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Plastic waste as a feedstock for solar-driven H2 generation  
Taylor Uekert,a Moritz F. Kuehnel,a,b* David W. Wakerley,a and Erwin Reisnera* 

Solar-driven photoreforming of plastics offers a simple and low-
energy means to turn waste into H2. Here, we report the efficient 
photoreforming of three commonly produced polymers – 
polylactic acid, polyethylene terphthalatate (PET) and 
polyurethane – using inexpensive CdS/CdOx quantum dots in 
alkaline aqueous solution. This process operates under ambient 
temperature and pressure, generates pure H2 and converts the 
waste polymer into high-value organic products such as formate, 
acetate and pyruvate. We further validate the real-world 
applicability of the system by successfully converting a PET water 
bottle to H2. This is the first demonstration of visible light-driven, 
noble metal-free photoreforming of plastic. 

Plastics are ideal for a vast range of applications due to their 
low cost and versatile properties, but their use also contributes 
to an ever-expanding disposal challenge. Eight million tons of 
plastic enter the oceans every year, and marine plastic 
pollution is predicted to outweigh the fish in the oceans by 
2050.1 Although recycling is increasingly prevalent, a third of 
all plastics are still too small or complex to recover 
economically.2,3 The severity and complexity of this waste 
challenge means that additional methods for recycling or 
reusing polymers are urgently needed. 

A potential solution is to use plastic waste as a feedstock for 
H2 generation. Over 50 million tons of H2 are produced 
annually worldwide for use in the agricultural, chemical and 
pharmaceutical industries.4 H2 is also a promising renewable 
energy carrier,5,6 yet 96% of the global H2 supply is currently 
generated via steam reforming of fossil fuels.7 Pyrolysis of 
waste plastics has been proposed as a replacement for this 
non-renewable process, but while it achieves H2 yields of 80-
90%, it still requires significant energy input (500-800 °C) and 
releases greenhouse gases (~12 kg CO2 per 1 kg H2).8–11 Figure 1. Diagram of the polymer photoreforming process with a 

CdS/CdOx quantum dot photocatalyst in aqueous solution.  
 

We propose ambient-temperature photoreforming (PR) of 
plastic waste as an alternative. Photoreforming requires four 
components – a photocatalyst, substrate, sunlight and water – 
to generate H2 at ambient pressure and temperature (Fig. 1). 
Electrons are excited to the conduction band (CB) of the 

Broader Context 

More than 8 billion tons of plastic have been produced 
since 1950, and roughly one million plastic bottles are 
purchased worldwide every minute. As landfills near 
capacity and concerns rise over plastic pollution in the 
oceans, it is becoming increasingly apparent that new 
methods for reusing polymers are desperately needed. 
Solar-driven reforming is a novel approach that enables 
the conversion of waste plastic into an energy source: H2 
fuel. This process only requires sunlight and a suitable 
photocatalyst. We report the visible-light driven reforming 
of three common polymers (including a PET water bottle) 
with a precious metal-free photocatalyst. This serves as 
proof-of-concept for the ability of photo-reforming to 
address two global challenges: plastic waste alleviation 
and renewable fuel production. 
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photocatalyst by sunlight, and reduce water to H2. The 
resulting holes in the valence band (VB) of the photocatalyst 
oxidise the substrate to smaller organic molecules that remain 
in solution.  

PR of simple alcohols has been researched extensively,12,13 
but these processed substrates are too costly for industrial H2 
production. Freely-available substrates such as waste plastics 
are therefore an attractive alternative, but are more 
challenging to reform due to their complex structures, low 
water solubilities and non-biodegradability. PR of plastics is 
thus limited to a single example of TiO2 producing low yields of 
H2 and CO2 from polyethylene (PE), polyvinyl alcohol and 
polyvinyl chloride (PVC).14 In addition to its poor activity, this 
system was constrained by its use of an expensive platinum co-
catalyst and reliance on UV irradiation. 

