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The abundant plastic wastes become an imperative global issue, and how to handle these organic wastes gains
growing scientific and industrial interest. Recently, converting plastic wastes into hydrogen fuel has been
investigated, and the “waste-to-value” practice accelerates the circular economy. To accelerate the development
of plastic-to-hydrogen conversion, in this review, recent advances in plastic-to-hydrogen conversion via ther-
mochemical, photocatalytic, and electrocatalytic routes are analyzed. All of the thermo-, photo-, and electro-
chemical processes can transform different plastic wastes into hydrogen, and the hydrogen production efficiency
depends heavily on the selected techniques, operating parameters, and applied catalysts. The application of
rational-designed catalysts can promote the selective production of hydrogen from plastic feedstocks. Further
studies on process optimization, cost-effective catalyst design, and mechanism investigation are needed.

1. Introduction

The ubiquitous plastics are important for human daily lives and
many industries because of their high corrosion resistance, high
strength-to-weight ratio, tunable functionality, good flexibility, and
facile processability [1-3]. The speedily growing fabrication/utilization
and inappropriate treatment of plastic products lead to a large number
of plastic wastes (especially microplastics), which is an alarming envi-
ronmental and social issue [4-6]. As predicted, ~8.3 billion tons of
non-biodegradable plastics have been generated, and over 75% of them
are discarded as wastes [7]. It is thus urgent to manage abundant plastic
wastes [8,9]. Conventionally, incineration and landfilling are two uni-
versal techniques for plastic waste treatment, resulting in grave

environmental deterioration [10-12]. As an alternative, converting
annoying plastic wastes into value-added fuels (e.g., hydrogen) gains
intensive interest due to the prominent importance of hydrogen energy
in realizing the carbon neutrality goal [7,13].

Upcycling plastic wastes into hydrogen gas involves the breakdown
of long hydrocarbon chains under typical physical or chemical condi-
tions, e.g., high temperature, light field, and electric field [7]. Ther-
mochemical conversion is the most widely used method for
plastic-to-hydrogen upcycling, including pyrolysis, gasification, etc.
The hydrogen production efficiency is highly dependent on the involved
thermochemical processes and reaction conditions (e.g., temperature,
time, pressure, atmosphere, functional materials, and plastic feedstock)
[14]. For instance, the utilization of Ni/MCM-41 catalyst can attain a
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Table 1

Representative achievements in thermochemical upcycling of plastics for
hydrogen fuel. (PS: polystyrene; T: temperature; PP: polypropylene; HDPE: high
density polyethylene; PE: polyethylene; LDPE: low density polyethylene; MSW:
municipal solid waste).

Thermochemical Plastic Reaction conditions Hydrogen
technique production
performance
Pyrolysis-catalytic PS T (pyrolysis): 500 °C; T H, yield: 62.26
steam reforming (reforming): 800 °C; Water ~ mmol gpd
[32] flow rate (reforming): 6 g
h~1; Catalyst (reforming):
Ni/Al,05
Pyrolysis-catalytic PP T (pyrolysis): 500 °C; T H, yield: 71.4

steam gasification (reforming): 800 °C; Water ~ mmol gpp
[33] flow rate (reforming):
4.74 g h™1; Catalyst
(gasification): Ni-Mn-Al
Plastic feeding speed: 5 g
min~'; Steam/plastic
ratio: 5; T (pyrolysis):

500 °C; T (reforming):
700 °C; Space time: 16.7
8eat Min ghppg; Catalyst: Ni
T (pyrolysis): 400 °C;
Plasma power: 120 W;
Catalyst: zeolite ZSM-5;
Catalyst/plastic ratio: 2
Microwave power: 900 W;
Time: 6 min; Catalyst:
FeAlOy; Catalyst/plastic
ratio: 1

Microwave power: 1000
W; T: 700-800 °C; Time:
10 min; Catalyst: Fe/
Ni-CeO,@CNTs; Catalyst/
plastic ratio: 1.67

Flash pyrolysis-steam  HDPE
reforming [34]

H, yield: 0.381

g 8ﬁ113PE

Plasma-catalytic PP
pyrolysis [35]

H, yield: 4.19
mmol gﬁ;}

Microwave-catalytic PE
pyrolysis [36]

H, yield: 48.1
mmol gﬁgl

Microwave-catalytic HDPE
pyrolysis [37]

H, yield: 50.2
mmol gibpe

Two-stage air PP and T (1st stage): 600 °C; T H, yield: 857.6
gasification [38] LDPE (2nd stage): 800 °C: mmol gt
800 °C; Equivalence ratio:
0.1; Catalyst (1st stage):
Ni/Al-SBA-15; Catalyst
(2nd stage): Ni-Cu/
Ca0-SiOy
Steam gasification MSW Feed rate: 0.13 kg h™%; H, yield: 40.02
[39] Steam flow rate: 0.16 kg mmol gyiw
h~%; T: 800 °C; Catalyst:
NiO/modified dolomite;
Steam/MSW: 1.23
Steam gasification Mixed Steam flow rate: 0.3 kg H, yield: 104
[40] plastics h~%; T: 900 °C; Time: 10 mmol gpiastic
min; Catalyst: CaO;
Catalyst/plastic ratio: 1
Supercritical water PP and PP/lignite ratio: 1; Feed H, yield: 24.17
gasification [41] lignite concentration of waste: 10 mmol gy aste
wt%; T: 800 °C; Time: 30
min
Supercritical water Waste Feed concentration of H, yield: 19.7
gasification [42] tires waste: 5 wt%; T: 625 °C; mmol ggﬁsﬁc
Time: 60 min; Catalyst:
Ni/Si02-Al;03
Supercritical water PE and PP/soda lignin ratio: 1; H, yield: 63.3
gasification [43] soda Feed concentration of mmol gyle
lignin waste: 5 wt%; T: 700 °C;
Time: 30 min; Catalyst:
NaOH
Nonthermal LDPE Flow rate: 2 slpm; Voltage = Ha yield: 0.42
atmospheric level: 75%; Electrode- mmol gLépE
plasma treatment feedstock spacing: 5 mm;
[44] Time: 10 min
Thermal plasma HDPE HDPE/biomass ratio: 4; H, yield: 78.55
steam gasification and Plasma power: 22 kW; T: mmol gy ise
[45] biomass 600 °C; Steam/carbon

flow ratio: 1; Time: 20 min
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higher hydrogen evolution value (18 mmol ggﬁisﬁc) than Ni/Y-zeolite,
Ni/Mo2C, and Ni/BaTiOs in a pyrolysis-catalytic steam reforming pro-
cess [15]. The rational design of thermochemical processes and catalysts
is thus important for efficient hydrogen production from plastic wastes,
and recent achievements achieved in this field have significantly
accelerated the upcycling of plastic wastes and the hydrogen economy.

Aside from conventional thermochemical methods, photo-reforming
and electro-reforming are emerging techniques for plastic waste valo-
rization. Photo-reforming (photolysis, photocatalysis) has been exten-
sively used for chemical reactions, such as water electrolysis and
pollutant degradation, and the exploitation of solar energy for emerging
plastic conversion provides a green and facile method to valorize plastic
feedstocks for sustainable hydrogen production. Typically, a photo-
chemical reaction needs the application of a semiconductor material as
the photocatalyst, which produces photoexcited electron-hole pairs as
active reaction sites to initiate the redox reaction under light radiation
[16]. Current efforts have witnessed the development of a group of
high-performance photocatalysts, such as oxides, sulfides, and carbon
materials, and novel photo-reaction systems for plastic-to-hydrogen
conversion [17]. Compared with photo-reforming, electro-reforming is
a more kinetically favorable process due to the highly flexible energy
input. A group of studies has employed plastic wastes as the substrate for
hydrogen production under an electric field. The hydrogen production
efficiency of plastic electro-reforming is more efficient than conven-
tional water electrolysis due to the lower energy barrier of plastic
electrooxidation than oxygen evolution reaction (OER) [18]. Thus, the
plastic electro-reforming process can realize energy-saving hydrogen
production and waste valorization simultaneously.

