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Heterogeneous photocatalysis offers substantial potential for sustainable
energy conversion, yetits industrial application is constrained by

limited durability under stringent photochemical conditions. Achieving

high photocatalytic activity often requires harsh reaction conditions,
compromising catalyst stability and longevity. Here we propose a strategy
involving polymeric stabilization of photocatalytic centres uniquely localized
atthe gas-liquid interface, substantially enhancing both the catalytic activity
and stability. Applied to the photocatalytic conversion of plastic waste into
solar hydrogen, this approach maintained its catalytic performance over

2 months under harsh conditions. Using 0.3 wt% dynamically stabilized atomic
Pt/TiO, photocatalysts and concentrated sunlight, we achieved a plastic
reforming activity of 271 mmolH, h™ m Scaling to 1 m? under natural sunlight
yielded ahydrogen production rate of 0.906 | per day from polyethylene
terephthalate waste. Economic analysis and extensive-scale simulations
suggest this strategy as a promising pathway for high-performance, durable
photocatalysis, advancing renewable energy conversion.

Heterogeneous photocatalysis' affords a compelling pathway for
advancing sustainable industrial processes?, leveraging its inher-
ently clean energy sources?, scalability** and low operational costs®.
Itis increasingly employed for hydrogen (H,)” and hydrocarbon® pro-
duction, carbon dioxide capture’® and conversion'®", and pollution
mitigation”. Despite its potential, the integration of heterogeneous pho-
tocatalysis into major energy sectors'>* is hampered by its relatively

lower catalytic efficiency compared with conventional thermo-'*"%,

electro-'*" and photoelectro-catalytic'® methods. This inefficiency
primarily results from the low input energy density and thermodynami-
cally constrained reaction mechanisms**. To overcome these intrinsic
limitations of photocatalytic systems, various strategies have been
explored, including light concentration techniques™’, the application
of external heat® and the addition of electrolytes® (Extended Data
Fig.1). However, these methods result in harsh operating conditions
suchaselevated temperatures’, extreme pHlevels* and high electrolyte
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Fig.1|Anoverview of polymeric stabilization at the gas-liquid interface for
advanced photocatalysis. a, A schematic illustration of the design of high-
performance durable heterogeneous photocatalysis enabled by (i) polymeric
stabilization and (ii) gas-liquid interface operation. D,;, and D,,, denote
diffusion coefficients in air and water, respectively. hv and E, denote light energy
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and band gap energy, respectively. CB, conduction band; VB, valence band.

b, Aschematicillustration of photocatalytic waste upcycling using a floatable
nanocomposite system and light concentrator. ¢, Acomparative analysis of
the stability times of plastic waste photo-reforming reactions reported in the
literature. Number sign (#) means reference numbers.

concentrations”, which substantially compromise the durability of the
catalysts’ (Extended Data Fig. 1).

To address these challenges, we introduce herein a strategic
approach designed to enhance the performance®?* and durability”
ofheterogeneous photocatalysis. Recentadvancements underscore the
potential of polymer networks*” for enhancing catalyst protection’®,
thereby significantly improving the durability®® and product selec-
tivity? of photoelectro-'® and electro-catalysis*>*'. However, a com-
prehensive understanding and the effective application of polymeric
stabilizationin heterogeneous photocatalysis are yet to be fully estab-
lished. Additionally, the polymeric**** stabilization poses a challenge
owing to its potential to constrain the reactivity of photocatalysts.
Therefore, we employ innovative material engineering**** and optimize
reaction conditions®** to SImuItaneously enhance the activity*®*’ and
ensure the long-term stability*® of the photocatalysis.

Our processinvolves polymeric stabilization (Fig. 1a (i)) and gas-liq-
uidinterface* operation (Fig.1a (ii)), substantially boosting the catalytic

activity while maintaining the stability. Specifically, we demonstrate
this dual approach in the photocatalytic recycling of plastic waste?
into solar H, (refs. 42,43) using discarded polyethylene terephthalate
(PET) and polylacticacid (PLA) (Fig. 1b). Importantly, the use of polymer
networks*** enhances the overall stability of photocatalytic systems***,
even under harsh conditions (Fig. 1c), as corroborated by density func-
tional theory (DFT) calculations. The scalability of our approach hasbeen
validated through outdoor experiments on a1 m?scale, bolstered by
economicanalyses atal0 m*scale and comprehensive simulationstud-
ies at a100 m?*scale. Together, these findings highlight the substantial
potential of our innovative strategy as a promising avenue for scalable,
durable and productive heterogeneous photocatalysis.