Here, we implement a CdS/CdOx quantum dot (QD) 
photocatalyst in alkaline aqueous solution to photoreform 
plastics. We demonstrate for the first time that pure H2 can be 
evolved from polylactic acid (PLA), polyethylene terephthalate 
(PET), polyurethane (PUR) and a PET water bottle. 
Simultaneously, the polymer is also valorised to organic 
products. Plastic PR with CdS offers a unique approach 
towards mitigating waste and generating H2 and organic 
chemicals in a visible light-driven process. 

CdS has a bulk band gap of 2.4 eV that allows for visible light 
absorption, and band positions (CB −0.5 V vs. NHE, VB +1.9 V 
vs. NHE) favourable for the PR half-reactions outlined above.15 
It also does not require a co-catalyst to reduce water to H2, in 
contrast to TiO2 and many other photocatalytic systems.16,17 
Despite its toxicity, Cd is inexpensive and commercially 
employed for energy conversion applications in CdTe 
photovoltaics.18 In this study, we used a CdS/CdOx QD 
photocatalyst.19,20 When CdS QDs (diameter ~5 nm, Table S1, 
Fig. S1a, λmax ~450 nm, Fig. S2a) are dispersed in aqueous 
NaOH, they form a thin Cd oxide/hydroxide shell (CdOx) that 
prevents photocorrosion.20,21 Ligand-free QDs were utilised 
with most substrates as their exposed surfaces tend to 
correlate with superior catalytic performance (Table S2).22,23 
Oleic acid-capped QDs were used only with PET as they offered 
slightly higher efficiencies (Table S2), potentially due to a 
hydrophobic effect favouring substrate-QD interaction.  

A variety of polymers were tested for PR over CdS/CdOx. 
Polyvinyl pyrrolidone, polyethylene glycol, PE, PVC, polymethyl 
methacrylate, polystyrene and polycarbonate all produced 
small quantities of H2 (Table S3). PLA, PET and PUR exhibited 
higher activities and were therefore selected for further study. 
PLA is a biodegradable polymer used for biomedical purposes, 
3D printing, and environmentally-friendly packaging.24 Since 
PLA is a potential replacement for PET and polystyrene,25 it 
should ideally be utilised at the end of its life cycle rather than 
merely degraded. PET accounts for 9% of global plastic 
production and is used in packaging. While it is recycled to a 
certain extent, the resulting material is often not reused 
because of its inferior properties.3 Novel recycling methods 
such as PET-degrading enzymes26 are promising in their ability 
to digest plastic, but unlike PR, are unable to produce fuel or 
other useful products. PUR is found in insulation and vehicle 

components, and is very challenging to recycle due to its 
composite nature.27 

In a typical experiment, commercially available polymers 
were ground to powders, suspended in 10 M aq. NaOH in the 
presence of CdS/CdOx QDs under N2 (atmospheric pressure), 
and exposed to simulated solar light (AM 1.5G, 100 mW cm−2) 
at 25 °C (see ESI for details). All experimental conditions, 
including QD, NaOH and substrate concentrations, were 
optimised for maximum H2 generation (Table S2, S4). PR of 
PLA, PET and PUR generates H2 with activities of 64.3 ± 14.7, 
3.42 ± 0.87, and 0.85 ± 0.28 mmolH2 gCdS

−1 h−1, respectively. H2 
production continues beyond 22 h to totals of 3.09 ± 0.15, 0.21 
± 0.04, and 0.04 ± 0.01 mmolH2 gsubstrate

−1 (Fig. S3, Table S5, S6). 
These activities correspond to external quantum yields of 15.0 
± 0.7% for PLA, 3.74 ± 0.34% for PET, and 0.14 ± 0.03% for PUR 
at λ = 430 nm (Table S7). All values are background-corrected 
by activity without substrates (Table S8), and no H2 is detected 
without QDs or light (Table S9). PR proceeds efficiently without 
UV irradiation (λ > 400 nm), indicating that the catalyst utilises 
visible light (Table S9). Mass spectrometry in deuterated and 
non-deuterated solvent confirms that the generated H2 
originates from water rather than the substrate (Fig. S4a). 
Transmission electron microscopy and UV-Vis spectroscopy 
(Fig. S1, S2) indicate that the CdS/CdOx QDs undergo minor 
aggregation during PR, a known phenomenon for CdS QDs.19 

 
Figure 2. Photoreforming of polymers to H2 using CdS/CdOx QDs (1 nmol) 
under simulated solar light (4 h, AM 1.5G, 100 mW cm−2, 25 °C). Conditions: 
powdered plastic (50 mg mL−1 PLA, 25 mg mL−1 PET, PET bottle or PUR) 
freshly prepared (no pre-treatment) or pre-treated in 10 M aq. NaOH (2 mL).  