The upcycling of plastic wastes has been extensively studied and
reviewed. Currently, several informative reviews have summarized the
upcycling of plastic wastes into carbon materials, fuels, and chemicals
[19-29], but the emphasis is not on hydrogen production. One recent
review focuses on plastic-to-hydrogen conversion with thermochemical
processes [30], while a comprehensive review that analyzes plastic
waste upcycling for hydrogen gas production is still lacking. The great
interest in this topic thus urges a systematical review covering diverse
techniques for plastic-to-hydrogen upcycling, including conversion
processes, reaction mechanisms, reactors, advanced catalysts, etc.

Herein, this review aims to make a thorough effort to analyze current
advances in the conversion of plastic wastes into hydrogen fuel. The
application of advanced techniques, associated with related reactors,
reaction mechanisms, and key functional materials (catalysts) in ther-
mochemical conversion, photo-reforming, and electrochemical-
reforming are detailed successively. The techniques and/or functional
materials-dependent hydrogen production efficiency will be empha-
sized. Future perspectives of this booming field are also proposed.

2. Thermochemical conversion

Thermochemical conversion is the most prominent method for
plastic-to-hydrogen upcycling, and generally, syngas (gas mixture of Hy,
CO, COq, etc.) instead of pure hydrogen gas is obtained. Pyrolysis
(plastics converted in an inert atmosphere) and gasification (plastics
converted under a controlled partial oxidation condition) are the main
implemented thermochemical methods [31]. Hydrogen production ef-
ficiency is highly related to the thermochemical technique, plastic
feedstock, catalyst, reaction temperature, pressure, and time. In this
section, current efforts made in thermochemically recovering hydrogen
fuel from plastic wastes are discussed, and representative achievements
in plastics-to-hydrogen upcycling are listed in Table 1.

2.1. Pyrolysis

Pyrolysis is the most widely used thermochemical process for con-
verting plastic wastes into value-added hydrogen fuel [46]. Pyrolysis of
plastic is the process of thermally degrading long chain polymer
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Fig. 1. General reactor configurations for plastic thermal pyrolysis-catalytic reforming for hydrogen production. Reproduced with permission from Ref. [48]
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Fig. 2. (a) Illustration of the two-stage fixed bed pyrolysis-catalytic steam reforming reactor. (b) The conversion of different plastics with the Ni/Al,O3 catalyst
(HDPE: high density polyethylene, PP: polypropylene, PS: polystyrene). Reproduced with permission from Ref. [32] Copyright 2018 Elsevier.

molecules into smaller, less complex molecules through heat and pres-
sure [11]. The process requires intense heat with a shorter duration and
in the absence of oxygen. In addition, pyrolysis is highly flexible since
the process parameters can be manipulated to optimize the hydrogen
yield [47]. For plastic-to-hydrogen conversion, the most widely used
pyrolysis-based techniques include thermal pyrolysis-catalytic steam
reforming, catalytic pyrolysis, and microwave pyrolysis.

2.1.1. Thermal pyrolysis

Thermal pyrolysis is a common pyrolysis type, which involves the
upgrade of waste plastic upon heat treatment and under an inert at-
mosphere. This process involves heat application of the feedstock, in
which the reaction temperatures range from 400 to 600 °C [47]. The

thermal pyrolysis process occurs under the influence of inert conditions
for the thermal breakdown of waste plastics into diverse products. Since
this process does not utilize catalysts, a relatively high temperature and
energy consumption is involved [46]. In addition, thermal pyrolysis
generally generates liquid products that constitute high boiling
point-range hydrocarbons, leading to low-value products [32]. To
address these issues, further processing is required to optimize thermal
pyrolytic products into useful products. For plastic-to-hydrogen con-
version, a catalytic steam reforming post-treatment is widely used after
thermal pyrolysis to improve the hydrogen production efficiency [34].

The prominent thermal pyrolysis-catalytic steam reforming process
(pyrolysis-gasification) contains two successive stages. In the first stage,
plastic wastes are pyrolyzed at a relatively low temperature (~500 °C),
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which produces a mixture of hydrocarbon gases and vapors from plas-
tics’ decomposition. Then, the generated pyrolysis gases pass to the
catalytic reactor (~800 °C, with steam and catalysts) for reforming to

obtain hydrogen-rich gas [52]. The pyrolysis-catalytic reforming tech-
nique has evolved several sophisticated experimental configurations,
such as fixed bed pyrolysis-fixed bed reforming, spouted bed
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pyrolysis-fluidized bed reforming, fluidized bed pyrolysis-fluidized bed
reforming continuous system, and screw kiln pyrolysis-fixed bed
reforming (Fig. 1) [53]. These setups have been successfully imple-
mented for plastic-to-hydrogen upcycling, and many studies focus on the
optimization of process parameters (e.g., catalyst properties, reactor
design, reaction temperature, plastic species) for gaining hydrogen-rich
gas products.

Fig. 2a shows a typical two-stage fixed bed plastic pyrolysis-catalytic
steam reforming reactor, which contains a N, supply system, a two-stage
stainless tube reactor, a steam generator, a gaseous product condensing
system, and a gas collection/measurement system [32]. This reactor
system shows the merits of simple design and operation and has been
used for the conversion of diverse plastics in the batch regime. Using a
Ni/Al,Og catalyst, the two-stage fixed bed system can convert HDPE, PS,
and PP into syngas. Compared to PP and HDPE, the PS feedstock leads to
a higher hydrogen conversion rate (Fig. 2b), with 62.26 mmol Hy gpd
and 36.10 mmol CO gfxsl can be obtained. With this system, diverse
Ni-based catalysts have been developed for plastic conversions, such as
Fe-Ni-MCM-41 [49], NiMnAl catalyst [50], Ni/MCM-41 [51], Ni/zeo-
lite [51,52], and Ni-Pt/TiO5 [53]. It is suggested that catalysts’ physi-
cochemical properties (e.g., chemical composition, porosity, size) play a
critical role in determining hydrogen yield and ratio in syngas. For
instance, the application of the Ni-Mn-Al catalyst realizes a higher
hydrogen yield (71.4 mmol Hy ggﬂisﬁc) than Ni-Zn-Al (45.9 mmol Hy
ggﬂmic), Ni-Ce-Al (63.1 mmol Hy g;ﬁmic), and Ni-Ca-Al (68.5 mmol Hy

Renewable and Sustainable Energy Reviews 195 (2024) 114333

gglﬁsﬁc). The reason is that the strong interaction between the catalyst
support and Ni results in higher hydrogen production [33]. This study
also suggests that a higher steam injection rate benefits the hydrogen
yield.

To further improve the pyrolysis-catalytic steam reforming system
and makes it an automatic and continuous operation regime, a contin-
uous feed of plastics into the two-stage reactor system has been devel-
oped [54]. The main feature is the incorporation of a continuous feeder
and the packed-bed catalytic unit, which makes the reaction system a
promising option for industrial applications. Park and co-authors found
that a higher hydrogen yield could be obtained with the 5 wt%
Ru/y-Aly0O3 catalyst (0.33-0.36 g Hy gﬁpl) compared to the 0.5 wt%
Ru/y-Al,03 catalyst (0.03-0.04 g Hy gﬁ;}) [55], while the reason remains
unclear.

