plastic conversion in the future. Meanwhile, there have been novel at-
tempts such as introducing a biotic system or configuring a cell with two or more film-type
electrodes [66–68]. In the photo-bio hybrid systems, the introduction of microorganisms
or enzymes can greatly help to increase the selectivity of the target product [66,67]. Fur-
thermore, some photoelectrochemical systems have been reported using the film-type
photocatalyst nanostructure as an electrode [67,68]. These systems are noteworthy for their
expandability because they have diversity in material selection and system configuration.
In the future, it is expected that nanomaterials/structures will continue to expand their
range of applications beyond the present fields and limitations.
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Meanwhile, some requirements are expected for nanomaterials from the perspective
of the life cycle of waste plastics (Figure 9). First, the source of plastic waste should be
considered. Plastic waste can occur in a variety of places and, in the case of wastewater,
various types of microplastics are present and are difficult to separate [90]. Major sources of
these microplastics include personal care and cosmetic products (PCCPs), along with syn-
thetic fibers. Approximately 35% of the microplastics identified in the aquatic environment
might be released from synthetic fibers during washing [91]. Therefore, the most suitable
photocatalytic method may vary depending on the type and nature of the discharged
waste plastics. Second, the collection and pre-treatment methods of the waste plastics must
be considered. To date, the methods used for collecting microplastics from wastewater
have included (i) pumping coupled with filtration and (ii) surface filtration. Of these, the
pumping method coupled with filtration can be used for the collection of hundreds of liters
of wastewater. For example, a device was developed that contains four stainless steel mesh
screens with sizes of 25, 100, 190, and 500 mm, respectively [92]. Using this device, a large
volume of samples could be treated continuously, and the in-situ separation of microplas-
tics was possible based on their size. Meanwhile, surface filtration is a highly effective
sampling technique for collecting thousands of cubic meters of wastewater, but is only
applicable at waterfalls. After collecting the microplastics, some pre-treatment processes,
such as density separation, digestion, alkaline pretreatment, etc., may be required. The
extraction of microplastics from liquid is commonly achieved by density separation, which
involves the mixing of a liquid of defined density with the sample [93], while digestion is
required to remove biogenic materials from wastewater due to its complex composition.
To date, the most effective digestion approach involves the incubation of the sample in
30% (v/v) hydrogen peroxide (H2O2) [94]. In this approach, Fenton’s reagent (a mixture of
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H2O2 and ferrous ion (Fe2+)) is commonly used to reduce the amount H2O2 [95]. Alkaline
pretreatment is also commonly used in plastic photoreforming studies, where it increases
the plastic solubilization and facilitates the contact between the photocatalyst and the
plastic substrate [33]. As introduced in the Section 2.1, PLA, PET, and PUR have converted
into H2 and organics over CdS/CdOx quantum dots (QDs) in alkaline solutions [57,74].
However, such a treatment is not desirable due to the cost and negative impact on the
environment. Hence, the state of the plastic source used for photocatalytic conversion may
vary depending on the collection and/or pre-treatment method used. It is necessary to
find an optimal system according to the type, size, and presence of impurities in the plastic
source. Alternatively, it would be desirable to develop a photocatalytic conversion system
that can simplify the pre/post-treatment processes. However, the final consideration, and
probably the most important factor in designing a photocatalytic plastic conversion sys-
tem based on nanostructures, is the separation of the products after the reaction. In the
case of photo-degradation, separation of the products is not particularly required, but the
nanostructure used for degradation should not cause other environmental pollution. In
the case of photo-reforming/conversion, the considerations are more complicated. Ide-
ally, the nanostructure should provide a platform for continuous processing and product
separation simultaneously during the reaction. This might be achieved by fabricating the
nanostructure in the form of a film. Film-type nanostructures can have strengths in reuse
and product separation while staying in place by themselves. In brief, when designing a
photocatalytic plastic conversion system based on nanostructures, the entire process from
the collection of plastics to the separation of products should be considered in order to
accelerate future practical use.
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