Importantly, these activities obtained from freely-available 
waste plastic are comparable to CdS-based PR of more 
expensive substrates, such as furfural on Ni/CdS (3.9 mmolH2 
gcat

−1 h−1),28 lactic acid on NiS/CdS (7.3 mmolH2 gcat
−1 h−1),29 and 

glucose on MoS2/CdS (55 mmolH2 gcat
−1 h−1).30 They are also 

superior to those reported for the only previous example of 
plastic PR. 5% Pt/TiO2 in 5 M aq. NaOH gave rates of 0.031 and 
0.015 mmolH2 gcat

−1 h−1 with PE and PVC,14 whereas CdS/CdOx 
shows activities of up to 8.5 and 17 times higher (Table S3).  
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For a more direct comparison, 5% Pt/TiO2 in 10 M aq. NaOH 
was also studied for PR of PLA and PET, yielding 0.011 ± 0.004 
and 0.074 ± 0.029 mmolH2 gcat

−1 h−1, respectively (Table S10). 
These rates are significantly lower (over 50 times) than those 
obtained with CdS/CdOx QDs under identical conditions, and 
require the use of an expensive co-catalyst (no H2 is observed 
without Pt). Other Cd-free catalysts such as ZnSe QDs have 
also been tested, but do not demonstrate H2 evolution. PR 
with CdS/CdOx QDs is thus characterised by unique benefits 
including visible light absorption, lack of co-catalysts, and rapid 
oxidation of complex substrates. 

To further enhance the PR activity, we developed a simple 
pre-treatment comprising stirring the substrate in 10 M aq. 
NaOH for 24 h at 40 °C in the dark followed by centrifugation 
and use of only the supernatant as the photocatalysis 
substrate. Under optimised conditions, pre-treatment 
improves the activity of the PR system by four times for both 
PET and PUR, to 12.4 ± 2.0 and 3.22 ± 0.13 mmolH2 gCdS

−1 h−1, 
respectively (Fig. 2, Table S3, S11). Alkaline hydrolysis is a 
common technique for converting PET31–33 and, to a lesser 
extent, PUR34 into monomers which can then be re-used. Here, 
pre-treatment initiates hydrolysis, releasing monomers into 
solution which can be more rapidly photoreformed. For 
example, the 1H-NMR spectrum of pre-treated PET shows a 
significant enhancement in peak intensity in comparison to 
that of untreated PET (Fig. S5a). Untreated samples also 
hydrolyse, but at slower initial rates; hence their lower 
activities (Fig. 2). 

In addition, removal of undissolved polymer by 
centrifugation reduces the absorbance and scattering of the PR 
solution (Fig. S5c), allowing more photons to reach the QDs 
and thus improving efficiency. Accordingly, pre-treatment 
without centrifugation does not enhance PR performance as 
significantly (Table S11). PLA is unaffected by pre-treatment 
since it already dissolves readily in NaOH (Fig. S5b, S5c). Pre-
treatment facilitates PR of complex polymers to H2 and is only 
possible because CdS/CdOx QDs, unlike many photocatalysts, 
can operate under highly alkaline conditions. 

Controlling the oxidation half-reaction is crucial in order to 
generate high-value organic products instead of CO2. We used 
1H-NMR spectroscopy to analyse the reaction mixtures and 
identify the organic oxidation products. Since chemical shifts 
can be significantly altered in strongly alkaline solution, all 
peak assignments were verified by adding authentic samples 
(Fig. S6) to the reaction mixtures and examining the 1H-NMR 
spectra for peak matching.  