The introduction of spouted bed and fluidized bed reactors further
improves the reaction efficiency of plastic waste conversion. As shown in
Fig. 3, the continuous process contains a conical spouted bed reactor
(CSBR, for pyrolysis) and a fluidized bed reactor (FBR, for reforming)
[56]. Compared with fixed bed-involved systems which generally form
coke deposition, the CSBR-FBR reactor can realize better heat/mass
transfer efficiencies, shorter residence time, and more facile operations
[57]. A study by Barbarias et al. found that plastic feedstock largely
influenced the hydrogen production yield, increasing from polyethylene
terephthalate (PET, 18.2 wt%) to PS (29.1 wt%) and polyolefins
(34.8-37.3 wt%) [56]. The same group also studied the influence of
reforming temperature, reforming space time, and steam/plastic (S/P)
ratio on hydrogen production from HDPE, using a Ni catalyst. A rise in
these parameters (S/P ratio of 5, reforming space time of 16.7 g¢ac min
gﬁ})pE, and reforming temperature of 700 °C) boosts HDPE-derived
volatile reforming, achieving a high hydrogen yield of 0.381 g Hj
gibpe [34]. The study by Arregi et al. investigated the effect of catalyst
properties and reforming space time on hydrogen production from
polyolefinic waste plastics. Compared with Ni/CeO2-AlyO3 and
Ni/Aly03, the La-doped Ni/Lay03-Al,03 shows improved catalyst per-
formance regarding high conversion efficiency (>99%), high hydrogen
production ratio (34.9%) at a high reforming space time of 16.7 g¢,t min
gﬁ%)pg. The higher catalytic performance of Ni/LayO3-Al,03 may result
from the low coke deposition (2.24 wt%) [58].

2.1.2. Catalytic pyrolysis

Catalytic pyrolysis refers to the pyrolysis process that is carried out
with the presence of catalysts. The process shows high potential for the
conversion of plastic waste into hydrogen with enhanced efficiency as
compared to conventional catalyst-free thermal pyrolysis [59,60]. The
hydrogen production efficiency of the catalytic pyrolysis process is
affected by catalysts, temperature, retention time, and feedstock
composition. Generally, the production of hydrogen from plastic re-
quires a high catalytic temperature of ~800 °C. Nevertheless, a high
catalytic temperature tends to cause agglomeration of pyrolysis vola-
tiles, catalyst deactivation, and high energy costs, ultimately limiting its
application [61].

To address these issues, introducing plasma into the catalytic py-
rolysis process has been proven to improve the pyrolysis efficiency and
the hydrogen production rate [62]. Xiao et al. developed a two-stage
fixed bed system for plastic plasma-catalytic pyrolysis [35]. Compared
with conventional two-stage fixed bed catalytic pyrolysis, single plasma
process, and single catalysis process, the plasma-catalytic pyrolysis of PP
achieves an increased gas product of 47 wt% with a much higher
hydrogen yield of 4.19 mmol gpg. Also, the plasma-catalytic pyrolysis
process shows an improved selectivity towards benzene, xylene, and
toluene, and reduced production of wax. In plasma-catalytic pyrolysis,
plasma can enhance the pre-cracking of heavy intermediates into light
intermediates which could enter catalysts’ inner pores/sites. In addition,
plasma treatment can upgrade the catalytic performance by contributing
to the formation of acid sites and defects on the catalyst surface (Fig. 4).
Thus, plasma-catalytic pyrolysis shows promising potential for meeting
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the challenges of low product quality and catalyst deactivation in
plastic-to-hydrogen conversion. Considering the advantages of fluidized
bed/spouted bed reactors in enhancing pyrolysis efficiency, it is sug-
gested to incorporate plasma treatment into the two-stage fluidized
bed/spouted bed-involved systems.

2.1.3. Microwave pyrolysis

Heating is the major cost of plastic pyrolysis. Conventional pyrolysis
methods lead to huge costs because of the low heating efficiency and
prominent heat/energy loss. Accordingly, recent attempts have utilized
microwave heating to treat plastic wastes [63]. Different from the
conventional heating methods with electrical heaters or burners, mi-
crowave irradiation can penetrate plastics’ inside section and heat the
solid homogeneously via molecular interaction with the electromagnetic
field [64]. As a result, microwave pyrolysis can provide rapid heating,
short reaction time, and low energy loss [65]. Recently, some interesting
studies have focused on microwave-assisted plastic-to-hydrogen con-
version [37]. Jie et al. have studied microwave and conventional ther-
mal processes for HDPE conversion in terms of product composition and
hydrogen yield [66]. Compared to conventional thermal pyrolysis,

microwave pyrolysis can attain a higher ratio of gas products and a
higher hydrogen yield (Fig. 5a). Similar results were reported by Wang
and coworkers, who found a higher hydrogen yield (50.2 vs. ~ 25 mmol
H, gﬁ})pE) and a higher selectivity towards hydrogen (91.5 vol% vs. ~
66 vol%) of microwave pyrolysis over the conventional thermal process
in the treatment of HDPE (Fig. 5b) [37].

The hydrogen production of microwave pyrolysis processes is
significantly influenced by the catalyst (microwave absorbents), process
parameters, and plastic feedstock. As depicted in Fig. 5b, the catalysts
composed of Ni nanoparticles-CeOy with a carbon nanotube (CNT)
substrate (Ni-CeO,@CNTs) show much better performance for
hydrogen production compared to bare CNT, and the optimal Ni; 25Ceg 5
catalyst can gain a high Hj selectivity (91.5 vol%) and a high H yield of
50.2H, gﬁ})pp_ [37]. Several studies have implemented FeAlOy as the
catalyst for microwave pyrolysis [36,66,67]. In the microwave pyrolysis
of HDPE, FeAlOy performs better than a group of metal and
carbon-based catalysts (i.e., Fe, Fe3Os, Fe3O4, FesC, Ni, Co, Co304,
Fe/SiC, Fe/Al,03, Fe/ZSM-5, Fe/activated carbon, graphite, activated
carbon) with a much higher hydrogen yield of over 55.6 mmol ggéstic
[66]. Wang et al. found that the FeAlOy catalyst can attain a high
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hydrogen concentration (67.85 vol%) and a high hydrogen yield (48.1
mmol ggﬁmic) in the microwave pyrolysis of PE, with the starting weight
ratio of PE to FeAlOy at 1:1 [36]. In addition, a CNTs@Fe304/Fe3C/Fe
composite with excellent microwave absorption properties is generated
during the pyrolysis process.

To regulate the composition of gas products from microwave py-
rolysis, a post-catalysis process has been integrated with microwave
pyrolysis [68]. Based on the microwave pyrolysis-ex-situ catalytic
upgrading technique, Fan et al. further developed a two-stage con-
tinuous-stirred microwave pyrolysis (CSMP)- ex-situ catalysis process
[69]. The stirring unit can enhance the mass transfer and accelerate the
pyrolysis process. Compared with single microwave pyrolysis of linear
LDPE, the two-step catalytic continuous pyrolysis process generates a
higher hydrogen ratio in the gas product. In addition, the CSMP needs a
significantly lower energy requirement than the batch microwave py-
rolysis (12.83 vs. 77.42 MJ kg™ 1), suggesting a much cleaner process for
plastic-to-hydrogen upcycling. Some process parameters have been
discussed in the optimization of plastic microwave pyrolysis. The
hydrogen volume yield shows a positive relationship with the catalyst
loading increased from 0 to 20%, while the feeding rate has little effect
on hydrogen production [70]. Generally, a higher pyrolysis temperature
(microwave power) and catalysis temperature, a higher hydrogen yield.
The main reason should be the higher pyrolysis temperature favors the
chain scission of hydrocarbons with diverse chain lengths and improved

aromatization [68,71]. Different plastic feedstocks lead to distinct
hydrogen production rates. For example, the average hydrogen yields of
five successive pyrolysis cycles are ~50 mmol gﬁ[l)PE, ~42 mmol g;?l},
and ~24 mmol gpg respectively, in the presence of FeAlOy catalyst
(Fig. 6a) [66]. Co-pyrolysis of plastics with biowastes has also been
investigated [72-74]. Although these studies do not focus on
plastic-to-hydrogen conversion, the interaction between plastics and
biowastes in the pyrolysis process has been evidenced and has shown
profound effects on product selectivity (Fig. 6b) [74]. With the
co-pyrolysis platform, further work is suggested to take advantage of the
plastics-biowastes interaction for enhancing hydrogen production.

