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Abstract: The global plastic crisis, characterized by over 400 million metric tons of annual production 
and low recycling rates, has evolved into a pressing environmental and energy challenge. 
Photocatalytic plastic photoreforming presents a dual-benefit strategy that transforms non-recyclable 
waste plastics into hydrogen fuel and valuable organic byproducts using solar energy under mild 
conditions. This review critically examines recent advances in photocatalyst design, including 
semiconductors, metal-organic frameworks-derived composites, and co-catalyst systems, alongside 
emerging insights into polymer degradation pathways and reactor configurations. Key operational 
parameters such as pH, light intensity, flow dynamics, and substrate properties are analyzed for their 
influence on hydrogen yields and byproduct selectivity. Life-cycle assessment and techno-economic 
analysis reveal that while current photoreforming systems face hurdles related to quantum efficiency, 
scalability, and cost competitiveness, innovations in material synthesis, light management, and 
integrated system design offer promising solutions. The potential to upcycle complex plastic waste 
into hydrogen aligns photoreforming with circular economy principles, particularly if combined with 
policy incentives and advanced separation strategies to mitigate environmental risks. With the 
convergence of environmental remediation and renewable energy production, plastic 
photoreforming emerges as a viable contributor to sustainable hydrogen economies. 

Keywords: plastic photoreforming; waste valorization; semiconductor photocatalysts; microplastic 
degradation; circular economy; photocatalyst design; sustainable hydrogen; techno-economic 
analysis 
 

1. Introduction 

The rapid expansion of plastic production and consumption over the past century has 
culminated in a critical global plastic waste crisis. In 2023, global plastic production reached 413.8-
428.7 million metric tons, with projections indicating a continued increase at a compound annual 
growth rate of 6.2% from 2023 to 2028 (Figure 1) [1]. The annual volume of mismanaged plastic waste 
is projected to increase by approximately 86%, exacerbating environmental pollution and ecological 
degradation. Concurrently, greenhouse gas (GHG) emissions from the global plastic lifecycle are 
expected to rise significantly, from 1.9 gigatons of carbon dioxide equivalent (GtCO2e) per year in 
2019 to 3.1 GtCO2e by 2040, representing a 63% increase [2]. This surge in emissions, driven by plastic 
production, waste mismanagement, and end-of-life treatment processes such as incineration, poses a 
substantial challenge to climate change mitigation efforts. One of the most critical concerns associated 
with plastic waste is its environmental persistence. Unlike organic materials, plastics exhibit 
extremely slow degradation rates, fragmenting into microplastics that pose significant ecological and 
health risks. These microplastics have the potential for bioaccumulation and biomagnification, 
infiltrating food chains and posing a threat to both aquatic and terrestrial organisms [3]. Addressing 
the global plastic waste crisis requires an integrated approach that includes improved waste 
management strategies, innovative recycling and reusing technologies, policy interventions, and 
public awareness campaigns.  
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Figure 1. Global share of total plastic and bio-based plastic production, with recycled production [4]. 

Reusing waste plastic as a feedstock material for hydrogen (H2) production, combined with 
carbon capture and storage, is one technology option to address the plastic waste challenge. H2 is a 
vital industrial gas widely used in the oil refining and chemical industries; it can also serve as a clean 
energy source for transportation. The U.S. Department of Energy (DOE) estimated the U.S. H2 
demand as high as 20–50 million metric tons per year by 2050, given the enormous need for clean 
energy to decarbonize industry, transportation, and the power grid [5]. Currently, ~95% of H2 
production in the United States uses fossil fuel reforming (e.g., petroleum, natural gas, and coal) [6]. 
Reforming plastic waste with improved performance and reductions in capital and operating costs 
to achieve H2 production at less than $1/kg is targeted to reduce fossil fuel demand for clean H2 
production and address the worldwide challenges of rapidly growing plastic waste [5,6]. 

Over the past three decades, large-scale recycling strategies for repurposing plastics have been 
implemented across Western countries. However, as of 2023, only approximately 8.8% of collected 
plastics undergo mechanical or chemical recycling on a global scale [4,7] (Figure 1). In the United 
States, plastics constitute 12.2% of municipal solid waste, with only 4.47% being effectively recycled 
[8]. Additionally, plastic upcycling is a concept where waste plastic serves as a feedstock for the 
synthesis of value-added products, including advanced polymers, functional molecules, and high-
performance materials (Figure 2). This approach is considered complementary to both chemical and 
mechanical recycling, as it enhances resource efficiency by transforming waste plastics into higher-
value applications.  

Photoreforming is considered a potentially sustainable and environmentally friendly process for 
upcycling plastic waste or as a tertiary recycling method [9–12]. Photoreforming has the potential to 
convert plastic waste into value-added chemicals while simultaneously generating H₂ using plastic-
derived organics as sacrificial agents. This approach not only supports waste valorization but also 
reduces greenhouse gas (GHG) emissions, contributing to carbon-neutral, sustainable energy systems 
[13]. Compared to traditional water splitting, photoreforming offers advantages such as lower energy 
requirements and the added benefit of utilizing waste streams [12,14]. Key factors influencing 
photoreforming efficiency include the design of photocatalysts, reaction conditions, and system 
configurations [15]. Strategies to enhance catalytic performance involve improving light absorption, 
charge carrier separation, and surface reaction rates [15]. Recent research has focused on optimizing 
photooxidation pathways to enhance product selectivity through strategic catalyst modifications, 
advanced characterization techniques, computational modeling, and the refinement of process 
conditions and reactor design [16]. Future advancements in photoreforming technology may involve 
holistic approaches combining catalyst and system designs, advanced characterization techniques, 
and artificial intelligence to establish structure-mechanism-function relationships [16]. 
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Figure 2. Plastic upcycling to synthesize new polymers, molecules, and materials. 

Photoreforming of plastic waste provides a sustainable pathway for H2 production [17–20]. 
Research on plastic photoreforming for H2 production reveals several critical gaps that must be 
addressed to improve efficiency and scalability. These challenges primarily concern the optimization 
of photocatalysts, a deeper understanding of reaction mechanisms, and the effective integration of 
byproducts into the H2 production and/or plastic manufacturing process. Further investigation is 
needed to elucidate the kinetics of photoreforming reactions, particularly under varying 
environmental conditions and plastic compositions. 

This review critically examines the fundamentals of plastic photoreforming, including the range 
of plastic waste that can serve as sacrificial agents and the impact of pretreatment and post-treatment 
strategies on H2 yield. A comprehensive analysis of various photocatalysts used in photoreforming 
is presented, with a focus on catalyst engineering, composite material development, characterization 
techniques, and advanced design and fabrication methods. Additionally, the formation of byproducts 
and the potential for extracting value-added products are explored as opportunities to enhance the 
process. Finally, the study assesses the lifecycle and technoeconomic aspects of plastic waste 
photoreforming, providing an integrated perspective on its environmental and societal implications 
for sustainable H2 production. 

2. Fundamentals of Plastic Photoreforming 

2.1. Overview of Photoreforming 

The photocatalytic conversion of plastic waste can be carried out using either heterogeneous 
semiconductor or homogeneous solution catalytic systems. In the heterogeneous photoreforming 
process, the catalyst absorbs photons from a radiation source, resulting in the excitation of electrons 
(e⁻) from the valence band (VB) to the conduction band (CB) while simultaneously generating 
photogenerated holes (h⁺). These charge carriers (e⁻ and h⁺) migrate to the catalyst surface, facilitating 
both H2 production and plastic degradation. Plastic waste undergoes oxidation by the 
photogenerated holes, leading to the formation of various organic molecules. Concurrently, the 
excited electrons participate in the reduction of water, yielding molecular H2 [17]. Homogeneous 
photocatalysis occurs when both the catalyst and reactants exist in the same phase. In this process, 
light activates the catalyst, triggering chemical reactions. The sequence unfolds as follows: 
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• The catalyst absorbs photons, exciting electrons from the highest occupied molecular orbital to 
the lowest unoccupied molecular orbital, resulting in an activated catalyst. 

• The excited catalyst interacts with reactants, generating active intermediates through H2 atom 
transfer or electron transfer, thereby selectively facilitating plastic conversion.  

Efficient photocatalysts should possess a narrow bandgap, broad light absorption capability, 
low electron-hole recombination rates, better separation and transfer of photogenerated charge 
carriers, and structural stability over multiple reaction cycles [21,22]. Bandgap engineering, surface 
modification, and heterojunction construction are design strategies for high-performance catalysts 
[23–26]. Bandgap engineering modifies the electronic properties of photocatalysts to optimize light 
absorption and charge transfer, thereby enhancing their photocatalytic performance. By tailoring the 
bandgap, the photocatalyst's ability to harness solar energy improves, increasing its effectiveness in 
driving the photoreforming process. For example, the design of bifunctional MnxCd1-xS 
photocatalysts allows for bandgap tuning by adjusting the Mn/Cd ratio, facilitating the conversion of 
xylose into valuable C3 organic acids and H2 [27]. Similarly, donor-acceptor conjugated microporous 
polymers (CMPs) achieve tunable bandgaps by varying the 9-fluorenone content, while 
incorporating acetylenic linkages into 2D heterotriangulene polymers effectively reduces the 
bandgap [28,29]. Deposition of co-catalysts, metal oxides, sulfides, nitrides, phosphides, and carbides 
(MoOx, CoOx, MoS2, NiS2, transition metal nitrides, CoP2) [30–32], noble metals (Au, Pt, Pd, Rh, Ru, 
Ir, Ag) [33,34], metal-free catalysts (Carbon nitride) [35,36], multicomponent metal oxides (Co, Mg, 
Ni, Cu, Zn)1-xCaxO [37], single-atom deposition [38] and 2D semiconductor materials can refer to the 
bandgap engineering strategies to enhance the catalytic efficiency [39]. The current trends and 
performance of these catalysts and their composites are further discussed in Section 4. 

Plastic photoreforming is influenced by several critical factors that determine its efficiency and 
product yield. The choice of photocatalyst is paramount, and optimizing the concentration of 
photocatalysts in reaction suspensions can enhance H2 production efficiency [17,19]. Additionally, 
the molecular structure of plastic has a significant impact on the photoreforming process. Different 
polymers exhibit varying degrees of susceptibility to photodegradation and conversion efficiency 
[40]. Factors such as reaction temperature, pH, reactor design, solvent effects, and light intensity are 
critical for enhancing the plastic photoreforming process [17]. 

2.2. Reaction Pathways and Mechanisms 

The polymer degradation pathways are mainly based on the type of polymer, and the 
depolymerization mechanism involves a series of hydrogen atom transfer, single electron transfer, 
and oxygen atom transfer events enabled by the excited state of a catalyst [41]. Two main groups of 
plastics are considered when discussing degradation pathways: those with a carbon backbone and 
those with heteroatoms in the main chain. The degradation of polymers with a carbon-carbon 
backbone is initiated by factors such as UV-radiation and oxygen, leading to chain scission, forming 
smaller polymer fragments [42]. The most susceptible degradation pathway for carbon backbone 
structures, such as polyethylene (PE), polypropylene (PP), and polystyrene (PS), is photo-initiated 
oxidative degradation. Initiation, propagation, and termination are the three main steps of the 
degradation mechanism. The chemical bonds in the main polymer chain are broken by light or heat, 
and free radicals are formed during the initiation step. Unsaturated chromophore groups absorb light 
energy, driving the initiation process. However, polymers such as PE and PP are resistant to photo-
initiated degradation due to the absence of unsaturated double bonds in their carbon backbone. The 
free radicals formed during the initiation step react with oxygen, resulting in the formation of a 
peroxyl radical in the propagation step. The subsequent complex radical reactions, which form 
autoxidation, ultimately lead to chain scission or crosslinking. Termination occurs when two free 
radicals combine to form inert products. Random chain scission, end chain scission, branching, 
crosslinking, and the formation of oxygen-containing functional groups are the results of oxidation 
degradation [43,44]. Aldehydes, ketones, and olefins are the expected final products of the 
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degradation. Furthermore, the reduction in molecular weight and subsequent brittleness increase the 
surface area available for propagating the reactions. 

Photo-oxidation, biodegradation, and hydrolytic degradation are relevant pathways for 
polymers containing carbon and heteroatoms in the main chain, such as polyethylene terephthalate 
(PET) and polyurethane (PU). Photodegradation of PET cleaves the ester bond, forming a carboxylic 
acid end group and a vinyl end group directly or forms radicals, which eventually transform into 
carboxylic acid end groups [45]. Chain scission is the primary result of photo-oxidation, and the 
formed carboxylic acid end groups promote thermal and photo-oxidative degradation. 

PET is susceptible to hydrolytic degradation, which is the primary mechanism of low-
temperature degradation. Carboxylic acid and alcohol functional groups are formed during the 
hydrolysis process. Hydrolysis of PET is an autocatalytic reaction, whereas the rate of hydrolysis is 
higher under acidic or basic conditions [46,47]. PET hydrolyzed into terephthalate, ethylene glycol, 
and isophthalate in an alkaline aqueous solution and further photoconverted to formate, glycolate, 
ethanol, acetate, and lactate over photocatalysts (such as CdS/CdOx quantum dots, Pt/TiO2) under 
mild conditions [48–50]. 

2.3. Thermodynamic and Kinetic Considerations 

From a thermodynamic perspective, overall water splitting, which involves both proton 
reduction and water oxidation, requires an energy input exceeding the Gibbs free energy (ΔG) of 
+237 kJ/mol. This high energy demand arises because water splitting is a highly endothermic process, 
necessitating substantial energy to break the strong O–H (~460 kJ/mol) bonds in water molecules to 
generate H2 and oxygen. Consequently, the thermodynamic barrier for water splitting is substantial, 
necessitating considerable free energy input, rendering the process inherently unfavorable. In 
contrast, plastic photoreforming offers distinct thermodynamic advantages. Another critical factor 
influencing reaction rates is the activation energy, which reactants must overcome to form products. 
In photocatalytic water splitting, the primary challenge is the oxidation of water to oxygen, which is 
hindered by its high activation energy. This reaction demands high-energy photons and involves 
complex electron transfer mechanisms and molecular reorganization, making it kinetically difficult. 
On the other hand, plastic oxidation reactions during photoreforming exhibit lower activation 
energy, particularly in cases where small molecule degradation occurs. The C–C (~350 kJ/mol) and 
C–H (~410 kJ/mol) bonds in plastic macromolecular chains are more readily broken by reactive 
oxygen species generated by photocatalysts. Additionally, oxidation products, such as small organic 
molecules, are easier to form compared to oxygen, further reducing kinetic barriers. As a result, 
incorporating waste polymers into chemical and energy production systems presents a promising 
strategy for advancing sustainable energy and resource recovery [51]. 