PLA in NaOH hydrolyses to sodium lactate (peak a, b), which 
is oxidised to pyruvate35 or an alkalinity-induced pyruvate-
based compound (c) during PR (Fig. 3a, S7).  

PET (Fig. 3b) undergoes hydrolysis to terephthalate (a) 
ethylene glycol (b), and isophthalate (d, e, f), while photo-
oxidation produces formate (c), glycolate (g), ethanol (h, m), 
acetate (i) and lactate (l). Similar PET oxidation products have 
been previously reported.36,37 Isophthalate is likely added 
during PET synthesis, as it is already visible prior to irradiation 
(Fig. S5a). Its relatively high intensity in comparison to 
terephthalate is due to its higher solubility in basic 

conditions.38 Peaks j and k have not been identified; their 
appearance in pre-treated PET (Fig. S5a inset) suggests that 
they may be linkers or fillers in the polymer.  

PR of ethylene glycol yields H2 at a rate of 6.83 ± 0.43 
mmolH2 gCdS

−1 h−1 and displays the same oxidation products as 
PET (Table S3, Fig. S8). In contrast, PR of terephthalic acid does 
not produce H2 (Table S3), suggesting that the oxidation 
products of PET originate exclusively from its aliphatic 
component. Terephthalic acid, a valuable material for chemical 
synthesis, precipitates as its disodium salt39 from the PR 
solution and could thus be easily isolated (Fig. S9). 

 
Figure 3. 1H-NMR spectra of (a) PLA, (b) PET, and (c) PUR before (pre-PR) 
and after (post-PR) 24 h irradiation (AM 1.5G, 100 mW cm−2, 25 °C) with 
CdS/CdOx QDs (1 nmol) in 10 M NaOD in D2O (2 mL).  
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PUR (Fig. 3c) first hydrolyses to aromatic (2,6-
diaminotoluene, a, b, e) and aliphatic (propylene glycol or 
similar, c, d, f) components. In agreement with the 
literature,37,40 the aromatic constituent remains intact during 
PR (no H2 production, Table S3), whereas the aliphatic 
components are photo-oxidised to formate (g), acetate (h), 
pyruvate (i) and lactate (j).  

Conversion efficiencies were studied by performing PR to 
completion at varying, low substrate-to-catalyst ratios (Table 
1, S12, Fig. S10). Extrapolating the produced H2 to infinite 
catalyst loading gives the limiting H2 yield (Nlim).41,42 Conversion 
is calculated by dividing Nlim by the theoretical H2 yield, N100% 
(determined from Eq. 2, 4 and 6 for PLA, PET and PUR, 
respectively). Note that Eq. 4 and 6 assume that only the 
aliphatic components of PET and PUR are further oxidised to 
release H2, as determined in the above NMR analysis. While 
the conversions of PLA and PET follow the expected linear 
trend over the entire range of substrate concentrations (0.1-
0.5 mg mL−1), PUR shows much higher conversions at low 
concentrations due to its poor solubility. 

PLA: hydrolysis: C3H4O2 +	H2O	
NaOH
"⎯⎯$ C3H6O3                                [Eq. 1] 

  PR:                C3H6O3 + 3 H2O
hν, CdS
"⎯⎯$	6 H2 + 3 CO2                   [Eq. 2] 

PET: hydrolysis: C10H8O4 + 2 H2O 
NaOH
"⎯⎯$ C8H6O4 + C2H6O2          [Eq. 3] 

  PR:               C2H6O2 + 2 H2O
hν, CdS
"⎯⎯$	5 H2 + 2 CO2        [Eq. 4] 

PUR: hydrolysis: 

     C12H14N2O4 + 2 H2O 
NaOH
"⎯⎯$ C7H10N2 + C3H8O2 + 2 CO2    [Eq. 5] 

  PR:               C3H8O2 + 4 H2O
hν, CdS
"⎯⎯$	8 H2 + 3 CO2        [Eq. 6] 

 
Table 1. Limiting yield (Nlim), theoretical yield (N100%, calculated from 
Eqs. 2, 4, 6), and conversion of PLA, PET and PUR (24 h PR, 1 nmol 
CdSCdOx QDs, AM 1.5G, 100 mW cm−2, 25 °C; Fig. S10 and Table S12). 
 