2.2. Gasification

In the gasification process, plastics can react with gasifying agents (e.
g., steam, oxygen and air) at high temperatures around 500-1300 °C,
which generally produces syngas [75]. A main advantage of gasification
compared to pyrolysis is the greater flexibility to jointly valorize plastics
of different compositions or mixtures or plastics mixed with other
feedstocks [76]. The sticky behavior, high volatile content, and low
thermal conductivity of plastic wastes lead to great challenges in con-
ventional gasification techniques [76]. To this end, designing proper
gasifiers is of vital importance, and some features should be met for a
desirable gasifier: (i) provide high heat transfer efficiencies to realize
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fast plastics de-polymerization processes, (ii) suitable residence time
distribution to facilitate the tar cracking, and (iii) have good manage-
ment of operating conditions to address plastics’ sticky nature.
Currently, some sophisticated gasifiers have been developed, such as
fluidized bed reactors and spouted beds, as shown in Fig. 7 [76]. These
advanced reactors have significantly improved the plastic gasification
process, compared to conventional fixed bed systems. Aside from the
two-stage pyrolysis-gasification technique discussed in Section 2.1.1,
this part mainly focuses on advanced gasification processes for
plastics-to-hydrogen conversion.

2.2.1. Air gasification

Using air as the gasifying agent, air gasification holds the merit of a
simplified gasification process and reduced operating/maintenance cost
[82]. This process has been widely used for plastic waste upcycling, in
most cases, fluidized beds with diverse variations are implemented.
Overall, the hydrogen production efficiency is largely determined by the
gasifier, equivalence ratio (ER), reaction temperature, bed materials,
etc. Hence, in this part, the development of advanced air gasifiers and
the optimization of process parameters are analyzed.

Single-stage fluidized bed gasifiers are the simplest device for air
gasification. Previous studies have investigated the effect of ER, bed
materials, air composition, and reaction temperature on the properties
of gas products. Zhao et al. have explored the influence of oxygen pro-
portion in the gasification stream on the production of hydrogen.
Increasing the oxygen concentration from 21% to 35%, an improvement

of the hydrogen ratio in gas products (3.4 vol% to 4.95 vol%) is observed
[77]. Thus, an oxygen-enriched air fluidized bed might benefit the se-
lective production of hydrogen. Similar results were also reported by
Mastellone and co-authors, who verified that a higher oxygen concen-
tration led to a better hydrogen ratio in syngas products due to improved
bed temperature, in a bubbling fluidized gasifier [78]. Bed materials
play a vital role in regulating gas products. Toledo et al. found that
increased olivine in the gasifier bed contributed to more hydrogen
production from 4 vol% to 10 vol% [79], which is mainly because of
olivine’s catalytic effect [80]. ER is another important factor, which can
change the bed temperature and tar cracking temperature. Generally, a
higher ER in a certain range leads to a higher bed temperature and a
higher cracking temperature, thereby benefiting the decomposition of
plastics (initial pyrolysis, tar cracking, and char gasification) and the
formation of hydrogen gas [81,82].

A two-stage air gasification-catalysis process has been developed for
the production of hydrogen and CNTs from plastics. As illustrated in
Fig. 8a, the gasification-catalysis process consists of a fluidized gasifier
and a subsequent catalytic fixed bed [83]. In this process, raising the
reaction temperature and decreasing the ER can enhance the methane
and hydrocarbon dry reforming and hydrocarbon direct decomposition
for the co-production of hydrogen fuel and CNTs. Under the optimal
conditions, a hydrogen production rate of 385.1 mmol h™! gzt can be
achieved, using a Ni/Al,O3 catalyst. The catalyst properties can impact
the hydrogen production rate by regulating the dry reforming of
methane and hydrocarbons [84]. Compared with samples treated in air
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and N atmosphere, the Ni/Al»O3 catalyst calcined under the 5% Hy/He
condition shows optimal catalytic performance for hydrogen production
owing to its smallest Ni crystallite and enhanced metal dispersion [85].
A further breakthrough in the gasification process design is the
two-stage fluidized-bed reactor system, as shown in Fig. 8b [38].
Ni/Al-SBA-15 and Ni-Cu/CaO-SiO; catalysts are used for CNTs and
hydrogen production in the first and second stages respectively, and the
hydrogen yield reaches 857.6 mmol h™! get.

Combining the fluidized bed gasifier with a tar-cracking reactor can
limit the production of tar, and the developed two-stage gasification
reactor is called the University of Seoul (UOS) gasifier [86]. A main
feature of the UOS gasifier is that it can significantly reduce the tar
production in the gas product via tar-cracking reactions and improve
hydrogen purity. Kim et al. have done a series of studies regarding the
air gasification of diverse plastic wastes with the UOS gasifier [87-94].
They have developed a series of fluidized bed materials (e.g., quicklime,
dolomite, olivine, and oyster shells) and tar-cracking reactor additives
(e.g., activated carbon, Ni-loaded activated carbon). In their latest study,
they studied the gasification behavior of ten different types of plastics
with the UOS process [93]. According to their results, activated carbon
can lower the tar ratio in gas products and strengthen hydrogen

production. Additionally, the air gasification of aliphatic plastics
without heteroatoms (e.g., PP, PE) favors hydrogen generation and a
high value of 26 vol% can be obtained.

2.2.2. Steam gasification

With the gasifying agent being steam, steam gasification of plastics
can produce hydrogen-rich syngas with a high Hp/CO ratio [95]. The
central challenge of steam gasification is efficient heat input into the
reactor for endothermic steam reforming reactions [76]. Thus, much
work has been done in designing practical steam gasifiers for plastic
conversion, and fixed beds, fluidized beds, and conical spouted beds
with diverse combinations are widely investigated.

Semi-batch reactors with simple components have been used for
plastic steam gasification. Kamo et al. have developed a semi-batch
gasification reactor to convert PVC wastes into hydrogen gas at 3 MPa
and 560-660 °C, and they found that the presence of alkali compounds
could improve the hydrogen production via the reaction: 2NaOH + C +
H30 — 2Hj3 + NayCOs [96]. In another study, a semi-batch gasification
reactor is used for organic wastes steam gasification, and the
co-gasification of biomass and plastics produces three times more
hydrogen than mono-feedstock gasification. The reason is that the
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Plasma gasifier

Fig. 10. Schematic diagram of the plasma gasifier. Reproduced with permission from Ref. [120] Copyright 2022 Springer Nature.

presence of use of biomass can improve the generation of lighter hy-
drocarbons by radical-enhanced cracking reactions [97]. The effect of
plastic feeding on hydrogen production was also verified by Lopez et al.
who studied the steam gasification of biomass/plastic mixture with a
one-stage conical spouted bed gasifier [98]. Compared with bio-
mass/HDPE mixture and sole biomass, the gasification of pure HDPE can
attain the highest gas yield (~3.2 Nm® kg™!) and hydrogen content
(~57 vol%). Thus, plastic co-feeding can improve biomass steam gasi-
fication in terms of producing hydrogen-rich syngas [99]. Catalysts are
essential for enhancing hydrogen production in the steam gasification
process. In the gasification of MSW with a fluidized bed reactor, the
addition of CaO increases the dry gas yield and hydrogen yield. It is
suggested that CaO can destabilize the aromatic rings of tar compounds
and accelerate organic ring splitting, and also act as the CO; sorbent to
decrease the concentration of CO5 in gas products. At 900 °C, the
maximum hydrogen yield reaches 104 mol kgybw [40]. The catalytic
effect also has been reported in the steam gasification of phenolic
boards, in which Ni powders could enhance hydrogen formation [100].