Plastic photoreforming offers thermodynamic benefits for H2 generation compared to direct 
water splitting. Pre-treating plastics enhances interactions with the catalyst, enabling them to 
function as photogenerated hole scavengers. This reduces charge recombination, enhances proton 
reduction, and ultimately increases H2 production. The H2 production mechanism in plastic 
photoreforming closely resembles conventional photocatalytic H2 evolution using organic sacrificial 
agents. From a thermodynamic perspective, the photocatalyst’s CB must be positioned above the 
reduction potential of H₂, while its VB must be more positive than the oxidation potential of the 
plastic substrate. Plastic photoreforming presents a sustainable approach for both H2 production and 
plastic waste reduction, offering a promising solution for solar energy storage [16,52,53]. 

3. Types of Plastics and Their Suitability for Photoreforming 

3.1. Common Plastics 

Polylactic acid (PLA), PET, PP, PE, PS, and polyvinyl chloride (PVC) are among the most widely 
used plastics, and their suitability for photoreforming varies depending on their chemical structure 
and degradation pathways (Figure 3). PET is considered one of the most favorable candidates due to 
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its ester functional groups, which are susceptible to hydrolysis and oxidation under photocatalytic 
conditions [15]. Studies have demonstrated that PET photoreforming in alkaline media, particularly 
with carbon nitride-based photocatalysts, leads to the effective breakdown of the polymer into 
terephthalic acid (TPA) and ethylene glycol (EG), which can subsequently undergo further oxidation 
to generate H2 and value-added chemicals (Figure 3). PP and PE (both high- and low-density PE) 
present more significant challenges due to their highly stable hydrocarbon backbones, which lack 
functional groups that facilitate photocatalytic attack. However, recent research has shown that pre-
treatment methods, such as soaking in alkaline solutions or mild thermal activation, can enhance 
their degradation rates, making them more amenable to photoreforming [54]. 

 

Figure 3. Photoreforming of plastics for H2 and valuable chemical production. 

PS and PVC exhibit distinct behaviors in photoreforming applications. PS, an aromatic polymer, 
tends to generate benzene-derived oxidation products such as benzoic acid, making its conversion 
pathways different from those of aliphatic plastics [54]. This distinct degradation behavior suggests 
that catalyst design should be tailored to aromatic systems when targeting PS. PVC, while 
structurally similar to polyolefins, poses additional challenges due to its chlorine content [15]. The 
release of chlorine radicals or hydrochloric acid during degradation can corrode catalysts and form 
toxic byproducts, necessitating careful process control and material selection. Despite these 
challenges, some studies have explored photocatalytic systems capable of selectively breaking C-Cl 
bonds while minimizing unwanted side reactions. Given these considerations, PET and PS emerge 
as more suitable candidates for photoreforming due to their inherent reactivity, while PP, PE, and 
PVC require additional modifications or processing steps to improve their conversion efficiency [55]. 

3.2. Characteristics Affecting Photoreforming 

The presence of additives, fillers, and dyes in real-world plastic waste significantly influences 
the efficiency of photoreforming processes. Additives such as plasticizers, stabilizers, and flame 
retardants can alter the optical and electronic properties of plastics, potentially hindering light 
absorption and charge carrier generation during photoreforming. For instance, Uekert et al. 
demonstrated that additives in PET can act as recombination centers for photogenerated electrons 
and holes, reducing the overall photocatalytic activity [56]. Similarly, dyes and pigments in plastics 
can compete with photocatalysts for photon absorption, leading to lower photoreforming efficiency 
[55]. These components often introduce complexities in the photoreforming process, as their chemical 
stability and interaction with photocatalysts vary widely [57]. 

Moreover, fillers such as calcium carbonate or silica, commonly added to plastics to improve 
mechanical properties, can also impact photoreforming [58,59]. These materials may scatter light or 
create physical barriers that reduce the accessibility of the plastic surface to photocatalysts. Previous 
findings highlighted that the presence of fillers in PP decreased the effective surface area available 
for photocatalytic reactions, thereby lowering the H2 production rate during photoreforming [60,61]. 
To address these challenges, researchers have emphasized the need for tailored photocatalytic 
systems that can accommodate the heterogeneous nature of real-world plastic waste, ensuring 
efficient light utilization and charge transfer despite the presence of additives and fillers. 
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The surface area, crystallinity, and molecular weight of plastics are critical factors that determine 
their photoreforming efficiency [62]. A higher surface area generally enhances the interaction 
between the plastic and the photocatalyst, facilitating better light absorption and charge transfer. 
Additionally, mechanically ground PET with increased surface area exhibited higher H2 evolution 
rates during photoreforming compared to untreated PET [56]. This is attributed to the greater 
exposure of reactive sites and improved contact with the photocatalyst. However, the crystallinity of 
the plastic also plays a significant role; highly crystalline regions are often more resistant to 
photocatalytic degradation due to their dense molecular packing and lower accessibility [63]. 
Molecular weight is another key factor influencing photoreforming. High molecular weight polymers 
typically have longer chains and stronger intermolecular forces, making them more challenging to 
degrade. A study by Nguyen et al. found that low molecular weight polyethylene  was more readily 
photoreformed than high molecular weight polyethylene, as the shorter chains were easier to break 
down into smaller intermediates [64]. Similarly, the molecular weight of polyethylene significantly 
affects its photoreforming efficiency, with lower molecular weight polymers showing higher H2 
production rates [65]. These findings underscore the importance of considering the structural 
properties of plastics when designing photoreforming systems, as optimizing surface area, 
crystallinity, and molecular weight can significantly enhance the overall efficiency of the process. 

Pre-treatment strategies, such as grinding and thermal treatment, are essential for enhancing the 
photoreactivity of plastic waste [54,66]. Grinding plastic into smaller particles increases the surface 
area, thereby improving the contact between the plastic and the photocatalyst. This mechanical pre-
treatment also disrupts the polymer matrix, making it more susceptible to photocatalytic 
degradation. For instance, a study demonstrated that reducing the particle size of biomass substrates 
increased the specific surface area and number of active sites, resulting in improved H2 production 
efficiency during photoreforming [67]. The increased surface area and reduced particle size facilitated 
more efficient light absorption and charge transfer, leading to enhanced photoreforming 
performance. 

Thermal pre-treatment is another effective strategy to improve the photoreactivity of plastics. 
Heating plastics to temperatures below their melting point can reduce crystallinity and introduce 
defects in the polymer structure, making them more amenable to photocatalytic degradation [68]. 
Novel findings have illuminated that thermally pre-treated PS had a lower crystallinity and higher 
photoreforming efficiency compared to untreated PS [69]. The thermal treatment disrupted the 
polymer chains, creating more reactive sites for photocatalytic attack. Additionally, combined 
mechanical and thermal pretreatment methods significantly enhance photoreforming efficiency by 
simultaneously increasing surface area and reducing polymer crystallinity [17]. Mechanical 
treatments, such as grinding or milling, reduce particle sizes, improving catalyst-substrate 
interaction, while thermal methods decrease crystallinity, making polymer chains more accessible for 
catalytic degradation [70]. These pre-treatment strategies highlight the importance of modifying the 
physical and chemical properties of plastics to optimize their photoreforming potential, paving the 
way for more efficient and sustainable waste-to-energy conversion technologies. 

4. Photocatalysts and Catalyst Engineering 

4.1. Semiconductor Photocatalysts 

Semiconductor photocatalysts are the key component of plastic photoreforming systems due to 
their ability to convert photon energy into redox reactions that degrade plastic waste and 
simultaneously generate H2. This process of converting solar energy to chemical energy relies on the 
bandgap of the photocatalysts, which designate the wavelength of light it can absorb, thereby 
influencing photoreforming efficiency. In the reason studies, various strategies—such as bandgap 
tuning, doping, and surface modification—have been studied to enhance the visible-light response 
and stability of these catalysts under real operating conditions [18,71,72]. These findings underscore 
the importance of selecting semiconductors that can effectively harvest sunlight, particularly in the 
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visible spectrum, to enhance the overall process's economic and environmental viability. The primary 
objective of customizing the bandgap to visible light is that most solar radiation falls within the visible 
region, thereby maximizing photon utilization and significantly improving the overall solar-to-
hydrogen conversion efficiency (Figure 4A).  

In addition to bandgap engineering, chemical and thermal stability are significantly important 
due to impurities and harsh light irradiation conditions. During plastic photoreforming, partially 
degraded polymer fragments, dyes, and other additives can produce reactive intermediates (e.g., 
radicals or small organics), potentially deactivating the catalyst through fouling or chemical attack. 
Consequently, researchers emphasize developing robust semiconductors that can withstand harsh 
oxidative environments without significant structural or compositional changes [73]. Additional, 
high surface area and advantageous morphology (e.g., nanostructured or porous architectures) 
further boost the contact between catalysts and plastic-derived intermediates, enhancing reaction 
rates [74]. Among conventional photocatalysts, Figure 4B illustrates that the catalysts fulfill the 
bandgap requirement to undergo H2 production via photoreforming. TiO2 remains a leading 
candidate due to its low cost, non-toxicity, and strong oxidation potential. However, its wide 
bandgap (~3.0-3.2 eV) limits absorption primarily to UV light, which constitutes only a small fraction 
of the solar spectrum [10]. Similarly, ZnO exhibits high activity under UV irradiation; however, its 
susceptibility to photocorrosion under certain conditions can reduce its long-term stability in plastic 
degradation reactions [75,76]. Meanwhile, narrower-bandgap semiconductors such as CdS (2.4 eV) 
show promise for visible-light photoreforming, though cadmium toxicity and photocorrosion 
concerns have motivated researchers to develop protective layers or co-catalysts that stabilize CdS 
during prolonged operation [10,77]. 

 

Figure 4. (A) Solar spectrum from 240 nm to 2500 nm wavelengths obtained from Ref.[78] (B) The bandgap 
energy of photocatalysis, as determined from the data obtained in Ref.[79]. 

4.2. Metal-Organic Frameworks (MOFs) and Carbon-Based Composites 

One effective strategy for tuning the bandgap involves introducing foreign compounds into the 
photocatalyst, thereby forming composite materials that alter its electronic structure. This approach 
can enhance light absorption, improve charge carrier dynamics, and ultimately boost photocatalytic 
performance compared to unmodified semiconductors. The MOF-derived photocatalysts are one of 
these strategies that are utilized for solar H2 generation and pollutant degradation. MOFs can 
facilitate charge separation by creating internal junctions or built-in electric fields through innovative 
synthesis and structural design [80]. These modifications enhance the directional flow of charge 
carriers, reducing recombination losses and improving photocatalytic efficiency. For instance, 
inducing band bending in a Ti-based MOF established an internal electric field that boosted H2 
evolution rates by over an order of magnitude (up to 56× higher than the pristine MOF) [81]. MOF-
derived composites also exhibit improved stability and reactivity in pollutant removal. Strong 
interfacial bonds in MOF heterostructures (e.g., Fe–O–P linkages) can act as “electron highways,” 

A B 
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accelerating charge transfer for faster contaminant breakdown [80]. Furthermore, transforming 
MOFs into porous carbon frameworks has yielded durable, high-performance photocatalysts; for 
example, a bimetallic Ni/Co–N–C derived from MOFs achieved ~100% dye degradation in 60 minutes 
and maintained its efficiency over multiple reuse cycles [82].  

Expanding on these advancements, MOF-derived photocatalysts have illustrated great promise 
in plastic photoreforming, where these materials facilitate both plastic degradation and H2 evolution 
under visible-light irradiation. Recent studies highlight the effectiveness of ZnO/UiO-66-NH2 
composites, where the MOF scaffold stabilizes ultra-small ZnO nanocrystals, forming a 
heterojunction that promotes charge transfer and enables efficient conversion of PLA and PVC 
plastics into acetic acid (~91% selectivity) while concurrently generating H2 [83]. Similarly, defect-
engineered CdS-based MOFs have demonstrated a 23-fold increase in H2 production compared to 
conventional CdS, attributed to sulfur vacancies that enhance active sites and suppress charge 
recombination [84]. These approaches, ranging from doping-induced band engineering to hybrid 
nanostructures, significantly enhance charge-carrier separation, stability, and overall photoreforming 
efficiency in both water-splitting and plastic degradation applications. 

Similar performances have been observed with g-C3N4/graphene-based photocatalysts, which 
leverage graphene’s conductivity and stability to upgrade the performance of graphitic carbon 
nitride. Incorporating graphene (or its derivatives, such as reduced graphene oxide (rGO)) creates a 
conductive network that traps electrons and inhibits electron–hole recombination, thereby extending 
charge-carrier lifetimes and enhancing light absorption [72]. As a result, g-C3N4/graphene hybrids 
illustrate enhanced activity in H2 evolution and organic pollutant oxidation under visible light. 
Previous studies have demonstrated that adding a fraction of rGO to g-C3N4 tripled the photocatalytic 
degradation rate of bisphenol A (achieving ~99% removal in 1 hour) by enhancing electrical 
conductivity and facilitating the separation of charge carriers [85]. Novel architectures, such as three-
dimensional g-C3N4-graphene aerogels, further enhance charge transport and robustness. 
Protonating g-C3N4 to assemble it onto graphene yields a strong interfacial electric field and intimate 
contact, which significantly facilitates photogenerated charge transfer. 

Building on these advancements, g-C3N4 graphene-based photocatalysts have emerged as highly 
effective materials for the photoreforming of plastics. Recent studies demonstrate that B-doped g-
C3N4 nanotubes exhibit remarkable photocatalytic efficiency in plastic reforming, achieving an H2 
evolution rate of 3240 µmolg-1h-1 from PET plastic, a performance that surpasses many traditional 
metal-based catalysts [86]. Similarly, a ternary NiCoP/rGO/g-C3N4 composite has been shown to 
achieve 3.6× higher H2 production than conventional NiCoP/g-C3N4 systems, with an apparent 
quantum efficiency of 1.7% at 420 nm, owing to the synergistic role of rGO as an electron mediator 
and NiCoP as an active catalytic site [87]. These architectures not only promote efficient charge-
carrier separation but also enable selective oxidation of plastic into valuable intermediates such as 
formate and acetate. Furthermore, 2D/2D Z-scheme heterojunctions combining g-C3N4 and graphene-
modified C3N5 have demonstrated enhanced light-harvesting capabilities and higher H2 evolution 
rates under visible light [88]. These findings confirm that g-C3N4/graphene-based materials provide 
a sustainable and efficient platform for plastic photoreforming, integrating low-cost, metal-free 
catalytic systems with high activity and long-term stability. 