Substrate 
Nlim ± σ 

(molH2 molsub−1) 
N100% 

(molH2 molsub−1) 
Conversion ± σ 

(%) 

PLA 2.33 ± 0.24 6.0 38.8 ± 4.0 

PET 0.83 ± 0.05 5.0 16.6 ± 1.0 

PUR 1.80 ± 0.27 8.0 22.5 ± 3.4 

  
Despite the high initial activity, overall conversion remains 

below 40% for all polymers. This is primarily because the 
polymers are not completely mineralised to CO2, unlike in the 
ideal equations above. No CO32− is detected in the 13C-NMR 
spectra of the PR solutions (Fig. S7), and mass spectrometry 
confirms that no gaseous CO2 is released (Fig. S4b). Instead, 
the polymers are partially oxidised to organic molecules, many 
of which undergo slow PR (Table S3) and remain in solution. 
Although this effect lowers H2 production, it prevents the 
discharge of a greenhouse gas and allows for the beneficial 
accumulation of high-value products in solution. Furthermore, 
PR of PLA in the presence of terephthalic acid exhibits 
suppressed H2 evolution (Table S13). This suggests that 
terephthalic acid acts as an inhibitor, likely by obstructing 
substrate binding sites on the CdS/CdOx surface. Similar effects 
are expected from the other carboxylic products. Deactivation 

of the catalyst is not observed as activity always resumes upon 
substrate re-addition (Table S13).  

Finally, we studied PR of a PET water bottle to demonstrate 
the real-world applicability of our system. It is crucial to test 
real plastic samples, as they typically contain additional fillers, 
cross-linkers or antioxidants that could make PR more 
challenging. Fig. 4 shows continuous H2 generation from the 
water bottle over the course of 6 days, with an activity of up to 
4.13 ± 0.40 mmolH2 gCdS

−1 h−1 (Table S6), external quantum 
yield of 2.17 ± 0.38% (Table S7), and conversion of 5.15 ± 
0.72% (calculated from Eq. 4). Pre-treatment provides an initial 
improvement in H2 evolution rate; this advantage slows over 
time as polymer hydrolysis proceeds in the untreated sample. 

Scanning electron microscopy reveals that the surface of the 
untreated bottle erodes during photoreforming, from a 
smooth morphology to one featuring pits and grains (Fig. S11). 
During this PR process, a variety of organic molecules, 
including glyoxylate, methylglyoxal and methanol in addition 
to those seen in pure PET, are also produced (1H-NMR, Fig. 
S12). These results not only indicate that CdS system remains 
stable after 6 days of continuous PR, but also clearly 
demonstrate the applicability of PR to real plastic waste.  

Figure 4. Long-term photoreforming of a PET bottle to H2 using CdS/ 
CdOx QDs (1 nmol) under simulated sunlight (6 days, AM 1.5G, 100 
mW cm−2, 25 °C). Conditions: ground PET bottle (25 mg mL−1) freshly 
prepared or pre-treated in 10 M aq. NaOH (2 mL). Inset: photograph of 
a PET bottle sample; H2 bubbles are visible on the plastic surface.  

 
In this work, we have generated H2 and organics by 

photoreforming a variety of widely-produced plastics, 
including polylactic acid, polyethylene terephthalate and 
polyurethane, over CdS/CdOx QDs. Our system efficiently 
utilises visible light and does not require expensive precious 
metals. Future work will improve upon this proof-of-concept 
system by identifying alternative catalysts and methods for 
further enhancing activities. Plastic waste is often difficult, 
inefficient or inconvenient to re-use. Photoreforming utilises 
this abundant resource in a simple process that generates 
valuable H2 and organics. As such, it is a technique capable of 
simultaneously addressing the global challenge of plastic 
pollution and implementing renewable H2 generation. 
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Plastic waste is recycled to hydrogen using sunlight and a 
CdS photocatalyst.  