The two-stage steam gasification-reforming process has been devel-
oped to valorize plastics. Lopez and co-authors found that the reforming
temperature has a prominent on the product yield and gas composition,
and a higher reforming temperature (700 °C) contributes to a higher
hydrogen yield (36 wt% by a mass unit of feed HDPE) [101]. Similarly,
in the dual fluidized bed steam gasification process, hydrogen produc-
tion is positively correlated with gasification temperature [102]. Besides
temperature, the plastic feedstock is also concerned. The combination of
PE/PS is better than PE/PP, PE/PET, PP, and PE regarding a higher
hydrogen concentration (>50 vol%) in dry gas products [102]. Farooq
et al. [103] and Wang et al. [39] have utilized some catalysts to improve
hydrogen yields. Especially, Ni-based catalysts like NiO/dolomite [39]
and Ni/CeO,-ZrOy [103] exhibit efficient catalytic performance in
accelerating the water gas shift (WGS) reaction and eliminating the tar,
thereby resulting in high hydrogen production.

10

2.2.3. Supercritical water gasification

Supercritical water gasification (SCWG) is an effective and clean
method for plastic conversion. Supercritical water (SCW; T > 374 °C, P
> 22.1 MPa) shows a significantly lower density, dielectric constant, and
viscosity, as well as fewer hydrogen bonds [104,105]. In supercritical
water, water acts as a non-polar solvent which can solve the problems of
poor heat transfer and high viscosity by dissolving the plastic fragments
[106]. Moreover, water also acts as a hydrogen donor which helps
plastic cracking and gasification. Accordingly, the resistance among
different phases is significantly limited, thus accelerating gasification
processes [41]. The plastic SCWG is generally implemented in a batch
reactor, which is made of quartz or superalloy and can withstand high
temperatures and pressures [43,107].

SCWG has been used to treat diverse waste plastics, and the reaction
temperature, time, catalysts, water/plastic ratio, and plastic type are
important factors that influence hydrogen production performance.
Generally, a higher temperature can accelerate the endothermic steam
reforming and decomposition reactions and thus result in higher
hydrogen yields [39,43,108]. In the SCWG of lignite/PP mixtures, the
hydrogen yield increases from ~1 mol kg~! to 24.17 mol kg~ ?, with the
reaction temperature from 500 °C to 800 °C [41]. Hydrogen yields in-
crease with reaction time, which is contributed by the gradual increase
in gas products and hydrogen fraction. With increasing reaction time,
steam reforming reactions will continue to happen, leading to improved
gasification efficiency and more gas products [109]. The water/plastic
ratio (feedstock concentration) has been investigated in the SCWG
process, and some studies suggest that a higher water/plastic ratio fa-
vors hydrogen production [41,42,106,110]. When a high plastic con-
centration is used, the low water proportion could not enable a complete
SCWG reaction, resulting in a lower hydrogen fraction in gas products
[42]. In addition, the decline in the water ratio can limit the hydro-
carbon reforming reaction, in turn decreasing the hydrogen fraction in
gas products [41]. The presence of catalysts can improve hydrogen yield
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Table 2

Representative achievements in photocatalytic upcycling of plastics for
hydrogen fuel (PS: polystyrene; PE: polyethylene; PET: polyethylene tere-
phthalate; PLA: polylactic acid).

Photocatalyst/ Plastic  Reaction conditions Hydrogen

Electrocatalyst production

performance

MoS,/CdS [123] PE 10 M KOH solution; H, yield: 1.13 £+
Light source: 300 W Xe 0.06 mmol g~!
lamp; T: 5 °C h!

CdS/MoS, [124] PLA 10 M KOH solution; H, yield: 379.5
Light source: 300 W Xe mmol g~ h~!
lamp

MXene/Zng ¢Cdo 4S PET 10 M KOH solution; H, yield: 14.17

[125] Light source: 300 W Xe mmol g~ h~!
lamp

CdS/CdOy [126] PLA 10 M KOH solution; H; yield: 64.3 =
Light source: 300 W Xe 14.7 mmol gcds
lamp h!

Pt 0.5 wt%-deposited PE 10 M NaOH solution; H; yield: 25

CdO,/CdS/SiC [127] Light source: 300 W Xe ~ pmol g ' h™!
lamp; T: 70 °C

Pt 0.5 wt%-deposited PS 10 M NaOH solution; H; yield: 19.4

CdO,/CdS/SiC [127] Light source: 300 W Xe ~ pmol g~ ' h™!
lamp; T: 70 °C

Carbonized polymer PET 1 M KOH solution; Light ~ Hj yield: 1034 +

dots-graphitic carbon source: 300 W Xe lamp; 134 pmolg ' h™?
nitride [128] T: 40 °C

Benzenesulfonyl PLA 1 M KOH solution; Light ~ Hj yield: 1890

chloride-incorporated source: 300 W Xe lamp;  pmol g~ ' h™!
g-C3Ny [129] T:10 °C

NiyCo;_xP/reduced PLA 1 M KOH solution; Light H, yield: 576.7

graphene oxide/g- source: 300 W Xe lamp; ~ pmol m 2 h~?
C3Ny4 [130] T: 10 °C

Ag,0/Fe-MOF [131] PET Deionized water; Light H, yield: 1.9
source: 300 W Xe lamp;  mmol g~' h™?
T:25°C

a-Fe,O3/polypyrrole PLA 10 M NaOH solution; H, yield: 78.6

[132] Light source: visible mmol g’1 h!
light household lamp (5
Wem )
CN-CNTs-NiMo hybrid PET 5 M KOH solution; Light ~ Hj yield: 90
[133] source: 500 W Xe lamp;  pmol g~ h~!

T:15°C

and plastic gasification efficiency [111]. A recent machine learning
study has compared different alkali catalysts and transition metal cat-
alysts in the plastic SCWG. Among different catalysts, K,COs is the best
alkali catalyst under optimal process conditions, with a maximum
hydrogen yield of 76.78 mol kg™!. For transition metal catalysts,
Fe-based catalysts exhibit better performance than Ru, Ti, Ni, Zn, Cu,
and Co-based counterparts in SCWG [112].

Different plastic feedstocks for SCWG result in distinct hydrogen
yields. Onwudili and co-authors found that the SCWG of PS could pro-
duce more hydrogen gas than PP, HDPE, and LDPE [110]. However, the
hydrogen gasification efficiencies (HGE) and carbon gasification effi-
ciencies (CGE) of PS are the lowest, and the reason remains unclear.
Considering the efficient SCWG process for handling organic wastes,
some studies have investigated the co-gasification of plastics and bio-
wastes. In the SCWG of food waste with various ratios of plastics, a lower
plastic content in food waste favors hydrogen production and contrib-
utes to a higher gasification efficiency [108]. Cao et al. found a syner-
getic effect in the co-gasification of soda lignin and PE, with the optimal
performance obtained at the mix ratio of 1:1. A possible reason is that
the alkali salts in soda lignin can act as effective catalysts in SCWG of
plastics for enhancing hydrogen generation [43]. Nanda et al. also
proposed a synergetic effect in the hydrothermal co-gasification of LDPE
and canola meal [111]. As depicted in Fig. 9, the decomposition of LDPE
and canola meal gives rise to the formation of a series of intermediates,
and two main reaction mechanisms (e.g., ionic and free radical mech-
anisms) can work together to convert different reactants and promote
hydrogen production.
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2.2.4. Plasma gasification