4.3. Noble Metal and Transition Metal Co-catalysts 

Noble metals such as platinum (Pt), palladium (Pd), and gold (Au) are highly effective co-
catalysts for photocatalytic H2 production. Their effectiveness stems from a combination of electronic 
properties and surface chemistry [89]. The noble metals have high work functions and form Schottky 
barriers at the semiconductor interface, causing the electrons to trap from the photocatalyst and 
prevent electron-hole recombination (Figure 5) [90,91]. Trapped electrons accumulate on the metal 
nanoparticles, where they reduce water (or protons) to H2 gas. Meanwhile, the photogenerated holes 
remain on the semiconductor to oxidize the plastic substrate subsequently. In essence, noble metal 
co-catalysts act as electron sinks and H2 evolution sites, which can boost H2 production rates by orders 
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of magnitude even at petite loadings (typically 1–3 wt%) [66]. For example, Pt is widely regarded as 
an ideal H2-evolution co-catalyst due to its optimal hydrogen binding energy and has historically 
shown the highest activity among metals [92]. Similarly, Pd and Au nanoparticles also enhance H2 
generation, though conventional activity rankings for nanoparticle co-catalysts follow Pt > Pd > Au 
in most cases [93]. Therefore, noble metals play a crucial role in enhancing charge separation and 
providing abundant active sites for the H2 evolution reaction. In summary, the noble metal co-
catalysts should undergo different key roles in H2 evolution [90]. The mechanisms involve electron 
trapping where High-work-function metals (Pt, Pd, Au) form junctions that siphon electrons from 
the semiconductor, reducing recombination. The metal surfaces provide active sites for H2 to catalyze 
proton reduction to H2 efficiently, lowering the energy barrier for H2 evolution. Adding a small 
amount of Pt or Au can also increase H2 generation rates by several orders of magnitude compared 
to the bare photocatalyst. In some cases, Au nanoparticles can also exhibit localized surface plasmon 
resonance under visible light, enhancing light absorption and hot-electron injection, though their 
primary function in photoreforming remains as electron traps and catalytic sites. 

 

Figure 5. A Schottky barrier is created when a metal with a higher work function forms a junction with a 
semiconductor, leading to electron transfer from the semiconductor to the metal and the formation of a depletion 
region that influences charge carrier dynamics [91]. The Ec and Ev are the conduction band and valence band, 
respectively, relative to the vacuum energy level. 

These enhanced photocatalysts are utilized in plastic photoreforming and have advanced across 
a range of catalyst systems, extending beyond traditional noble-metal co-catalysts. Noble metal-based 
photocatalysts, namely Pt-loaded semiconductors, remain benchmark systems for high H2 yields; 
however, transition metal and earth-abundant co-catalysts have rapidly gained prominence as cost-
effective alternatives [56]. For example, nickel phosphide on carbon nitride (Ni2P/CN) can promote 
efficient charge separation and H2 evolution, matching or even surpassing Pt-based catalysts while 
maintaining multi-day stability. Meanwhile, hybrid catalyst designs (e.g., heterojunctions of CdS 
with MoS2) have delivered enhanced H2 generation and more controlled plastic oxidation, as the 
intimate semiconductor − cocatalyst interface boosts electron− hole separation and drives selective 
degradation toward value-added products [94]. These innovations collectively enhance charge-
carrier separation, catalyst durability, and overall conversion efficiency, thereby narrowing the 
performance gap between noble-metal systems and sustainable, earth-abundant catalysts. 

However, the reliance on precious metals poses economic and environmental challenges. Pt, Pd, 
and Au are expensive and have low crustal abundance, which limits scalability [90]. To address this, 
recent studies explore earth-abundant co-catalysts based on nickel (Ni), cobalt (Co), iron (Fe), and 
related compounds [95]. These cost-effective metals can mimic many of the charge-separation and 
catalytic functions of noble metals, although often with careful engineering to overcome their lower 
intrinsic activity [56]. For instance, nickel-based co-catalysts illustrate a high work function and form 
Schottky-like junctions with semiconductors. In fact, Ni-based nanoparticles and compounds, such 
as Ni2P, have shown remarkable success in plastic photoreforming. A carbon nitride/Ni2P system was 
demonstrated as a noble-metal-free photocatalyst for reforming PET plastic waste under visible light
. Beyond Ni, researchers are investigating Co and Fe-based co-catalysts for photocatalysis. Cobalt 
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compounds (e.g., cobalt phosphide or cobalt oxide) can also serve as sites for H2 evolution; however, 
they are less common in plastic reforming studies, as these catalysts exhibit activity in analogous 
biomass photoreforming systems [96]. Iron-based catalysts are attractive due to iron’s low cost and 
benign nature. Nevertheless, Fe often requires structuring (such as forming bimetallic alloys or 
doping into other materials) to be effective for H2 evolution because pure iron can corrode or 
deactivate under reaction conditions. A recent strategy to leverage multiple earth-abundant metals 
is the development of high-entropy oxides and oxynitrides that incorporate several elements, 
including Ni, Co, and Fe, among others, to tune the electronic structure and stability [97]. For 
instance, introducing nitrogen into a high-entropy oxide (containing Ti, Zr, Hf, Nb, and Ta) to create 
a high-entropy oxynitride achieves higher yields of H2, formic acid, and acetic acid from PET plastic 
than the noble-metal-free oxide alone. The added nitrogen distorted the lattice and altered the local 
electronic environment of the metal cations, narrowing the band gap and suppressing electron-hole 
recombination. Overall, replacing noble metals with Ni-, Co-, or Fe-based co-catalysts is a major trend 
for improving the economic and environmental sustainability of plastic photoreforming catalysts. 

The crucial question is how well these earth-abundant co-catalysts perform relative to traditional 
noble metals in photocatalytic plastic reforming. Comparative studies indicate that while noble 
metals still often lead in raw activity, certain non-noble formulations come surprisingly close or even 
match their performance under optimized conditions. A systematic investigation of various 
metal/TiO2 photocatalysts for reforming biomass-derived substrates (a process analogous to plastic 
photoreforming) found that the H2 evolution activity follows the order Pt > Cu ≈ Au >> Ag [98]. 
Copper co-catalysts in this study produced H2 at rates only slightly lower than those of platinum and 
on par with gold, highlighting Cu as a realistic, low-cost alternative. Similarly, nickel-based co-
catalysts have demonstrated competitive performance. In a recent visible-light PET photoreforming 
system, Ni2P on g-C3N4 achieved an H2 production rate of ~82.5 µmolh-1g-1, slightly exceeding that of 
a Pt-loaded g-C3N4 benchmark (~72 µmolh-1g-1 under the same conditions) [56]. In addition to 
comparable rates, the Ni2P co-catalyst demonstrated superior stability, retaining its activity over 
24 hours without loss, whereas the Pt catalyst suffered a notable decline over the same period. These 
findings demonstrate that, with proper design, non-noble co-catalysts can rival or surpass noble 
metals in plastic reforming systems. It is worth noting that the form and preparation of the co-catalyst 
can influence these comparisons [56]. Even within noble metals, morphology and dispersion matter: 
conventional nanoparticles follow the trend Pt > Pd > Au in H2 evolution; yet, when dispersed as 
single atoms on TiO2, the activity order flips to Pd > Pt > Au [93]. In its single-atom form, a Pd atom 
can utilize its d-electrons more effectively for proton reduction, outperforming even single-atom Pt 
under those specific conditions. This intriguing result suggests that the “best” co-catalyst can depend 
on numerous operational and synthesis conditions, thereby being subject to the runtime environment 
(Table 1). Overall, noble metals still set the benchmark for the highest activities, although transition 
metal co-catalysts (such as Ni and Cu) have significantly narrowed the gap. With continued 
innovation in catalyst architecture, many non-noble materials now achieve H2 yields of the same 
order of magnitude as those of Pt-based systems, marking significant progress toward economically 
viable plastic-to-hydrogen conversion. 

Table 1. Comparison of noble vs. non-noble co-catalysts for photocatalytic plastic reforming. 

Category Noble Metal Co-Catalysts (Pt, Pd, 
Au) 

Non-Noble Metal Co-Catalysts (Ni, 
Co, Fe, Cu, Mo, etc.) 

Hydrogen Evolution 
Efficiency 

High activity, excellent electron 
trapping, and fast proton reduction. 

Moderate to high activity dependent 
on material engineering (doping, 
alloying, or structuring). 

Charge Separation 
Forms Schottky junctions, effectively 
suppressing electron-hole 
recombination. 

Requires heterojunctions or defect 
engineering to achieve similar charge 
separation efficiency. 
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Stability and Durability Chemically stable under reaction 
conditions, low corrosion rate. 

Some non-noble metals (e.g., Fe) can 
corrode or deactivate over time 
unless properly stabilized. 

Cost and Scalability Very expensive and scarce, limiting 
large-scale applications. 

Earth-abundant and low-cost, 
catalysts are highly scalable for 
industrial use. 

Environmental Impact 
Mining and refining noble metals 
have significant environmental 
impacts. 

More sustainable, widely available, 
and eco-friendly. 

Versatility 
Effective across a range of 
photocatalytic systems (e.g., plastic 
reforming, water splitting). 

Catalysts can be engineered into 
various alloys and oxides to enhance 
versatility and selectivity. 

Activation Energy and 
Reaction Kinetics 

Low activation energy, enabling 
rapid reaction kinetics. 

Requires co-doping (e.g., Ni₂P, CoP, 
MoS2) to reduce activation energy for 
HER. 

Long-Term 
Performance 

Maintains high catalytic performance 
over extended use. 

Some non-noble metals may degrade 
or lose efficiency over prolonged 
cycles. 

Engineering Potential 
Limited modification potential due 
to intrinsic properties of noble 
metals. 

High tunability is achieved through 
the capabilities of doping, alloying, 
or nanostructuring for enhanced 
photocatalytic properties. 

4.4. Design and Fabrication Strategies 

Recent studies have shifted focus toward innovating photocatalyst synthesis routes and 
architectures to boost activity intrinsically, complementing the use of noble-metal co-catalysts and 
MOF/carbon composites. The choice of synthesis method alone can significantly influence the phase, 
morphology, and surface properties of photocatalysts [99]. Sol–gel methods are one such approach 
that enables fine control over composition and heterojunction formation at the nanoscale. For 
example, a NiTiO3/TiO2 nanocomposite prepared via an optimized sol–gel route formed an intimate 
phase junction that broadened UV-visible absorption and reduced charge recombination by ~85%, 
yielding a 17% higher H2 evolution rate than pristine NiTiO3 [100]. Similarly, a novel ionic liquid-
assisted sol–gel process was utilized to dope Ce and P on TiO2, achieving visible-light-active 
nanoparticles (~6 nm, 166 m2/g) with a narrowed bandgap and suppressed electron–hole 
recombination [101]. The resulting doped TiO2 completely degraded organic dyes under visible light 
in under 60 min, demonstrating how sol–gel chemistry (with dopants or additives) can produce 
highly active photocatalysts for environmental remediation. 

Hydrothermal techniques are equally pivotal for tailoring nanostructures. The technology often 
yields distinct crystal phases or exposed facets that differ from sol–gel products, thus altering 
photocatalytic behavior [102]. TiO2 nanoparticles from sol–gel vs. hydrothermal synthesis showed 
opposite affinities toward charged dye pollutants: as-prepared sol–gel TiO2 preferentially degraded 
anionic dyes (~90% of methyl orange in 2 h) over cationic dyes (~40% methylene blue), whereas 
hydrothermal TiO2 showed the reverse trend (favoring cationic dye ~91%). Subsequent calcination at 
400 °C could alter or enhance these preferences, underscoring that synthesis and post-treatment tune 
the surface chemistry for selective pollutant degradation. Hydrothermal methods are also known for 
producing well-crystallized semiconductors at relatively low temperatures, facilitating the creation 
of heterojunctions (e.g., in situ grown composites) that improve charge separation for photocatalytic 
H2 production [103]. 

High-temperature synthesis approaches, such as calcination, flame spray pyrolysis, and MOF-
derived pyrolysis, have demonstrated notable progress in producing defect-engineered and 
hierarchical photocatalysts. Thermal treatments generally increase crystallinity and can induce phase 
junctions or dopant activation, which enhances charge transport. For instance, flame spray pyrolysis 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2025 doi:10.20944/preprints202504.1506.v1

https://doi.org/10.20944/preprints202504.1506.v1


 13 of 44 

 

(FSP) – a rapid high-temperature aerosol process – has been employed to create oxygen-vacancy-rich 
SrTiO3–x perovskites [104]. The anoxic FSP technique introduces abundant TiO2 lattice vacancies, 
effectively narrowing the functional bandgap and extending light absorption into the visible range. 
Notably, this single-step flame method is industrially scalable to kilogram quantities, offering a route 
to mass-produce defect-engineered photocatalysts with enhanced solar energy harvesting 
capabilities. Post-annealing treatments of sol–gel or hydrothermal products similarly enhance 
photocatalytic activity by transforming amorphous precursors into active crystalline phases and 
optimizing interfaces [102]. Moreover, MOF-derived thermal synthesis has enabled the formation of 
complex multi-component architectures; a recent example is a hierarchical Ag/Sr6Bi2O9-α-Bi2O3 
ternary photocatalyst obtained by calcining a bimetallic MOF template [105]. The MOF-derived 
material exhibits interfacial oxygen vacancies and a porous framework that facilitates multiple light 
absorption–reflection events, leading to enhanced visible-light removal of various antibiotics and 
dyes. These high-temperature fabrication strategies thus play a critical role in inducing the 
crystallinity, dopants, and defects necessary for superior photocatalytic performance. 