Plasma gasification is an eco-friendly technique for converting
plastics into valuable syngas. Plasma gasification is an allothermal
process i.e., the electrical energy is supplied externally through a plasma
torch which raises the gasifier to a very high temperature (over 1500 °C)
depending on the torch power. Plasma gas in the reaction works as a
reforming agent that breaks plastics in the gas phase into lighter mole-
cules [113]. The temperature inside the plasma zone varies in a wide
range, and it can be up to 14000 °C, thus enabling a fast gasification
process [31]. The plasma gasifier is simple, as shown in Fig. 10, and
hydrogen production is influenced by the input power, plasma gas,
plastic feedstock, etc. In the plasma gasification of wood sawdust and
HDPE mixtures, the yield and proportion of Hy show a climbing trend
with the increase of input power, while exhibiting a trend from rising to
descending with the increase of steam flow/carbon flow ratio [45]. In
the gasification of plastic and MSW mixtures, adding steam to the
plasma gas produces a high hydrogen concentration in the syngas [114].
Yun et al. also suggested that an increased steam/fuel ratio promoted
WGS and ion-reforming reactions, thereby favoring hydrogen produc-
tion from glass fiber-reinforced plastic (GFRP) in a microwave plasma
reactor [115]. In addition, a high plastic/MSW ratio promotes the
hydrogen mole fraction due to the higher hydrogen content in plastics.
Hlina et al. found that the high temperature and low mass flow rate
benefited the generation of syngas with a high hydrogen ratio [116].
However, the required high electricity demand would limit the
large-scale application of the high-temperature process. Alternatively,
Tabu and coworkers have developed two nonthermal atmospheric
plasma reactors based on the transferred arc and gliding arc discharges
for LDPE upcycling [44]. In both reactors, hydrogen yields increase with
the voltage level, and the optimal hydrogen yields for gliding arc and
transferred arc reactors reach 0.42 and 0.33 mmol gfﬁpg, respectively.

Two-stage processes based on plasma gasification gain growing in-
terest. Sikarwar and co-authors have designed a plasma gasification-CO,
sorption-enhanced reforming technique to treat a mixture of plastics and
biowastes. Compared with the single plasma gasification process, the
implementation of a post-reforming unit largely benefits the production
of hydrogen-rich syngas. In the reforming process, the performance of
CaO sorbent is better than MgO and Li4SiO4, and a higher temperature
benefits hydrogen production [117]. Integrating gasification with a
plasma reforming unit is efficient for enhancing syngas production in
HDPE gasification. The thermal plasma can enhance hydrogen produc-
tion by hydrocarbon reforming and cracking [118]. The enhancement
was also reported by Nguyen et al. who employed a non-thermal plasma
reforming process to regulate the syngas composition produced from the
thermal treatment of HDPE [119]. In the non-thermal plasma process,
the hollow structural ZSM-5 catalyst delivers better hydrocarbon
deconstruction performance than the nanoparticle counterpart, showing
the critical role of catalyst properties in thermochemical reactions.

3. Photo-reforming

Photo-reforming or photocatalysis of plastics emerges as a relatively
cheap and green technique because of its mild reaction requirements of
ambient temperature and pressure and using sustainable solar energy as
the energy source [19]. Additionally, the mild photocatalytic process
shows high potential for the precise activation/break of typical chemical
bonds in plastic polymers, which helps realize the selective production
of targeted value-added chemicals [121,122]. Using efficient semi-
conductor photocatalysts, the photo-reforming of plastic wastes has
successfully converted plastics into hydrogen fuel and small molecule
organic chemicals or CO2/H30, as shown in Table 2.

3.1. Mechanism of plastic waste photo-reforming

The plastic photo-reforming process generally contains three
elemental steps: (1) the absorption of photons by photocatalysts and the
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excitation of electron-hole pairs, (2) the separation and migration of
photogenerated charge carriers, and (3) photogenerated holes and
electrons-triggered surface redox reactions (Fig. 11a). The photo-
generated holes can oxidize plastics and the photogenerated electrons
can reduce water to produce hydrogen fuel. Compared to conventional
photocatalytic water splitting which consists of water oxidation and
proton reduction, plastic photocatalytic upcycling is a more efficient
process. Generally, high energy (>1.6 eV) is necessitated to initiate the
photocatalytic water splitting, due to the reaction kinetic hindrance,
especially for the sluggish 4-electron OER [134,135]. However, only
43% of available solar photons possess energy over 1.6 eV, and a large
proportion of solar energy cannot be used. Alternatively, plastic oxida-
tion is a more efficient process because of its lower energy barrier,
thereby decreasing the required energy to couple with hydrogen pro-
duction. Plastic photo-conversion represents a less energetically
demanding process than photocatalytic water splitting, and a larger
portion of the solar spectrum can be utilized for plastic photo-reforming
(Fig. 11b) [136].

In plastic photo-conversion, plastics show a similar role as sacrificial
agents in traditional photocatalysis systems, which are fully or partially
oxidized by photogenerated holes. Compared to conventional expensive
sacrificial reagents (e.g., triethylamine, methanol), using plastic poly-
mers as hole scavengers to improve hydrogen production can co-
generate value-added chemicals at low cost.

3.2. Advanced photocatalysts

As shown in Fig. 11c, plastic photo-oxidation can be achieved by
narrower bandgap photocatalysts. Compared with metal oxides with
deep valance bands, metal phosphides, selenides, nitrides, arsenides,
sulfides, and silicon show insufficient photooxidation potentials for

12

OER, but they are capable of oxidizing plastic wastes. Currently, a series
of high-performance composite photocatalysts have been developed for
plastic photo-reforming.

CdS-based composites. With a wide bandgap of ~2.4 eV and suitable
band positions (conduction band (CB): 0.5 V vs. NHE, valence band
(VB): + 1.9 V vs. NHE), CdS is capable of visible light absorption and is
in favor of photocatalytic redox reactions. Nevertheless, the photo-
corrosion, rapid recombination of photogenerated electron-hole pairs,
and insufficient photoactive sites of CdS limit its photocatalytic appli-
cations. Constructing composite catalysts is a sophisticated method to
address these issues. For example, Du et al. developed a MoS,/CdS
hybrid for the photo-reforming of pretreated PE, PET, and PLA. Taking
advantage of the anisotropic morphology and the rapid/facile charge
transfer feature of the nanorod structure, the MoS,/CdS composite can
collect electrons at the MoS; tip toward water reduction to hydrogen and
utilize the sidewall of the CdS nanorod with rich holes for plastic
photooxidation (Fig. 12a) [123]. Compared with PET and PE, the
photo-conversion of PLA can attain a higher hydrogen production rate
and higher oxidation selectivity. Similar results were also obtained from
a study by Zhao et al. in which a CdS/MoS, nanooctahedrons composite
was designed for the photochemical plastic-to-hydrogen conversion
[124]. MXene has high electrical conductivity and a favorable Fermi
level position, which makes it an effective catalyst promoter to upgrade
electron-hole pairs separation, enhancing the photocatalytic activity of
CdS. The MXene/ZnxCd; xS composite photocatalysts show a better ac-
tivity for PET reforming than the single components, and the hydrogen
production is highly component-dependent (Fig. 12b) [125]. Fig. 12¢c
further discloses the catalytic mechanism that the holes in the VB of
ZxC1xS act as the active species for PET oxidation, and the electrons in
MXene transferred from the CB of Z,C; xS can reduce water to hydrogen.
CdS/CdOx composites also show promising performance for plastic
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Fig. 12. (a) Scheme of pretreated plastics photo-reforming over CdS/MoS, photocatalyst (PLA: polylactic acid, PET: polyethylene terephthalate, PE: polyethylene).
Reproduced with permission from Ref. [123] Copyright 2022 American Chemical Society. (b) Photocatalytic H, evolution with MXene/Z,C; .S catalysts. (c) Illus-
tration of PET photo-reforming mechanism over the M—2/Z ¢Co 4S catalyst (ZCS: Z¢ ¢Co.4S). Reproduced with permission from Ref. [125] Copyright 2022 Elsevier.

upcycling. The CdS/CdOx quantum dots developed by Uekert and co-
authors realize the efficient photo-reforming of PLA, PET, and poly-
urethane (PUR) [126]. More recently, a CdOx/CdS/SiC composite has
been reported for organic waste photocatalytic conversion. The
CdOy/CdS/SiC catalyst has wide absorption for visible and ultraviolet
lights, and the excellent thermal radiative ability can help increase the
temperature of the reaction system and promote organic waste hydro-
lysis. During the photocatalysis process, CdS forms a stable and very thin
oxide film in the alkaline solution and the water reduction proceeds,
leading to hydrogen generation on the CdS side. With the deposited Pt
co-catalyst, electrons could transport to Pt and a hydrogen evolution
reaction happens on the Pt surface [127]. Among the cellulosic biomass,
plastics, and protein substrates, the hydrogen production amount from
plastics is the lowest.

Carbon nitride-based composites. Carbon nitride (CN) is a promising
photocatalyst due to its appropriate electronic band structure, facile
synthesis, non-toxicity, high chemical stability, and low cost [137,138].
The photocatalytic performance of bulk CN is severely hindered by its
rapid recombination of photogenerated photo-generated charge carriers
[139]. To enhance its performance, many CN-based composites have
been developed for plastic upcycling. Using carbonized polymer
dots-graphitic CN hybrid (CPDs-CN) as the catalyst, the photo-reforming
of PET can lead to high-purity monomer terephthalic acid from PET
oxidation and a high hydrogen yield of 1034 + 134 ymol g~* h™! [128].
Another metal-free composite benzenesulfonyl chloride incorporated
CN (BS-CN) has been used for PLA photo-reforming, and the intra-
molecular donor-acceptor conjugation in BS-CN contributes to a quick
intramolecular electron transfer [129]. Compositing metal phosphides
with CN also has been reported. The NioP/CN catalyst has shown
excellent performance toward PET and PLA photo-reforming [140,141].
It is suggested that the metallic NioP can improve charge separation and
photocatalysis. To further upgrade the catalytic performance of
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metal/CN composites, introducing highly conductive carbon materials
with a large surface area has been attempted. As reported by Yan et al.
the NixCojxP/reduced graphene oxide (rGO)/CN heterostructure at-
tains a hydrogen production rate of 576.7 pymol h™! g~ for PLA
reforming, which is 3.6 times over the binary NiyCo; xP/CN counterpart.
Further analyses indicate that the photogenerated electrons transfer
along the route of CN—rGO—Ni;Co; 4P, where rGO and NiyCo; 4P work
as the electron transfer medium and water reduction site, respectively
[130]. In a similar CN-carbon nanotubes-NiMo hybrids (CN-CNTs-NM),
the strong n-n interaction between CN and CNTs accelerates electron
transfer, improves carrier lifetime and thus enhances PET and PLA
photo-reforming activities [133].

Metal oxide-based composites. Several metal oxides-based composites
have been designed for plastic-to-hydrogen conversion. Starting from
FeAg bimetallic metal-organic frameworks (MOF), Qin et al. synthesized
a Agy0/Fe-MOF composite for microplastics conversion [131]. The
band configuration of the Ag,O/Fe-MOF heterojunction is shown in
Fig. 13a, and the integration of Ag,0 and Fe-MOF leads to the formation
of a p-n junction at the interface. Accordingly, the internal electric field
could accelerate photogenerated carriers’ transfer across the hetero-
junction and boost photocatalysis. The oxidation of microplastics pro-
duces value-added formic acid, and a possible reaction pathway is
presented in Fig. 13b. Compared with the single Ag,O and Fe-MOF, the
composite shows a higher hydrogen production rate of 1.9 mmol g h™!
and 1.7 mmol g~' h™! from PET and PE microplastics conversion,
respectively (Fig. 13c). Recently, an iron oxide/polypyrrole composite
has been developed for PLA photo-reforming, and the hydrogen pro-
duction rate is 78.6 mmol g_l h~!at 168 h [132]. Although the inor-
ganic/organic composite is capable of converting plastic wastes to
hydrogen and value-added chemicals, the underlaying mechanism needs
further exploration. Beyond harvesting hydrogen fuel from plastics, Xu
and co-authors found that the application of Co-Ga;03 nanosheets could
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produce syngas from PE and PET (Fig. 13c and d) [142]. The Hy and CO
formation rates are related to plastics’ type and catalysts’ properties.
The plastics-to-syngas conversion mechanism involves a three-step
process: 1) Hy0 is split into O2 and Hj, 2) plastics are oxidized into
CO4 and O is reduced to HoO synchronously, and 3) COs is further
reduced to CO and meanwhile H50O is oxidized to Os.

4. Electro-reforming

The electrochemical upcycling of plastics shows the merits of mild
reaction conditions, high reaction kinetics, and selectivity. Currently,
plastics like PP, PET, PMMA, PVA, and PLA have been used as the anode
substrates to enhance the cathode hydrogen production efficiency via
electrolysis [143-147]. These practices not only realize the
energy-saving hydrogen production but also transfer plastic polymers
into value-added small molecular organic chemicals, such as formic
acid. Several advanced electrochemical techniques and diverse low-cost
electrocatalysts have been reported for the electro-reforming of plastic
wastes, and some examples are provided in Table 3.

4.1. Electro-reforming processes and mechanisms

Plastic electro-reforming generally involves the oxidation of plastic
polymers at the anode part and the hydrogen evolution reaction (HER)
at the cathode part, which generates small molecular organics and
hydrogen respectively (Fig. 14a) [155]. Before electrolysis, a hydrolysis
step is implemented to liberate organic molecules (e.g., ethylene glycol)
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Reproduced with permission from Ref. [142] Copyright 2022 Oxford Univer-

from solid plastics. The generated hydrogen fuel comes from water
molecules, and plastics-derived organics act as an anode substrate. Since
the energy barrier for organic oxidation is lower than OER in the con-
ventional water electrolysis scheme, the coupling of plastics-derived
organic oxidation with HER can realize energy-saving hydrogen pro-
duction and value-added anode products [156-159].

To limit the energy cost of hydrogen production, solar energy-
powered plastic electro-reforming has been proposed. As illustrated in
Fig. 14b-a solar-driven “chemical factory” based on the two-electrode
electrolyzer is designed to catalyze PET upgrading and HER from
seawater [153]. Of note, the favorable PET lysate oxidation process
(oxidation of PET monomer ethylene glycol to formic acid (HCOOH))
significantly inhibits the chlorine evolution reaction (CER) and largely
widens the safe potential window for efficient hydrogen production
from seawater. This process makes full use of seawater, plastic wastes,
and sustainable solar energy for the production of hydrogen fuel and
chemicals, which is of great environmental and economic significance
for sustainable hydrogen energy.

Combining thermal pyrolysis with electrolysis, a solar thermal
electrochemical process is developed for the depolymerization of plastic
wastes to generate hydrogen fuel. The thermo-coupled electrochemical
reactor is shown in Fig. 14c. In the reactor, the powdered mixture of PP
and the alkaline electrolyte is put into the reactor, and the eutectic
electrolytes of KOH/NaOH act as a reservoir of oxygen and hydrogen
elements with low molten points and high conductivity. Sunlight is
irradiated to a connected solar heat concentrator and PV module for
generating high-temperature heat and electricity to provide energy for
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Table 3

Representative achievements in electrocatalytic upcycling of plastics for
hydrogen fuel (PET: polyethylene terephthalate; MEA: membrane-electrode
assembly).

Electrocatalyst Plastic  Reaction conditions Hydrogen
production
performance

CuCoy04 [148] PET Two-electrode MEA H, yield: 1.89L(5g

electrolyzer; 5.0 M KOH; PET)
flow rate: 0.1 mL min

Co and ClI co- PET Two-electrode MEA H, production rate:
doped Ni3S, electrolyzer; 2.0 M KOH; 50.26 mmol h-!
[149] Potential: 1.7 V; flow rate:

0.2 mL min!