Architectural design at the nano- and micro-scale is crucial for improving light absorption and 
charge separation in photocatalysts. Hierarchical and nanostructured materials, such as core–shell 
structures, hollow spheres, mesoporous networks, and 1D nanowire arrays, can significantly increase 
the optical path length and active surface area. Inspired by natural photosynthetic systems, studies 
have shown that leaf-like hierarchical structures maximize photon capture through light scattering, 
multi-angle propagation, and focusing effects [106]. In artificial photocatalysts, similar principles 
apply: constructing TiO2 across zero-, one-, two-, and three-dimensional forms (quantum dots, 
nanorods/tubes, nanosheets, and 3D mesoporous or core–shell assemblies) has emerged as an 
effective strategy to boost solar-to-fuel conversion efficiency [106]. One remarkable finding is the 
SiO2@TiO2 core–shell “nanolens” structure fabricated by a Stöber sol–gel method. The dielectric SiO2 
core and TiO2 shell act in concert to concentrate incident light (the “beam effect”), enabling stronger 
light absorption within the photocatalyst. This enhanced light-harvesting capability allowed for 
efficient H2 evolution with a minimal loading of Au co-catalyst, as the intense local field around the 
core–shell effectively drives reactions even at low noble metal content. Such core–shell or hollow 
architectures also shorten charge transport pathways and can create built-in electric fields at 
interfaces, improving charge separation and suppressing recombination. Porous and multi-tier 
structures are similarly beneficial. A hierarchically porous carbon nitride (hCN) framework 
decorated with single-atom Fe sites, for instance, has recently demonstrated a tandem approach to 
plastic photoreforming: it catalyzes the breakdown of resilient waste plastics into organic 
intermediates and then photoreforms those into H2 gas [107]. The Fe-doped hCN’s high surface area 
and interconnected pore network facilitated the near-total conversion of ultrahigh molecular weight 
polyethylene into soluble organics, subsequently achieving H2 evolution rates of ~42 µmol h-1 under 
light, outperforming most existing plastic photoreforming methods. This exemplifies how nano-
architectured supports (in this case, porous g-C3N4) and atomic-scale active sites can synergistically 
enhance both pollutant degradation and H2 production in a single system. 

Overall, tailored synthesis and hierarchical design strategies have yielded significant 
performance improvements across various photocatalytic applications. Sol–gel and hydrothermal 
routes produce finely tuned compositions and interfaces that enhance photocatalytic H2 generation 
and targeted pollutant oxidation, while high-temperature and templating methods impart the 
crystallinity and defect structures necessary for broad-spectrum light utilization [100,101,104,105]. 
These approaches significantly enhance photocatalytic efficiency in plastic conversion, H2 evolution, 
and environmental remediation by improving light-harvesting and charge-management at the 
catalyst level. In tandem with noble metal co-catalysts and MOF/carbon composites, these advanced 
design and fabrication strategies are driving the development of next generation photocatalysts with 
unprecedented activity and selectivity. 
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4.5. Catalyst Characterization Techniques 

Catalyst characterization is a fundamental aspect of photoreforming research, as it provides 
critical insights into the structural, electronic, and surface properties of catalysts that influence their 
performance. A comprehensive understanding of these properties enables the rational design and 
optimization of catalysts for enhanced efficiency in photoreforming processes. Table 2 summarizes 
the key findings, advantages, and disadvantages of various catalyst characterization techniques 
commonly employed in photoreforming studies. 

Table 2. Summary of catalyst characterization techniques in photoreforming. 

Characterization 
Technique 

Key Findings Advantages Limitation 

X-ray Diffraction (XRD) 

Determines the 
crystalline structure and 
phase composition of 
catalysts. 

Identifies crystalline 
phases. 

Limited to 
crystalline materials. 

X-ray Absorption 
Spectroscopy (XAS) 

Probes local electronic 
and structural 
environment of specific 
elements. 

Elucidates oxidation 
states, coordination 
numbers, and bond 
distances. 

Requires 
synchrotron 
radiation sources. 

Electron Microscopy (SEM 
and TEM) 

Provides high-resolution 
images of catalyst 
morphology and 
nanostructure. 

Observes particle size, 
shape, and dispersion. 

Sample preparation 
can be intricate. 

Surface Area and Porosity 
Analysis (BET Method) 

Assesses surface area 
and porosity of catalysts. 

Determines the 
availability of active sites. 

Assumes idealized 
models that may not 
fit all materials. 

UV-Vis Diffuse 
Reflectance Spectroscopy 
(DRS) 

Investigates optical 
properties and bandgap 
energies. 

Assesses light absorption 
capabilities. 

Interpretation can be 
challenging for 
complex materials. 

Photoluminescence (PL) 
Spectroscopy 

Measures recombination 
rate of photogenerated 
electron-hole pairs. 

Indicates efficiency of 
charge separation. 

PL signals can be 
weak and require 
sensitive detection. 

Fourier-Transform 
Infrared (FTIR) 
Spectroscopy 

Identifies functional 
groups and chemical 
bonds on catalyst 
surfaces. 

Provides insights into 
surface modifications 
and interactions with 
reactants. 

Surface sensitivity 
can be limited. 

Raman Spectroscopy 
Offers information about 
molecular vibrations and 
crystal structures. 

Identifies structural 
defects and phase 
compositions. 

Fluorescence 
interference can 
obscure Raman 
signals. 

X-ray Photoelectron 
Spectroscopy (XPS) 

Provides information on 
elemental composition 
and chemical states of 
surface elements. 

Surface-sensitive 
technique. 

Limited to surface 
analysis (typically 1–
10 nm depth). 

Mass Spectrometry (MS) 
Analyze reaction 
intermediates and 
products. 

Offers insights into 
catalytic processes and 
efficiency. 

Requires coupling 
with other 
techniques for 
comprehensive 
analysis. 

 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2025 doi:10.20944/preprints202504.1506.v1

https://doi.org/10.20944/preprints202504.1506.v1


 15 of 44 

 

5. Reactor Configurations and Photoreforming Conditions 

5.1. Bench-Scale Reactors and Scale-Up Challenges 

Bench-scale systems serve as vital platforms for conducting foundational studies on 
photoreforming under tightly controlled conditions prior to pilot or commercial endeavors. There 
are mainly two primary reactor types that predominate: slurry reactors and fixed-bed (immobilized) 
reactors (Figure 6) [107]. Slurry reactors play a crucial role in photocatalytic processes by dispersing 
finely milled catalysts, such as TiO2 nanoparticles, throughout the reaction fluid. This configuration 
significantly increases the catalytic surface area available for reactions, enhancing both mass transfer 
efficiency and photon absorption, which are essential for achieving high degradation rates and 
selectivity in pollutant removal. The dynamic nature of slurry reactors ensures that reactants 
continuously interact with active catalyst sites, thereby minimizing mass transfer limitations 
commonly encountered in immobilized systems. Furthermore, studies have demonstrated that 
slurry-type photoreactors exhibit higher reaction rates due to the uniform catalyst distribution 
compared to fixed-bed configurations [108]. However, a significant challenge in slurry reactors is the 
separation of fine catalyst particles from the treated effluent, which can hinder their industrial 
applicability. The size of the particles typically varies from nanometers to several micrometers during 
continuous reactor operation, with aggregation influenced by factors such as pH, ionic strength, and 
fluid dynamics. Traditional separation techniques, such as sedimentation or filtration, often struggle 
with nanosized catalysts due to their slow settling rates and the potential for clogging filters. 
Advanced solutions for addressing such challenges, including membrane photocatalytic reactors, 
have been developed to combine photocatalysis with membrane separation, effectively confining 
catalyst particles within the system while allowing treated water to pass through [108–110]. Research 
has shown that submerged polytetrafluoroethylene membranes with microfiltration properties can 
successfully retain TiO2 particles within slurry reactors, maintaining consistent catalytic activity over 
extended operational periods. These advancements address the key limitations of catalyst recovery, 
paving the way for more sustainable and scalable slurry photoreactor applications. 

In contrast, fixed-bed reactors immobilize catalysts onto structured media such as glass, metal 
meshes, or polymer supports, simplifying downstream catalyst handling, which is particularly 
important for repeated or continuous operations. However, the immobilized catalyst layers may 
experience diminished quantum efficiency if insufficient attention is given to coating thickness and 
uniformity, as thick or uneven coatings can restrict light transmission [111]. To address these 
challenges, researchers have explored various strategies, including the use of porous polymeric gels 
and membranes, which enhance catalyst performance by providing high surface areas and facilitating 
efficient mass transfer−features, particularly beneficial for continuous flow applications [112]. 
Additionally, immobilizing catalysts on stainless steel fleece has demonstrated improvements in 
shear strength resistance and mass transfer efficiency in rotating packed bed reactors, enhancing 
catalyst durability and performance under dynamic flow conditions. Through careful optimization 
of catalyst-coating techniques, reactor geometry, and flow configurations, attenuation effects can be 
mitigated, enabling long-term photoreforming experiments with minimal maintenance and material 
loss. Hence, the reactor configuration needs to be optimized to maintain the bench-scale 
photoreforming efficiency in a full-scale system. 
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Figure 6. Comparison of slurry reactors and fixed-bed reactors based on their advantages and limitations. 

5.2. Light Sources and Illumination Strategies 

Selecting and deploying the appropriate light source is fundamental to optimizing 
photoreforming. Traditional TiO2-based catalysts typically require UV-dominant sources, such as 
mercury lamps or UV LEDs, to induce electron-hole formation [16]. However, recent advances, 
including doped oxides and heterojunctions, target broader or visible regions of the solar spectrum, 
enhancing photon utilization efficiency and making solar-driven photoreforming more viable. 
Optimizing light delivery within photocatalytic reactors is crucial for enhancing photonic efficiency, 
which measures the proportion of absorbed photons that drive chemical transformations. Various 
illumination strategies have been implemented to improve light uniformity and maximize reactor 
performance, including immersion lamps, external LED panels, and compound parabolic collectors 
(CPCs) [113]. Immersion lamps provide direct and uniform illumination by submerging the light 
source within the reaction medium, minimizing losses due to light refraction at reactor walls. This 
configuration is particularly beneficial in high-volume photoreactors where achieving homogeneous 
irradiation is challenging. In contrast, LED panels offer advantages in terms of wavelength specificity, 
energy efficiency, and tunable intensity, making them a superior alternative to traditional UV lamps. 
Studies have shown that LED-based reactors outperform conventional UV lamp systems in terms of 
photonic efficiency and operational cost reductions when strategically placed to enhance photon 
penetration and reduce charge carrier recombination losses [113]. In addition to external LED 
configurations, innovative internal light delivery systems have emerged. For example, a recent study 
introduced a photocatalytic reactor that integrates modified strontium titanate onto side-emitting 
polymer optical fibers, enabling inside-out illumination. This configuration significantly improved 
photon confinement and surface activation, achieving up to seven-fold higher H2 production 
compared to conventional PEC designs while also simplifying system architecture and reducing 
operational costs [114]. 

In solar-driven systems, CPCs significantly enhance photon flux by capturing and concentrating 
diffuse solar radiation onto the reactor surface. These collectors are particularly advantageous in CO2 
photoreduction and H2 evolution reactions, ensuring prolonged illumination even under suboptimal 
solar conditions [115]. Beyond light source optimization, photoreactor design modifications also play 
a crucial role in improving photonic efficiency. Strategies such as using reflective coatings, 
transparent reactor windows, and structured catalyst supports have been shown to improve light 
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distribution and utilization [116]. Optimizing reactor geometry to align photon penetration depth 
with catalyst placement minimizes photon loss and maximizes reaction efficiency, a principle 
validated through Monte Carlo ray tracing simulations. Additionally, advancements in bandgap-
engineered photocatalysts and plasmonic nanostructures enable extended light absorption into the 
visible and near-infrared regions, enhancing solar spectrum utilization. Overall, improving photonic 
efficiency in photoreactors requires a multifaceted approach that integrates optimized light source 
placement, advanced reactor geometries, and innovative catalyst compositions. The research 
highlights the importance of integrating optical modeling with experimental validation to optimize 
light distribution and minimize energy losses. As photoreactor technologies evolve, the integration 
of hybrid LED-CPC systems and structured catalyst configurations presents a promising avenue for 
maximizing photon utilization in solar-driven photocatalytic processes. 

5.3. Operational Parameters 

Several interlinked operational parameters govern the success of photoreforming [66]. 
Temperature is frequently near ambient, but moderate heating (e.g., 40–60°C) can accelerate reaction 
kinetics, provided it does not trigger undesired thermal processes or degrade the catalyst [117]. 
Additionally, pH exerts a profound influence on photocatalytic reactions by modulating both the 
catalyst’s surface charge and the speciation of dissolved organic molecules, thereby governing 
adsorption processes at the catalytic interface. The surface charge of semiconductor catalysts is 
determined by their point of zero charge (pHPZC), which dictates whether the surface is positively 
or negatively charged under varying pH conditions. When the solution pH is below the pHPZC, the 
catalyst surface carries a positive charge, favoring the adsorption of anionic species. Conversely, at 
pH levels above the pHPZC, the surface charge becomes negative, enhancing the adsorption of 
cationic species. This charge interaction is critical in facilitating or hindering pollutant degradation. 
A study on Ag/TiO2 and α-Fe2O3/HY catalysts for organic pollutant degradation demonstrated that 
the highest degradation efficiencies occurred when the pH was lower than the pHPZC of the 
catalysts, suggesting that strong electrostatic interactions between the catalyst and the target 
pollutants enhanced the reaction rates [118]. Furthermore, pH influences the speciation of dissolved 
organics, altering their charge state and reactivity at the catalytic interface in photoreforming. For 
instance, weakly acidic or basic organic pollutants exhibit varying degrees of ionization depending 
on the surrounding pH, directly impacting their interaction with the catalyst surface [119]. Findings 
have illuminated that pH-dependent transformations in dissolved organic matter (DOM) affect its 
role as both a photosensitizer and an antioxidant, thereby modulating its overall impact on 
photodegradation processes. The study found that at higher pH values, the inhibitory effects of DOM 
on pollutant phototransformation increased, primarily due to changes in radical formation dynamics 
and antioxidant activity [120]. Furthermore, variations in pH alter the formation of hydroxyl radicals 
(•OH) and other reactive oxygen species (ROS), which play a key role in pollutant oxidation. 
Similarly, TiO2 nanoparticles synthesized at different pH conditions exhibited distinct variations in 
surface charge and particle size, directly influencing their photocatalytic performance [119]. By 
leveraging the interplay between catalyst surface properties, pollutant speciation, and the generation 
of ROS, researchers can design more effective and robust photocatalytic systems tailored to specific 
environmental and industrial applications. 