B and Co co- PET Two-electrode MEA H, production rate:
doped NisSy electrolyzer; 2.0 M KOH; 45.38 mmol h™!
[150] current density: ~0.3 A

cm™2; flow rate: 0.2 mL
min~?

Pd/nickel foam PET Two-electrode H-type H, production rate:
[151] electrolyzer; 10.0 M KOH;  0.48 mmol h-!

potential: 1.01 V

Pd-NiTe [152] PET Two-electrode H-type Faradic efficiency for
electrolyzer; 1.0 M KOH; H, production:
potential: 2.0 V 98.6%

NigN/WsNy4 [153]  PET Solar-powered two- Solar-to-hydrogen
electrode H-type efficiency conversion
electrolyzer; 1.0 M KOH; 1 efficiency: 16.04%
sun illumination

CoNig osP [154] PET Two-electrode MEA H, yield: 16.9 g (1 kg

electrolyzer; potential: 1.7
V; 2.0 M KOH

A D Hydrolysis
Il.
PET ,

PET)

Polypropylene with e t___
KOH and NaOH

Renewable and Sustainable Energy Reviews 195 (2024) 114333

the plastic upcycling process [144].

4.2. Advanced electrocatalysts

Electrocatalysts are important for enhancing hydrogen production
efficiency and regulating reaction selectivity [151,160-163]. A couple
of advanced electrocatalysts have been developed to replace noble
metals for the electro-reforming of plastic wastes. The reaction effi-
ciency and pathway are highly catalyst-dependent, and recent efforts
mainly focus on engineering catalysts’ nanostructure, composition, and
electronic structures.

Earth-abundant transition metal oxide-based nanomaterials are
widely studied due to their facile preparation, eco-friendliness, high
electroactivity, good stability, and low cost [164-170]. For example,
Wang et al. designed Cu-based nanowire catalysts for the
electro-upcycling of PET hydrolysate (e.g., ethylene glycol (EG)). The
electrooxidation pathway of EG on the CuO nanowire catalyst can beak
the C-C bond to generate value-added formic acid with a high selectivity
of 86.5% and a Faradaic efficiency (FE) of 88% [171]. However, the
hydrogen production efficiency has not been analyzed. Another study
reported a CuCoy04 nanowire array catalyst for the upcycling of PET.
The CuCoy04 catalyst was prepared by a hydrothermal-annealing pro-
cess (Fig. 15a), which can convert PET into formate with high selectivity
and FE. Coupling with the HER process, the electro-reforming of PET
plastic bottles can attain a higher current density at fixed potential
compared with water electrolysis (Figs. 15b), and 1.89 L of Hj can be
obtained from 5 g of PET feedstock (Fig. 15¢) [148]. Aside from elec-
trochemical oxidation, Li et al. employed a Fe;O3/Ni(OH)y catalyst to
produce formic acid and hydrogen from PET via a photoelectrochemical
(PEC) process. The PEC process can realize a high FE of ~100% for

@ 28
—
EGOR HER
j |
Gas in ~—— -\Gasout
i E =
Seal ring -;
Ceramic tube

Crucible == Thermocouple

T Nickel electrode

Fig. 14. (a) Scheme of the general PET upcycling and hydrogen production process (EGOR: Ethylene glycol oxidation reaction, HER: hydrogen evolution reaction,
PET: polyethylene terephthalate). Reproduced with permission from Ref. [155] Copyright 2023 Springer Nature. (b) Scheme of solar energy-powered hydrogen
production and plastics upgrading via electrolysis. Reproduced with permission from Ref. [153] Copyright 2022 Elsevier. (c) Illustration of the solar thermo-coupled
electrochemical system for hydrogen production. Reproduced with permission from Ref. [144] Copyright 2020 Elsevier.
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formic acid/formate production [172].

Metal nitrides, phosphides, and selenides also attract great interest in
plastic waste electro-reforming due to their high conductivity, excellent
catalytic activity, and good stability [143,154,156,173,174]. These
catalysts generally can be used as bifunctional catalysts for plastic waste
electrochemical conversion. Nickel nitrides, like NigN-NigoMoggN
[175], Co-NigN [155], and NigN/WsN4 [153] have shown promising
bifunctional performance toward the electro-reforming of plastics. For
instance, the NigN-NigsMoggN nanowire arrays prepared by a
solvothermal-calcination method can efficiently catalyze HER and
glycerol oxidation reaction (GOR), with a high FE of 96% for formate
production. In addition, the NigN-NigsMoggN driven two-electrode
electrolyzer for GOR-assisted hydrogen production can attain 10 mA
cm 2 at 1.40 V, significantly lower than that of conventional alkaline
water electrolysis (1.62 V) [175]. Cobalt/nickel phosphides with diverse
nanostructures have been designed [154,176]. The Ni-doped CoP
(OMS-Ni;-CoP) with an ordered macroporous structure was synthesized
by a three-step process. The unique polyhedral morphology and ordered
macroporous superstructure of OMS-Ni;-CoP would benefit the elec-
trochemical kinetics. In a two-electrode electrolysis reactor for formate
and hydrogen production, the bifunctional OMS-Ni;-CoP catalyst out-
performs the noble metals-based electrodes and achieves high FEs for
hydrogen (~100 %) and formate (over 80%) production over a wide
potential range [176]. These transition metals-based electrocatalysts
largely promote the development of plastic waste upcycling and make
the plastic-to-hydrogen conversion more sustainable. Nevertheless,
current attempts are still limited to several catalysts, and how to
improve the catalytic efficiency and selectivity (for value-added formate
production) remains an ongoing challenge.

5. Conclusions and perspectives

Upcycling waste plastics into hydrogen fuel is of high environmental
and economic interest. Thermochemical, photocatalytic, and electro-
catalytic processes have great potential for realizing plastic-to-hydrogen
conversion. Currently, sustainable and large-scale plastic-to-hydrogen
conversion remains challenging, and some aspects of this field need
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further exploration. Different from photocatalytic/electrocatalytic pro-
cesses that can produce high-purity hydrogen gas, the thermochemical
process generally produces hydrogen-bearing syngas. The syngas with
inconsistent compositions during the reaction process needs to be
further regulated to meet the utilization requirements. Alternatively, a
hydrogen separation process is required to gain pure hydrogen from the
gas mixture. In the thermochemical process, co-pyrolysis or co-
gasification of plastics with other wastes (e.g., biowastes, MSW) has
been well demonstrated, and some studies have revealed a synergistic
effect regarding syngas production and energy efficiency in the co-
treatment process. However, the molecular-level reason for the
enhancement is complex and how the reaction reactants/intermediates
improve the pyrolysis/gasification processes remains poorly
understood.

The development of cost-effective catalysts for plastic-to-hydrogen
conversion remains a bottleneck. Further studies are suggested to
design catalysts based on catalysts’ structure-performance relationship.
Another issue is that the catalyst-dependent plastic decomposition
mechanism remains unclear, and careful investigations based on
experimental and computational tools are required. In addition, a group
of earth-abundant materials has been implemented for catalytic appli-
cations, such as natural ores and biochar, and further efforts are sug-
gested to enhance their catalytic performance. The high energy cost
limits the development of thermochemical and electrocatalytic tech-
niques, and it is favorable to integrate solar energy systems into the
conversion process. A such combination would largely decrease
hydrogen production costs and limit the negative environmental effects
of the conventional thermochemical and electrocatalytic techniques. It
is also suggested to collect and utilize industrial waste heat as the energy
source. Finally, photo- and electro-reforming processes which hold the
promise of sustainably producing pure hydrogen fuel from plastic wastes
are still in their infancy. More efforts are thus encouraged to expand the
photo- and electro-reforming research direction by investigating diverse
plastic feedstocks, constructing large-scale reaction systems, designing
cost-effective catalysts, and understanding catalytic mechanisms.
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