Flow conditions also play a role in determining the performance of photocatalytic reactors, 
particularly in continuous-flow systems where residence time dictates the interaction between 
photons, substrates, and catalysts. Optimizing flow rates is crucial for achieving a balance between 
photon absorption and mass transfer efficiency. If the flow rate is too high, reactants may pass 
through the illuminated zone too quickly, limiting their exposure to photocatalytic surfaces and 
reducing degradation efficiency. Conversely, if the flow rate is too low, reactants may become 
depleted in localized areas, leading to inefficient electron-hole interactions and decreased reaction 
rates [121]. Recent studies on continuous-flow photocatalytic reactors have demonstrated that 
maintaining a moderate flow rate prevents mass transfer limitations while ensuring that reactants 
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remain within the active reaction zone for an adequate duration [122]. Additionally, simulations of 
light distribution in solar photocatalytic bubble column reactors highlight that variations in flow 
conditions significantly impact the local volumetric rate of energy absorption, reinforcing the 
importance of flow rate optimization for efficient reactor operation [123]. Beyond flow conditions, 
catalyst loading and substrate concentration must also be carefully optimized to prevent 
inefficiencies in light penetration and reaction kinetics. Excessive catalyst loading can lead to light 
scattering and shadowing effects, thereby reducing overall photonic efficiency [124]. In a 
photochemical rotor-stator spinning disk reactor study, researchers observed that increasing catalyst 
concentration initially improved degradation efficiency, but beyond an optimal threshold, excess 
catalyst particles obstructed light penetration, leading to diminished performance [121]. Similarly, 
substrate concentration must be controlled to avoid saturation of the catalytic surface, which can slow 
reaction kinetics and hinder the formation of ROS. Findings of photocatalytic fiber reactors have 
shown that high substrate concentrations can overshadow reaction dynamics, making it essential to 
strike a balance between reactant availability and catalyst accessibility [122]. 

Achieving an optimal balance among flow rate, catalyst loading, and substrate concentration is 
key to maximizing photon utilization and ensuring reactor stability. Studies on continuous-flow 
photocatalytic reactors for pollutant degradation suggest that fine-tuning these parameters leads to 
significant improvements in mineralization rates while maintaining catalyst efficiency. Additionally, 
computational fluid dynamics (CFD) simulations have been instrumental in modeling reactor 
performance under different flow conditions, offering valuable insights for the design of high-
efficiency, scalable photocatalytic systems [124]. By integrating experimental findings with 
simulation models, researchers can develop advanced photoreactors that achieve superior reaction 
rates and long-term operational reliability. In general, optimizing the flow conditions, catalyst 
loading, and substrate concentration in continuous-flow photocatalytic reactors is essential for 
enhancing overall reactor efficiency. Striking a balance between residence time, photon utilization, 
and mass transfer rates ensures that reactants remain within the reaction zone long enough for 
effective degradation while avoiding excess catalyst and substrate concentrations that could hinder 
light penetration. Future advancements in reactor design should focus on combining experimental 
optimization with CFD simulations to develop scalable, high-performance photoreactors for 
environmental remediation and sustainable chemical processes. 

6. Performance Metrics and Process Evaluation 

6.1. Hydrogen Yield and Production Rates 

Photoreforming performance is generally quantified by the H2 evolution rate, often reported in 
units of micromoles of H2 per gram of catalyst per hour (µmol H2 g-1 h-1) [125]. Some studies also 
normalize to the mass of plastic substrate (e.g., µmol H2 per gram of plastic), especially when focusing 
on waste conversion efficiency [126]. In general, rates are measured under controlled light conditions 
(commonly simulated sunlight or UV illumination) and often in alkaline water, which facilitates the 
breakdown of polymers. Reporting conventions include specifying light intensity (e.g., AM 1.5G, 
100 mW cm-2) and reaction time, as many authors report cumulative H2 yield after a fixed period (e.g., 
20 h) in addition to hourly rates. This standardization enables comparison across studies, with values 
ranging from mere tens of µmol H2 g-1 h-1 in early experiments to many mmol H2 g-1 h-1 in optimized 
systems (Table 3).  

H2 production yields via photoreforming vary widely with photocatalyst and plastic type. For 
example, classic UV-active catalysts, such as TiO2 loaded with Pt, can achieve high H2 production 
rates (on the order of 10³ µmol g-1 h-1) under strong illumination (Table 3). One study reported 
~1130 µmol H2 g-1 h-1 from PET plastic using Pt/TiO2 and a 500 W Xe lamp with 5 M NaOH. In 
contrast, visible-light-driven catalysts such as g-C3N4 typically yield lower rates unless modified with 
co-catalysts [127]. A CNx|Ni2P produced in the order of 101-102 µmol g-1 h-1 of H2. Uekert et al. 
demonstrated ambient-temperature photoreforming with CNx|Ni2P, achieving roughly 
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82 µmol H2 g-1 h-1 from PET and 178 µmol g-1 h-1 from PLA under AM 1.5 sunlight [56]. Although less 
active than noble-metal/TiO2, metal-free systems are notable for avoiding the use of precious metals.  

Doped and composite photocatalysts have shown dramatic improvements in H2 rates (Table 3). 
For instance, tailoring semiconductor morphology can enhance performance: mesoporous ZnIn2S4, a 
sulfide photocatalyst, delivered ~472 µmol H2 g-1 (from PET, per gram substrate in 20 h) compared to 
~178 µmol g-1 for conventional ZnIn2S4 under the same conditions [126]. Similarly, a CdS/CdOx 
nanocomposite achieved ~132 µmol g⁻¹ when utilizing PET as the polymeric entity [57,65]. A 
NiCr2O4/TiO2-Zn0.5Cd0.5S (S-scheme heterojunction) was found to achieve an exceptionally high rate 
of ~81.4 mmol g-1 h-1 (81,400 µmol g-1 h-1) for H2 from waste plastics [134], one of the highest reported 
rates, owing to synergistic light absorption and charge-transfer enhancements. Likewise, ultrathin 
NiPS3 nanosheets on a CdS photocatalyst enabled solar-driven H2 evolution of up to ~39.8 mmol g-1 
h-1 for PLA (with ~31.4 mmol g-1 h-1 from PET) – a rate enhancement of over 1600% compared to bare 
CdS [128,129]. These examples underscore that catalyst design (bandgap engineering, co-catalyst 
loading, etc.) greatly influences H2 output. 

Table 3. Hydrogen yield and experimental conditions of each catalyst. 

Catalyst experimental conditions 
Hydrogen yield 

(µmol g-1 h-1) Reference 

Pt/TiO2 500 W Xe lamp, 5M NaOH, PET 1130 [125] 
CNx|Ni2P AM 1.5 sunlight, ambient temperature, PET 82 

[56] CNx|Ni2P AM 1.5 sunlight, ambient temperature, PLA 178 
Zn|n2S4 
(mesoporous) 

Simulated sunlight, PET 23.6 
[130] Zn|n2S4 

(conventional) Simulated sunlight, PET 8.9 

CdS/CdOx Simulated sunlight, PET 6.6 [131] 
NiCr2O4/TiO2-
Zn0.5Cd0.5S 

Visible light, mixed plastics 81.4 × 103 [132] 

NiPS3/CdS Solar-driven, PET 31.4 × 103 [133] 
NiPS3/CdS Solar-driven, PLA 39.8 × 103 
g-C3N4/Pt With NaOH pretreatment, PET 533 [127] 
Au0.28Pd0.72/TiO2 HS 5M NaOH, 300 W Xe, PET 0.85 × 103 

[125] MoS2/CdS 300 W Xe lamp AM 1.5, 10M KOH 
PLA: 6.68 × 103 
PET: 3.90 × 103 
PE: 1.13 × 103 

Co–Ga2O3 300 W Xe lamp, AM 1.5, 10M KOH, PE 692 [134] 

d-NiPS3/CdS 43× and 1.5× 300 W xenon lamp (PLS-SXE 
300), λ > 400 nm, 2M KOH, PLA 39.76 × 103 [128] 

 
The nature of the plastic substrate has a critical impact on H2 yields. Generally, plastics 

containing heteroatoms or functional groups (which are more easily oxidized) yield higher H2 
production than inert polyolefins. Photoreforming polyesters such as PET and PLA tend to be more 
efficient due to the presence of ester bonds hydrolyzed and oxidized more readily [11,126]. In one 
study, PLA and PET yielded H2 in the hundreds of µmol g-1 h-1 range with a mesoporous sulfide 
photocatalyst, whereas polyolefins, PP and PE produced only trace amounts of H2 under identical 
conditions [126]. The H2 evolution order was reported as PP < PE < polyacrylate < PET < PLA < 
polyurethane, correlating with the polymer’s susceptibility to oxidative depolymerization. This is 
due to the systems undergoing pretreatment and depolymerization, which are often prerequisites for 
robust H2 generation from resilient polymers. For example, Chang et al. found that alkaline 
pretreatment (soaking waste PET in NaOH) depolymerized it into monomers, enabling a g-C3N4/Pt 
catalyst to reach a yield of ~533 µmol g-1 h-1 of H2 from PET – far higher than yields from untreated 
plastics like PS or PP (Table 3). Therefore, reported H2 production rates span a broad range, from less 
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than 10 µmol g⁻¹ h⁻¹ for raw polyolefins with unmodified catalysts to ~104-105 µmol g-1 h-1 for 
optimized catalysts with easily reformable substrates. It is evident that maximizing H2 output 
requires not only advanced photocatalyst materials but also matching them with appropriate 
feedstock preparation to overcome the recalcitrance of certain plastic wastes. 

6.2. Selectivity and Byproduct Formation 

In plastic photoreforming, selectivity refers to how the carbon in waste plastics is distributed 
among various oxidation products. Ideally, one might hope to oxidize the polymer completely to CO2 
(maximizing H2 yield); however, in practice, the reaction often terminates at intermediate products. 
As a result, a spectrum of byproducts is formed in the liquid, gas, and solid phases [126]. 
Understanding these byproducts is crucial because they determine the need for downstream 
purification and present opportunities for co-product valorization. 

6.2.1. Liquid-Phase Organics 

A significant portion of the plastic carbon is converted into soluble organic compounds rather 
than CO2 [126]. The exact products depend on the polymer structure. For example, the 
photoreforming of PLA in alkaline water produces lactic acid as a major byproduct, which can further 
oxidize to pyruvic acid. Studies have illustrated ~61.7 mg of lactic acid and 4.4 mg of pyruvic acid 
were detected after 12 h from 100 mg of PLA, indicating partial oxidation of the monomer units. 
Similarly, PET, aromatic polymer, terephthalic acid (TPA), and ethylene glycol (EG) are initially 
released (via alkaline hydrolysis). During photoreforming, EG was further oxidized to small acids 
(e.g., acetic acid and 2-hydroxyacetic acid), while TPA largely remained in solution [126]. Other 
plastics yield analogous fragments: polyurethanes can produce carbamate and alcohol derivatives, 
and PVC may form chlorinated organics or chloride ions [135–137]. In most cases, no single liquid 
product dominates; instead, a mixture of short-chain acids (such as formic, acetic, and propionic), 
alcohols, or oligomers is observed. The formation of these value-added chemicals can be beneficial – 
for instance, recovered TPA from PET can be repurposed for new polymer production, and organic 
acids like lactic or formic acid are commercially useful. However, the presence of multi-component 
organics means the photoreforming solution requires separation steps (e.g., filtration, distillation, or 
extraction) to isolate H2 and each byproduct. 

6.2.2. Gas-Phase Organics 

Besides H2, oxidized carbon may appear as gaseous byproducts, namely CO2 or CO (especially 
under aggressive oxidation conditions). Interestingly, many photocatalytic systems report minimal 
CO2 evolution, reflecting high selectivity toward partial oxidation. Studies have reported no CO2 
detectable during PLA/PET reforming with a ZnIn2S4 catalyst – all carbon was conserved in organic 
molecules rather than fully mineralized [126]. On the other hand, specific catalysts favor deeper 
oxidation. A notable product was observed when utilizing a Co-Ga2O3 catalyst, which produced a 
mixture of H2, CO, and CO2 from PE, essentially photogasifying the plastic into syngas. The reported 
H2, CO, and CO2 evolution rates were reported as 692.0, 177.8, and 476.4 µmol g-1 h-1, respectively 
[134]. Gas-phase CO (a partial oxidation product) and CO2 indicate less selective oxidation; however, 
these greenhouse gases simplify the separation of H2, as gases can be separated by pressure-swing 
adsorption or membranes. In a broader context, generating an H2/CO mixture can be advantageous: 
syngas can be fed to downstream processes, such as Fischer-Tropsch synthesis or methanol 
production, effectively valorizing the CO instead of treating it as an undesired emission. However, 
any CO2 released represents a loss of carbon efficiency and would need to be captured or offset to 
maintain environmental benefits. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2025 doi:10.20944/preprints202504.1506.v1

https://doi.org/10.20944/preprints202504.1506.v1


 21 of 44 

 

6.2.3. Solid Residues 

Ideally, the plastic should be completely converted in practice; some solid residue can remain, 
especially for very stable polymers. Incomplete photodegradation of PE or PP, for instance, may 
result in a waxy or carbonized solid (akin to char or oligomeric fragments that are insoluble) [126]. 
Photocatalysts that cannot fully break C–C bonds may only surface-oxidize the polymer, resulting in 
an oxidized polymer residue. In many experiments, pre-grinding or dispersing plastics is used to 
mitigate mass-transfer limitations, and any residual solids (e.g., unreacted plastic or catalyst fouling 
deposits) are filtered out after the reaction [138]. Aggressive pretreatments, such as strong bases, 
plasma, or thermal pre-oxidation, can significantly reduce solid residues by depolymerizing plastics 
upfront. For instance, a combined plasma-photocatalytic approach was first demonstrated to crack 
polyolefin chains (via the plasma step) and then photocatalytically reform the volatile products, 
leaving negligible char [139]. Solid photocatalyst stability is also a consideration, as some catalysts 
can form deposits, such as coke or polymeric tar, on catalytic surfaces, gradually leading to 
deactivation. Therefore, maintaining selectivity also involves preventing undesired polymer re-
condensation on catalyst surfaces. 

6.2.4. Treatment and Opportunities with Byproducts 

The presence of byproducts necessitates additional treatment steps; nevertheless, these products 
also offer opportunities. Gas mixtures containing H2 will require purification, such as the removal of 
CO2 (if present) by scrubbing or separation, especially when fuel-cell-grade H2 is required. Liquid 
byproducts in an alkaline solution can be recovered by neutralizing the solution, either by 
precipitating organic acids or reforming monomers. The recovery of valuable co-products can 
significantly improve the overall economics. For instance, the organic acids produced can be collected 
as chemical feedstocks, and monomers such as TPA or glycolate can be recycled back into 
manufacturing processes. The “photoreforming refinery” concept, which generates H2 fuel and 
chemical commodities concurrently, is a key distinguishing feature of plastic photoreforming [36]. 
High selectivity towards specific useful byproducts is desirable: some studies have aimed for 
“precision upcycling” of plastics, tuning conditions to produce one dominant organic product (e.g., 
converting PET mostly to TPA). In summary, unlike water splitting, which yields only H2 and O2, 
plastic photoreforming yields a more complex product slate, requiring integrated separation and 
purification processes. The challenge and opportunity lie in steering the oxidation toward valuable 
intermediates while maintaining efficient H2 extraction. 

6.3. Life-Cycle Assessment (LCA) and Techno-Economic Analyses (TEA) 

Converting waste plastics to H2 via sunlight is inherently attractive as a concept. A full life-cycle 
assessment considers the energy inputs, emissions, and offsets. Photoreforming operates at ambient 
temperatures and utilizes solar photon energy, resulting in near-zero direct CO2 emissions during 
operation [126]. Unlike incineration of plastic (which releases CO2) or even pyrolysis (which often 
requires external heating), a solar photoreactor could largely avoid greenhouse gas emissions in the 
conversion step. Ambient-temperature photoreforming is a low-energy means of transforming 
plastic waste [55]. No external heat or electricity is required, aside from pumping and, optionally, UV 
lamps (if natural sunlight is not used). This suggests a potentially favorable carbon footprint: the 
embedded energy in plastics (initially derived from petrochemicals) is partially recovered as H2 fuel, 
and a significant portion of the process energy comes from sunlight. Therefore, LCA must include 
the energy and emissions associated with catalyst synthesis and the use of any chemicals. For 
example, if a process requires large amounts of NaOH for pretreatment or other additives, producing 
and recycling those chemicals incurs an energy cost. Similarly, manufacturing nanoscale 
photocatalysts, such as through doping and calcination, has an environmental impact. A preliminary 
analysis indicates that pre-treatment can significantly enhance efficiency, thereby reducing reactor 
time and size, albeit at the expense of additional chemical input. Consequently, there is an optimal 
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balance to minimize the overall CO2 footprint [40,140]. Encouragingly, the feedstock is waste, which 
means the upstream burden of producing the plastic is allocated to its initial use. In an LCA, the 
plastic entering a recycling or upcycling process often bears zero or even a negative environmental 
cost, as it is credited for diverting waste from landfills. By producing H2 that can displace fossil-
derived H2, photoreforming can offset significant emissions. Findings have shown that H2 derived 
from waste could have a significantly lower life-cycle CO2 footprint than H2 produced from natural 
gas, provided that renewable energy drives the process [141]. Additionally, any valuable by-
products, such as recovered monomers, offset the need to produce those chemicals from virgin 
resources, further improving overall sustainability. While detailed LCA studies are still scarce, the 
consensus is that solar-driven plastic reforming could significantly reduce greenhouse gas emissions 
compared to conventional disposal and H2 production routes, as long as the process avoids major 
non-renewable energy inputs [33].  

Early techno-economic analyses suggest that plastic photoreforming, although conceptually 
green, faces challenges in achieving economic competitiveness. Key cost factors include the catalyst, 
reactor system, operations, and feedstock preparation (Table 4). The techno-economic feasibility of 
plastic photoreforming is influenced by several key factors. Catalyst synthesis remains costly, 
especially when noble metals or complex fabrication steps are involved, though efforts are underway 
to develop scalable, earth-abundant alternatives with long-term stability [11,56]. Photoreactor design 
presents another challenge, as systems must efficiently deliver light to catalysts, often requiring large 
surface areas and transparent materials, which increases capital costs—especially for full-scale 
applications [142]. While operational costs are relatively low under solar illumination, they rise 
significantly with the use of artificial lighting or intensive feedstock handling. Feedstock 
pretreatment, such as alkaline hydrolysis or enzymatic depolymerization, can enhance H₂ yields but 
adds to the overall cost, with current estimates placing the levelized cost of H2 (LCOH) at around 
$50.70/kg, far above conventional methods. Reducing costs through improved catalysts and 
streamlined pretreatment methods is essential for commercial viability [140]. 

Table 4. Breakdown of economic factors affecting plastic photoreforming feasibility. 

Cost Factor Key Points 

Catalyst Synthesis 

- Noble metals improve H2 yield; however, the materials are costly 
- Even base-metal systems (Ni, Fe) have synthesis costs 
- Earth-abundant alternatives (g-C3N4 mineral oxides) under study 
- Catalyst longevity helps spread the cost 
- Some metal-free systems show multi-day stability 

Photoreactor Setup 

- Light delivery requires transparent materials, large surface areas 
- Commercial setups: panels, troughs, floating systems 
- High capital cost due to quartz/glass, mirrors, CPCs 
- The modular scale-up appears feasible (2 mL → 120 mL) 
- Full-scale systems need thousands of liters, adding complexity 

Operational Costs 

- Low cost under sunlight, minimal energy input 
- Operational needs: pumping, stirring, catalyst replacement 
- Artificial light (UV/LED) increases cost dramatically 
- Conventional steps (shredding, washing) are low cost 
- Advanced pretreatments (plasma, enzymes) raise OPEX 

Feedstock Pretreatment 

- NaOH/KOH hydrolysis is common but adds chemical cost 
- Base recovery adds complexity 
- Enzymatic routes are mild but expensive 
- LCOH ~ $50.70/kg H2 (base pretreatment) 
- Cost reduction is possible via cheaper methods or active catalysts 
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Considering these factors, current TEA studies suggest that plastic photoreforming is not yet 
cost-competitive with conventional H2 production. For instance, H2 produced from large-scale 
natural gas reforming costs around $1.50 per kg, and even electrolysis with renewable power aims 
for less than $5 per kg. In comparison, the first estimates for photoreforming are one to two orders of 
magnitude higher in cost [140]. However, these analyses also highlight levers for cost reduction. If 
the feedstock is considered free (or has a negative cost, as municipalities may pay for waste 
processing), and if co-product revenues are accounted for by selling organic byproducts, the 
economics improve. Studies have shown that generating salable chemicals (such as diesel-range 
hydrocarbons or monomers) alongside H2 could offset enough costs to roughly halve the levelized 
cost of H2 production of the process [143]. Another important factor is scale: many renewable 
technologies start out as expensive but decrease in cost with scale and technology advancement. 
Photoreforming may leverage advancements in photocatalytic water splitting and solar reactor 
design being developed within the energy research community. Moreover, integrating 
photoreforming with existing waste management infrastructure could help defray costs (for example, 
by siting photoreactors at landfills or wastewater treatment plants that already collect waste and have 
available land area). In LCA/TEA terms, the “credit” for avoiding plastic pollution and the 
environmental benefit of preventing landfill or incinerator use is significant but not easily monetized. 
Some analyses suggest that if carbon credits or pollution penalties are factored in, photoreforming’s 
value proposition becomes stronger, despite higher upfront costs [9]. Even though current economics 
are challenging, there are clear pathways (such as cheaper catalysts, co-product valorization, and 
policy incentives) that could move plastic photoreforming toward viability in the future. 

6.4. Comparative Benchmarking 

Benchmarking against other H2 production methods highlights the unique niche of plastic 
photoreforming as well as the hurdles it must overcome for commercial deployment. Traditional 
photocatalytic water splitting utilizes sunlight to split pure water into H2 and O2. The oxygen 
evolution half-reaction is highly endothermic and kinetically slow, which limits the overall efficiency. 
Water splitting also doesn’t depend on a supply of waste – it can run anywhere with water and 
sunlight, whereas plastic photoreforming targets a very specific feedstock. In terms of maturity, 
photocatalytic water splitting has been studied for decades; plastic photoreforming is a relatively 
new approach that can leverage some of the same advances, such as the development of new 
photocatalyst materials. A critical factor for photoreforming is that it must not only generate H2 
efficiently but also handle the carbon in a way that adds value or at least causes no harm. Water 
splitting doesn’t have this burden. Thus, if the goal is purely to produce renewable H2, water splitting 
sets the benchmark (with no carbon involved); however, photoreforming makes sense as a 
complementary route that also addresses the elimination of waste plastic. A future sustainable energy 
system could utilize water splitting for H2 when sunlight and clean water are abundant and switch 
to photoreforming in contexts where organic waste is available as a feedstock, thereby producing H2 
while recycling the waste. 

Photocatalytic reforming is not limited to plastics – numerous studies have utilized biomass-
derived substrates, including sugars, glycerol, and cellulose, to produce H2. In fact, biomass 
photoreforming is generally easier than plastic because biomolecules are more labile [14]. For 
example, methanol photoreforming proceeds readily at much lower light energies than water 
splitting, and lignocellulosic waste can be broken down by photocatalysts into H2 and CO2 or small 
organics with fewer barriers, as biomass often contains oxygen and functional groups that facilitate 
degradation [144]. Plastics are more inert than these, especially polyolefins, which are essentially long 
hydrocarbon chains with no polar groups. As a result, benchmark H2 rates for biomass reforming are 
often higher. Indeed, reported H2 yields from photocatalytic lignocellulose reforming or even 
microalgae can reach several mmol g-1 h-1 under similar light conditions, outpacing many early plastic 
reforming results [125].  
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However, plastic photoreforming targets a problematic waste stream that biomass methods do 
not address – waste plastics are increasing in volume and do not decompose biologically. In contrast, 
biomass is renewable and already part of the natural carbon cycle. In terms of outputs, biomass 
reforming usually fully mineralizes the substrate to CO2 (especially if the goal is maximal H2), 
whereas plastic photoreforming, as noted, tends to stop at intermediates. Some recent research blurs 
the line between biomass and plastics, for instance, co-photoreforming mixtures of plastic and 
biomass or using bio-derived enzymes to preprocess plastics [140]. Such hybrid approaches aim to 
harness the easier degradability of biomass to kickstart plastic breakdown. In summary, biomass 
photoreforming sets an upper benchmark for performance, as those substrates are easier to reform. 
Plastic photoreforming is gaining momentum by employing similar catalytic strategies, such as 
adapting catalysts developed for glycerol to work with polymers. However, it must overcome the 
greater stability of plastic polymers. Notably, both processes share some scalability issues, such as 
handling solid feeds and mass transfer, and both offer the appealing concept of a “solar refinery” – 
utilizing sunlight to produce H2 fuel and value-added chemicals from waste. 

The ultimate yardstick for H2 generation is industrial technologies, such as steam methane 
reforming (SMR), coal gasification, and, increasingly, water electrolysis [141]. SMR (from natural gas) 
produces the bulk of the world’s H2 at a cost of $1–2 per kilogram of H2; however, the system emits 
~9 kilograms of CO2 per kilogram of H2 and relies on fossil fuels. Coal gasification has even higher 
emissions. Plastic photoreforming, if successful, could offset some of the fossil H2 by providing a 
green H2 source and consuming waste plastic, thereby addressing two environmental issues 
simultaneously [56]. However, in terms of efficiency and throughput, photoreforming is currently far 
behind SMR – sunlight is a diffuse energy source, and photocatalytic rates (even in the best cases, 
which are typically in the tens of mmol g-1 h-1) are many orders of magnitude lower than the thermal 
reaction rates in an SMR plant. Additionally, SMR produces H2 continuously from a constant gas 
stream, whereas photoreforming would likely be a batch or semi-batch process dealing with slurries 
of solid waste. Photoreforming’s advantage is its virtually zero feedstock cost and carbon-neutral (or 
even carbon-negative) footprint, which SMR cannot match. Compared to electrolysis, 
photoreforming doesn’t require an external electrical input – the solar energy is harvested directly by 
the catalyst. Water electrolysis coupled to solar PV is a competing sustainable route to H2. 
Photoreforming might have an edge when feedstock cost is considered: electrolysis requires pure 
water (which has a cost and can be scarce) and yields only H2 (with no co-products), whereas 
photoreforming “pays for itself” partly by treating waste. That said, electrolysis technology is far 
more mature; large electrolysis plants (greater than 100 MW) are being built now, whereas 
photoreforming is still at the lab prototype stage. A techno-economic analysis noted that H2 from 
waste, via pyrolysis or gasification, could potentially reach costs in the $1.4–4.8 per kg range, 
comparable to electrolysis, if scaled efficiently (Figure 7) [141]. This suggests that if photoreforming 
can significantly improve its efficiency (perhaps via better light utilization, photocatalyst quantum 
yields, and continuous flow designs), it could eventually compete on cost, especially since it sidesteps 
the electricity-to-hydrogen conversion losses inherent in electrolysis. 
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Figure 7. Comparison of H2 production methods: cost vs. CO2 emissions. 

Regardless of the comparison, several critical factors will determine whether plastic 
photoreforming can transition from a lab curiosity to an industrial application. Among these 
parameters, the solar-to-hydrogen (STH) efficiency must increase. Current STH efficiencies are often 
well below 10%. To be practical, much higher efficiencies (15% - 25%+) are needed so that reasonable 
reactor areas can generate significant H2. This ties to improving catalyst light absorption (e.g., 
extending the response into the visible spectrum), minimizing charge-carrier recombination, and 
ensuring that each photon absorbed leads to a useful chemical reaction [11]. The impressive rates 
achieved with novel catalysts (e.g., NiPS3/CdS or NiCr2O4/TiO2-CZS) are encouraging; nevertheless, 
these must be reproducible in larger, real-sunlight systems [125,145]. Efficiently illuminating a reactor 
full of plastic and catalyst is non-trivial. Light attenuation, mixing, and mass transport limit the 
reactor depth. Scale-up may require thin, sheet-like reactors or transparent devices through which 
slurry flows. Alternatively, immobilizing the photocatalyst on surfaces (to avoid filtration) while still 
allowing it to contact the plastic presents an engineering challenge. Full-scale also implies moving 
from idealized pure plastics to mixed waste streams. A commercial system would need to handle a 
heterogeneous mix of plastics, possibly contaminated with food or other debris [56]. Robust 
pretreatment (such as shredding, washing, and possibly chemical dosing) will be required, adding 
complexity; however, it will align with the existing skill set of waste management operations. 

For long-term operation, photocatalysts must resist deactivation and maintain their durability. 
Fouling by byproducts, photochemical corrosion (e.g., CdS can photocorrode to Cd2+ in solution), or 
loss of co-catalysts (like metal nanoparticles sintering or detaching) are concerns [56]. Frequent 
replacement of catalysts would drive up costs, so research focuses on stable materials (e.g., TiO2 is 
very stable under UV, carbon nitrides are fairly stable under visible light, etc.). Encapsulation of 
photosensitive, however, active catalysts or the development of self-cleaning surfaces (to shed coke 
and deposits) could improve longevity. In an industrial benchmark, catalysts should ideally last 
months or possibly years, with minimal activity loss, which is a tall order given most lab tests run 
days at most. The photoreforming process must be integrated with separation units for H2 and for 
any liquid products. If the goal is pure H2, one might integrate a membrane that allows H2 to escape 
continuously from the reactor [56]. This would prevent the buildup of pressure and remove H2 to 
avoid reverse reactions. Liquid products could be periodically drained and processed (e.g., distilled 
to separate organics from the aqueous alkali). The need for these additional units means that a 
photoreforming plant begins to resemble a chemical plant with multiple sections, including reaction, 
separation, and recycling of unreacted materials. Designing this in a simple, possibly modular way 
will impact viability. One concept is a modular photoreforming unit that can be deployed at remote 
locations, much like a solar-powered “waste-to-hydrogen” unit on site. This has appeal for, say, off-
grid communities or island nations where plastic waste is plentiful and H2 could be used for energy. 
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Finally, when benchmarking photoreforming, one must consider that mechanical recycling and 
other forms of chemical recycling, such as pyrolysis and hydrolysis, are also competing to handle 
waste plastics. Photoreforming will be most attractive for plastics that are not easily recycled by other 
means, such as dirty, mixed, or non-polyester plastics, where mechanical recycling yields low-quality 
output [56]. It may also find use in destroying microplastics or plastic pollutants in water, where the 
simultaneous generation of H2 adds value to environmental cleanup. If mechanical recycling can be 
done, it is usually more energy-efficient to melt and remold plastic than to break it into H2. Therefore, 
photoreforming’s niche is likely non-recyclable plastic waste, which is indeed the focus of several 
studies. In that niche, its competition is landfill or incineration – and against those, photoreforming 
fares very well on an environmental basis, with no toxic emissions and useful outputs. The 
technology that perhaps comes closest is the gasification/plasma conversion of waste to syngas, 
which is commercially piloted. Gasification operates at high temperatures but is less selective, 
producing CO2 and CO and requiring an energy input. Photoreforming is the low-temperature, solar-
driven counterpart, trading speed for selectivity and sustainability.  

In conclusion, plastic photoreforming is a promising and multifaceted approach at the 
intersection of renewable energy and recycling. When benchmarked against other H2 production 
methods, it stands out by addressing two problems simultaneously: clean energy and plastic waste. 
Its current performance is below that of mature technologies; however, rapid advances in catalyst 
efficiency and a deeper understanding of reaction pathways are closing the gap. The ultimate 
viability will depend on achieving competitive H2 production rates and demonstrating that the 
process can be scaled and integrated in a cost-effective and sustainable manner. Each comparison — 
with water splitting, biomass reforming, and conventional H2 production — provides both 
inspiration and perspective: photoreforming doesn’t need to replace those methods outright; 
however, if it can complement them by utilizing waste as a resource, it could carve out a valuable 
role in the future H2 economy. The next decade of research and pilot demonstrations, guided by 
TEA/LCA insights, will determine whether solar-driven upcycling of plastic to H2 can transition from 
lab curiosity to a commercially deployed reality. 

7. Environmental and Sustainability Perspectives 

7.1. Waste Management and the Circular Economy Context 

Photocatalytic plastic photoreforming provides a means to convert difficult-to-recycle plastics 
into valuable products, such as H2 fuel, thereby complementing conventional recycling methods. 
Currently, only about 9% of plastic waste is recycled, and nearly 79% ends up in landfills or the 
natural environment [146]. By targeting non-recyclable plastics (e.g., contaminated, or mixed waste), 
photoreforming could divert a significant fraction of this waste from landfills. Recent demonstrations 
show that real-world plastic waste (such as polyester microfibers or oil-contaminated PET) can be 
photoreformed into H2 and organic chemicals [56]. This indicates that photoreforming can be 
integrated as an upcycling step in recycling facilities, simultaneously eliminating plastic waste and 
generating useful fuels. Such integration would reduce pollution and landfill volumes while 
providing an economic incentive (in the form of H2 yield) to reclaim plastics rather than discard them. 

7.2. Waste Management and the Circular Economy Context 

During photocatalytic plastic degradation, the polymer can break large polymer chains into 
smaller fragments; however, if the process is incomplete, it may generate microplastics or 
nanoplastics as interim fragments (Figure 8) [147]. The absence of conversion to CO2 means that 
polymers pass through various oxidized organic intermediates. Partial oxidation of polymers yields 
a spectrum of smaller compounds such as alcohols, aldehydes, ketones, carboxylic acids, and 
hydroxy acids [148]. For instance, polyolefins such as PE and PP tend to form long-chain oxygenated 
products, including long-chain alcohols and acids, in their soluble oxidized fractions. Aromatic 
polymers behave differently; PS photodegradation produces aromatic intermediates, with benzoic 
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acid and terephthalic acid (1,4-benzenedicarboxylic acid) identified as major byproducts. These 
intermediates have been confirmed via spectroscopic and chromatographic analyses [149,150]. 
Eventually, the continued photocatalytic attack can break down these intermediates to CO2 is 
observed as the main final product once oxidation runs to completion [147]. The presence of carbonyl 
(C=O) and hydroxyl (–OH) functional groups on partially oxidized plastics, as observed from FTIR, 
validates these intermediate byproducts. Identifying and characterizing such intermediates is crucial, 
as it informs whether the process stops at potentially harmful chemicals or proceeds to full 
mineralization. 

 
Figure 8. General representation of discharge and transportation of microplastics in the ecosystem. 

In the situations of photocatalytic treatment is incomplete, the release of microplastics and 
oxidative byproducts poses environmental risks. Micro- and nanoplastics are persistent pollutants 
that can accumulate in aquatic and terrestrial environments, where they present physical and 
chemical hazards to organisms [147]. These small plastic particles can be ingested by wildlife, 
potentially causing digestive blockages, reduced feeding, and the transfer of pollutants up the food 
chain. Moreover, microplastics can act as vectors for other contaminants – they sorb and carry 
persistent organic pollutants and heavy metals on their surfaces, compounding ecological risks [147]. 
The chemical additives in plastics, such as stabilizers, plasticizers, and flame retardants, also leach 
out during degradation. As plastics fragment and age, additives not chemically bound in the polymer 
matrix can dissolve into water, posing ecotoxicological risks [151]. Many of these additives (and their 
degradation products) have toxic or endocrine-disrupting effects, yet their identities and impacts are 
not fully understood. 

As a result, there is growing concern regarding the formation of partially oxidized byproducts 
during the photoreforming process. These intermediate compounds (e.g., short-chain acids, 
aldehydes, phenolics) may be more bioavailable and toxic than the original polymer. For example, 
laboratory aging of plastics has shown that oxidized oligomers can leach out and potentially affect 
microorganisms and animals [148]. Biale et al. emphasize that pollution by microplastics is not just 
about the solid particles but also “the small, oxidized species that may leach out” of those particles, 
which could have their own toxicity. Therefore, an important part of risk assessment is evaluating 
the toxicity and fate of intermediate byproducts in addition to the physical microplastics [152]. 
Environmental studies and LCA are increasingly calling for photocatalytic systems that either trap 
and fully degrade these byproducts or ensure they are harmless before any release [153]. 

To prevent the formation of persistent microplastics or toxic byproducts, current studies are 
developing strategies to drive photocatalytic reactions to complete mineralization. This includes 
enhanced oxidation conditions, utilizing additives or operational tweaks to generate more reactive 
species and prevent the early termination of the reaction. For example, adding electron acceptors 
(such as persulfate) can suppress charge-carrier recombination and boost •OH radical production, 
leading to more complete oxidation of plastic residues [154]. Optimized catalysts under UV light have 
achieved a conversion of over 98% of microplastic carbon to CO2 in hours, demonstrating that 
aggressive oxidation conditions can eliminate nearly all organic remnants. Pre-treatment and 
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fragmentation facilitate the breakdown of bulk plastics into smaller sizes before or during 
photocatalysis, thereby enhancing surface area and catalyst contact [54,154,155]. Optimized catalysts 
under UV light have achieved a conversion of over 98% of microplastic carbon to CO2 in hours, 
demonstrating that aggressive oxidation conditions can eliminate nearly all organic remnants. Pre-
treatment and fragmentation facilitate the breakdown of bulk plastics into smaller sizes before or 
during photocatalysis, thereby enhancing surface area and catalyst contact [54,155]. Mechanical 
milling of plastic waste into micro-scale particles has been shown to accelerate subsequent 
photocatalytic degradation [156]. Smaller fragments (or thinner fibers) allow more efficient light 
penetration and oxidant access, ensuring that no large unoxidized core remains. Similarly, swelling 
or softening plastic (via solvents or thermal pretreatment) can increase the polymer's susceptibility 
to photochemical attack. Multistep and combined processes are often necessary to degrade stubborn 
intermediate oligomers that resist direct photocatalytic conversion effectively [157]. A recent study 
on PET photoreforming introduced a mild chemical activation step (using H2PdCl4) that breaks 
insoluble high-molecular-weight fragments into simpler compounds, which are then more easily 
mineralized under light [158]. Such approaches target the typically recalcitrant byproducts, such as 
waxy or char-like residues, that pure photocatalysis may leave behind. In other cases, combining 
photocatalysis with Fenton or photo-Fenton reagents (•OH from Fe/H2O2) has been successful in 
degrading microplastics that resist direct photolysis [159]. However, the overarching strategy is to 
leave no persistent pollutant: any intermediate that isn’t mineralized by one method is subjected to 
another until complete degradation is achieved [156]. Achieving complete photoreforming of plastics 
without generating microplastic byproducts heavily relies on innovations in photocatalyst design 
and reactor engineering. High-activity photocatalysts, such as traditional TiO2 photocatalysts, are 
effective under UV but can be limited by fast charge recombination and a lack of visible-light 
absorption [10]. Recent studies focus on doping and composite strategies to enhance performance, 
namely, the introduction of carbon and nitrogen that creates mid-gap states, extending its activity 
into visible light and improving microplastic degradation rates [160]. Similarly, coupling TiO2 or ZnO 
with co-catalysts (e.g., depositing noble metals or coupling with other semiconductors) boosts 
efficiency (Section 4.3). Plasmonic Pt-ZnO nanorods have demonstrated enhanced visible-light 
degradation of microplastic fragments compared to bare oxides [161]. Recent studies focus on doping 
and composite strategies to enhance performance, namely, the introduction of carbon and nitrogen 
that creates mid-gap states, extending its activity into visible light and improving microplastic 
degradation rates [160]. Similarly, coupling TiO2 or ZnO with co-catalysts (e.g., depositing noble 
metals or coupling with other semiconductors) boosts efficiency (Section 4.3). Plasmonic Pt-ZnO 
nanorods have demonstrated enhanced visible-light degradation of microplastic fragments 
compared to bare oxides [161]. Such composites harness a broader solar spectrum and generate more 
radicals, thereby reducing the chance of partially oxidized leftovers. Novel photocatalysts beyond 
the usual oxides – e.g., bismuth oxyhalides (BiOCl) and CuxO semiconductors – have shown activity 
against microplastics. In the near future, metal-free photocatalysts like graphitic carbon nitride (g-
C3N4) are expected to play a role, given their success in removing other organic pollutants (Section 
4.2). These new materials aim to maximize quantum efficiency and generate powerful oxidizing 
species so that plastics are fully broken rather than merely shattering into micro-debris. Reactor and 
contact engineering play a crucial role beyond the catalyst itself, as the reactor configuration is 
essential in mitigating microplastic formation. One advance is the use of immobilized catalysts in 
structured reactors that improve contact with plastic pollutants. For instance, TiO2-coated β-SiC foam 
monoliths have been employed in flow-through reactors to treat plastic suspensions, achieving 
substantial total organic carbon removal (~50% in 7 hours for polymethyl methacrylate microplastics) 
while allowing for continuous operation [162]. Such designs prevent the escape of partially degraded 
particles by keeping them in a reactive environment until complete breakdown occurs. Another 
innovative concept is the development of self-propelled photocatalytic micromotors. Chattopadhyay 
et al. created TiO2 “Pac-Man” micromotors that actively swim in water, latch onto microplastic 
particles, and degrade them in situ [163]. These microscale robots use photocatalytic propulsion to 
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corral microplastics, ensuring close contact for efficient oxidation. By combining physical collection 
with chemical degradation, they significantly reduce the likelihood that any microplastics escape 
treatment. Additionally, researchers are integrating photocatalysts into membrane filters and 
coatings, allowing water to pass through while simultaneously capturing and oxidizing plastics. 
Examples include N-doped TiO2 coatings on filter surfaces that achieved a measurable breakdown of 
microplastic particles during filtration [164]. All these reactor innovations share the common goal of 
maximizing interaction between plastics and photoactive surfaces so that even tiny fragments are 
continuously exposed to oxidative radicals until they are completely mineralized. This holistic design 
approach minimizes the formation and release of microplastics in photocatalytic systems. 

7.3. Policy and Regulatory Landscape 

Supportive policies play a pivotal role in accelerating the adoption of plastic photoreforming by 
recognizing its environmental and economic benefits. Many governments are incentivizing green H2 
production, including H2 derived from renewable or waste-based sources. For instance, the United 
States has introduced tax credits of up to $3 per kilogram for clean H2 production [165,166]. Such 
financial incentives improve the viability of H2 sourced from waste plastics, potentially making 
photoreforming more competitive with conventional fossil-fuel-derived H2. Extended Producer 
Responsibility (EPR) policies are increasingly being implemented to shift the burden of plastic waste 
management onto producers. These policies mandate that producers contribute to the costs 
associated with plastic waste collection, recycling, and disposal. In Europe, EPR initiatives have led 
to increased plastic waste recovery, with Germany and the UK demonstrating successful 
implementations of these frameworks [165]. For example, Germany has adopted a dual-system 
approach, where companies are required to take back used packaging and contribute to recycling 
initiatives, thus ensuring a steady supply of waste plastics that could be redirected toward 
photoreforming. 

While existing policies are making strides toward reducing plastic pollution, additional 
legislative support is necessary to scale up advanced recycling technologies such as photoreforming. 
Future regulatory measures could focus on: 

• Increased R&D Funding: Governments could allocate research grants to accelerate the 
development of high efficiency photocatalysts and scalable reactor designs. 

• Market-Based Incentives: Carbon credits or renewable energy credits could be extended to 
photoreforming projects. 

• Mandated Recycled Content: Setting minimum thresholds for recycled plastic usage in 
industrial applications could further drive investment in advanced recycling technologies. 

Overall, strong policy support, including H2 incentives, EPR enforcement, and waste reduction 
mandates, creates a favorable environment for integrating plastic photoreforming into the broader 
waste management and energy sectors. 

8. Challenges and Future Directions 

8.1. Technical Hurdles 

Plastic photoreforming is often limited by low quantum yields and slow H2 evolution rates 
[167,168]. One of the challenges is that many photocatalysts only harvest UV light (∼4% of sunlight), 
leaving most of the solar spectrum unused. Moreover, rapid charge-carrier recombination competes 
with the redox reactions; photogenerated electrons and holes can recombine in nanoseconds, whereas 
surface oxidation of plastics is much slower (milliseconds to seconds). These kinetic mismatches 
severely curb efficiency. Strategies to improve rates focus on materials engineering to broaden light 
absorption and suppress recombination. For example, creating oxygen vacancies in TiO2 by high-
pressure phase alteration has been shown to enhance visible-light absorption and prolong charge 
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separation, boosting H2 output during PET photoreforming [15]. Similarly, tailoring g-C3N4 structure 
can dramatically improve activity – melamine-derived g-C3N4 with Pt co-catalyst achieved ~7.3 mmol 
H2 g-1·h-1, far outperforming other variants, thanks to its higher crystallinity, reducing defect 
recombination [169]. Such advances demonstrate that rational catalyst design, including defect 
engineering and optimized crystal phases, can enhance photoreforming rates closer to practical 
requirements.  

Photocatalyst durability is also a critical factor for any sustained H2 production process. In 
practice, many catalysts suffer from gradual deactivation due to photo-corrosion, fouling, or 
structural breakdown [168]. For instance, sulfide photocatalysts (e.g., CdS) can photocorrode or leach 
toxic ions, losing activity [56]. Real plastic wastes can also release additives (dyes, halogens, etc.) that 
poison active sites by forming inhibiting byproducts on the catalyst surface. Over time, photocatalyst 
crystals may lose crystallinity, and active sites become occluded by reaction intermediates or polymer 
residues, causing performance to drop. Robust catalyst design and operating strategies are needed to 
combat these effects. Developing cocatalysts that resist poisoning (e.g., Ni2P instead of noble metals) 
and using protective layers or supports can improve longevity. Notably, carbon nitride/nickel 
phosphide systems have demonstrated stable H2 production over days of operation – one study 
showed a CNx|Ni2P catalyst remained active for >18 days until all plastic substrate was consumed. 
Its stability is attributed to strong catalyst–substrate interactions and an avoidance of self-
degradation pathways. In contrast, simply boosting initial activity (e.g., by N-doping CNx) can trade 
off stability – doping increased H2 yield but led to faster deactivation in long runs. Therefore, a 
balanced approach is required: catalysts must not only be active but also resist deactivation 
mechanisms like photooxidation, leaching, or surface fouling. Research is actively exploring durable 
photocatalysts (e.g., oxynitrides, phase-stable composites) and regeneration methods to ensure long-
term performance [11]. 

Real-world plastic waste is heterogeneous and often contaminated, posing a major hurdle for 
photoreforming. Impure feeds can introduce light attenuation and inhibitors. Colored plastics or 
additives absorb/scatter light, effectively “stealing” photons that the catalyst needs [167]. Turbid 
slurries of mixed waste limit light penetration, especially in scaled reactors. Additionally, common 
additives (e.g., stabilizers, fillers, chlorine from PVC) can scavenge reactive radicals or poison 
catalysts, severely reducing H2 yields. To address this complexity, pretreatment and adaptive reactor 
strategies are employed. For example, one approach is chemical/enzymatic pretreatment to 
depolymerize plastics into smaller, soluble compounds that are more amenable to photocatalysis. 
Recent studies demonstrated that soaking resilient polymers like PP, PS, or PVC in 40-70°C NaOH 
for hours can break them into monomers, which are then readily photoreformed to H2 [64,170]. This 
tandem depolymerization-photoreforming strategy significantly improved the conversion of “inert” 
plastics. Similarly, combined processes (chemo-enzymatic routes) have been proposed, where 
enzymes first digest the polymer into oligomers that the photocatalyst can oxidize efficiently 
[140,171]. Even without extensive pretreatment, some advanced catalysts can tolerate mixed wastes: 
a CNx|Ni2P photocatalyst was shown to generate H2 from real municipal waste samples, including 
microplastic fibers and food-contaminated plastics, when run in alkaline water [56]. However, careful 
reactor design, including agitation and illumination geometry, was necessary to maintain efficiency 
at a larger volume. Overall, handling waste stream complexity requires (i) removing or mitigating 
inhibitors (through sorting or pretreatment to eliminate toxic elements and soluble impurities) and 
(ii) designing catalysts and reactors that can operate with impure, opaque feeds. Developing 
photocatalysts that are poison-resistant and active in complex media is an active area of research, 
crucial for translating lab-scale photoreforming to practical applications for waste plastics. 

8.2. Materials Innovation 

Achieving breakthrough performance in plastic photoreforming will likely require novel 
photocatalyst materials beyond the traditional TiO2 and g-C3N4. Researchers are exploring materials 
that offer wider light absorption, higher activity, and greater durability. Perovskite-based systems 
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are one promising avenue; for example, bias-free photoelectrochemical cells using halide perovskite 
photoabsorbers have been designed to simultaneously oxidize soluble plastic waste on one electrode 
while generating H2 on the other [172]. These tandem devices leverage the excellent visible-light 
absorption of perovskite semiconductors, though stability (especially in aqueous conditions) remains 
a challenge. Another cutting-edge approach is the use of high-entropy oxides/oxynitrides as 
photocatalysts. By incorporating five or more different cations into a single lattice, high-entropy 
materials can exhibit synergistic electronic effects and defect chemistry not found in conventional 
catalysts. A recent study introduced a high-entropy oxynitride (Ti-Zr-Hf-Nb-Ta-N) for PET 
photoreforming, which achieved superior H2 and organic product generation compared to the parent 
oxide [11]. The nitrogen incorporation distorted the lattice and narrowed the bandgap, dramatically 
enhancing visible-light activity and charge separation. Such materials also showed excellent stability 
under illumination, addressing longevity concerns. Single-atom catalysts (SACs) are another 
visionary solution: isolating metal atoms (e.g., Pt, Ni, Co) on a support can maximize active site 
exposure and tunability. To date, SACs have rarely been applied to plastic photoreforming, but 
experts see big potential [168]. For instance, single-Pt-atom decorated carbon nitride has been 
proposed to efficiently drive H2 evolution with minimal precious metal loading. Similarly, dual-atom 
and cluster catalysts could provide cooperative active sites for simultaneous plastic oxidation and H2 
evolution [173–175]. Currently, SACs have rarely been applied to plastic photoreforming, but experts 
see big potential [168]. Tandem systems are also envisioned, where two (or more) coupled 
photocatalysts target different steps: one optimized for polymer oxidation and another for H2 
evolution, working in concert (e.g., Z-scheme heterojunctions linking a strong oxidizer with a H2-
generating semiconductor) [168]. Lastly, catalyst recyclability and reusability are being factored into 
the design [176]. Future photocatalysts may be engineered on insoluble supports or as easily 
recoverable frameworks, such as photocatalytic metal-organic frameworks or robust polymer films, 
to allow for repeated use without performance loss [177,178]. Lastly, the recyclability and reusability 
of catalysts are being factored into the design. The ultimate vision is a new generation of 
photocatalysts that are highly active under sunlight, robust against deactivation, and constructed 
from earth-abundant elements – this could include advanced doped semiconductors, 2D materials 
(such as MXenes and graphitic carbon nitride derivatives), and plasmonic composites that utilize the 
full solar spectrum. 

To fully harness sunlight for H2 production from waste, photocatalysts must be tailored for 
strong visible-light absorption and efficient utilization of charge carriers. This involves bandgap 
engineering and nanostructuring to optimize how a material absorbs photons and transports 
electrons and holes. Translating plastic photoreforming from benchtop reactors to the industrial scale 
presents significant engineering challenges. Conventional slurry reactors, where powdered 
photocatalyst is dispersed in a plastic waste solution, encounter problems when scaled up: ensuring 
uniform light distribution, preventing catalyst agglomeration, and handling opaque mixtures are 
non-trivial. As reactor volumes increase, photocatalyst particles tend to settle or clump, leading to 
inefficient illumination and reaction “dead zones.” Continuous flow operation will be crucial for 
commercialization, replacing batch setups with systems that can steadily process incoming waste. 
Early demonstrations of continuous photoreforming (as in the panel reactor) are encouraging, 
although further work is needed on reactor throughput, fouling management (e.g., removing solid 
residues), and integration with pre- and post-processing units (for feed preparation and product 
recovery). Ultimately, scalable photoreforming may be implemented in specialized solar reactors at 
recycling centers or landfills, where sunlight can be harnessed to treat waste streams on-site. Reactor 
engineering innovations −from catalyst immobilization and modular reactor scaling to light 
management− are paving the way toward larger-scale, real-world photoreforming applications. 

For plastic photoreforming to be commercially viable, it must produce H2 at costs competitive 
with conventional methods like SMR or water electrolysis. Encouragingly, preliminary techno-
economic analyses suggest photoreforming could achieve favorable economics under optimized 
conditions. The range of current fossil-derived “grey” H2 ($1–2 per kg) and lower than most “green” 
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H2 from electrolysis (often $4–6 per kg) [179,180]. Several factors give photoreforming a potential 
economic edge: it utilizes solar energy, which is free, and plastic waste feedstock, which is either 
cheap or even has a negative cost (municipalities may even pay to dispose of it). In essence, 
photoreforming piggybacks on waste management – it can be seen as waste treatment that generates 
fuel. This dual benefit means the process could earn credits for waste reduction while producing H2. 
Moreover, the mild reaction conditions (ambient temperature and pressure) translate to lower 
equipment and operational costs compared to high-temperature SMR (steam methane reforming) or 
gasification [56]. However, there are important caveats and current weaknesses. Photoreforming is 
an inherently intermittent technology (dependent on sunlight); thereby, consistent H2 output would 
require energy storage or hybrid systems to buffer night-time or cloudy-day production. The land 
area required for solar capture can be substantial for significant H2 volumes, which may limit 
deployment in densely populated areas. Additionally, while the feedstock is “free” in principle, 
collecting, sorting, and preprocessing waste plastics entail logistical costs that must be factored into 
the equation. 

In summary, photoreforming uniquely merges waste remediation with fuel production, 
operating at ambient conditions with only sunlight as the energy input [56]. Its major strengths are 
sustainability (converting an environmental liability into clean H2) and potentially low operating cost 
since neither high-pressure reactors nor external fuel/energy are required (Figure 9) [12]. It produces 
H2 without direct CO2 emissions and can generate valuable co-products from plastic carbon, unlike 
water electrolysis, which only yields oxygen as a byproduct. Compared to SMR, photoreforming 
avoids fossil feedstock and greenhouse gases; however, it currently lags in reaction rate and scale. 
SMR can continuously produce large H2 volumes but at the cost of CO2 emissions and energy-
intensive operation. Compared to electrolysis, photoreforming doesn’t require expensive electricity 
or pure water and can achieve the difficult water oxidation step more easily by using plastics as 
sacrificial donors (bypassing the slow oxygen evolution reaction) [12]. However, today’s electrolysis 
technologies have higher technological readiness and can reach higher solar-to-hydrogen efficiencies 
when coupled with photovoltaic power, whereas photoreforming is still improving its quantum 
efficiencies. In short, the weaknesses of plastic photoreforming are its early-stage development, 
relatively low H2 output per reactor volume, and dependence on sunlight, as well as the variability 
introduced by real-world waste [181]. Its strengths lie in sustainability and integrative value: it 
addresses two problems (plastic waste and clean fuel) simultaneously, which could justify its 
adoption even if pure economic metrics are marginal. With continued innovation in catalysts, 
reactors, and systems integration, the gap between photoreforming and incumbent H2 technologies 
is expected to narrow, positioning photoreforming as a key player in a future circular H2 economy 
[66]. 

 
Figure 9. Techno-economic and environmental comparison of H2 production technologies. 
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9. Conclusions 

Plastic photoreforming represents a transformative approach at the intersection of waste 
valorization and clean energy generation. By harnessing solar energy to convert non-recyclable 
plastics into H2 fuel and valuable chemical intermediates, this process offers a sustainable pathway 
to address the dual global crises of plastic pollution and greenhouse gas emissions. The reviewed 
advances in photocatalyst engineering—ranging from bandgap-tuned semiconductors and 
heterojunction composites to metal-organic frameworks and single-atom catalysts—have 
significantly improved H2 production rates, light absorption, and charge-carrier dynamics. Similarly, 
innovations in reactor design, pre-treatment strategies, and light management are pushing the 
boundaries of photoreforming performance and scalability. 

Despite these encouraging developments, several critical challenges remain. Achieving 
commercially viable H2 production hinges on overcoming low quantum efficiencies, improving 
catalyst durability under real-world conditions, and developing systems capable of handling 
heterogeneous and contaminated plastic waste streams. The formation of microplastic residues and 
toxic byproducts during partial degradation also necessitates the development of integrated 
treatment systems and robust risk mitigation strategies to ensure environmental safety. Techno-
economic analyses reveal that while photoreforming is not yet cost-competitive with incumbent H2 
production methods, such as steam methane reforming or water electrolysis, its potential for low-
cost operation, driven by free solar energy and negative-cost feedstock, offers a unique value 
proposition. Life-cycle assessments further underscore its low-carbon footprint, especially when 
coupled with renewable energy inputs and co-product recovery systems. 

Moving forward, the integration of photoreforming into existing waste management and energy 
infrastructures could unlock its broader societal benefits. Aligning technology development with 
supportive policies, such as incentives for clean H2, carbon credits, and extended producer 
responsibility schemes, will be essential to drive adoption. Research efforts should prioritize the 
development of durable, earth-abundant photocatalysts, scalable modular reactors, and hybrid 
treatment systems that can operate under variable environmental conditions and mixed plastic 
feedstocks. In general, plastic photoreforming offers more than just a route to clean H2, it redefines 
plastic waste as a renewable resource within the framework of a circular economy. With continued 
interdisciplinary innovation and systems-level thinking, this emerging technology holds strong 
potential to evolve from a laboratory-scale concept into a commercially viable solution for sustainable 
energy and environmental remediation. 
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