Results

Overview of polymeric stabilization at the gas-liquid interface
Our strategy for achieving high-performance and durable heteroge-
neous photocatalysis incorporates polymeric*®*’ stabilization and
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gas-liquid interface operation (Fig. 1a). Dynamically stabilized atomic
(DSA) platinum/titanium dioxide (Pt/TiO,) photocatalysts® (0.3 wt%
Pt-DSA/TiO,) were utilized for solar-driven upcycling of PET bottles and
PLAinto H,fuel (Extended DataFig.2), while macroporous hydrophilic
polyurethane (HPU)-polypropylene glycol (PPG) nanocomposites were
adopted for constructing effective polymer networks (Extended Data
Fig.3and Supplementary Fig.1). The Pt-DSA/TiO, catalyst is known to
exhibitexcellent H, production activity via photo-reforming of plastic
wastes. This high performance can be attributed to the strong and spe-
cificinteractions between the deposited Pt atoms and TiO,, facilitated
by surface oxygenvacancies (O,) created through photochemical lattice
O, migration and the simultaneous stabilization of trap states (Sup-
plementary Fig. 2 and Supplementary Note 1). Notably, the gas-liquid
interface operationis designed to augment the catalytic activity even
under polymeric stabilization (Fig. 1a (i)), by promoting the efficient
separation of gaseous products and thus minimizing the likelihood of
reverse reactions®*? (Fig. 1a (ii)).

A practical application of our approach is demonstrated for the
photocatalytic H, production from plastic wastes, specifically targeting
PET bottles and PLA (Fig. 1b). These plastic wastes are first converted
into their monomeric constituents, that is, ethylene glycol (EG) and
terephthalic acid (TPA) from PET and lactic acid from PLA, through a
robust alkaline pretreatment process. These monomers thenserve as
feedstocks for H, production through photo-reforming (Supplemen-
tary Fig.3). Our system employs aunique floatable elastomer-hydrogel
nanocomposite integrated with a light concentrator, optimizing the
light absorption (Supplementary Fig. 4) and maximizing the photo-
catalytic activity.

The stabilization of the photocatalysts is achieved by embed-
ding the catalytic nanomaterials within durable hydrogel-elastomer
nanocomposite networks, which are designed to withstand harsh
operational conditions such as high temperatures and strong alka-
line environments. This stabilization process not only enhances the
resilience of our catalytic system but also substantially extends the
operational longevity of the photocatalytic system. The durability
of our photocatalytic process for plastic waste upcycling is shown to
be approximately four times longer than the durations reported in
contemporary studies (Fig. 1c). This extended stability underpins the
potential of our approach to deliver a sustainable and efficient solu-
tion for energy conversion through heterogeneous photocatalysis.

DFT calculations on polymeric catalyst stabilization

At the outset of this study, we first examined how polymer networks
could enhance the stability of the photocatalysts by using DFT simula-
tions. DFT simulations were conducted to assess the potential stabili-
zation effects provided by the HPU-PPG nanocomposite to a Pt-DSA/
TiO, system through the formation of surface O,. Our calculations
primarily focused on the impacts of polymeric encapsulation on the
energy of formation of O, and the work function (W;) of the catalyst
lattice (Fig.1a (i)).

Theinterfacial charge transfer between the polymer and TiO, can
substantially boost its photocatalytic stability, facilitated by proper
band alignment and the formation of mid-gap trap states induced by
the Ptatom (Fig. 2a and Extended Data Fig. 4). Bare TiO,, with its large
W, effectively separates trap states from the valence band, localiz-
ing photogenerated electrons. However, the mid-gap trap states are
located far from the valence band, which is inefficient for stabiliz-
ing oxygen vacancies and associated excess electrons. In contrast,
the interaction with the HPU-PPG nanocomposite reduces the W; of
TiO,, creating trap states near the valence band maximum. This allows
photogenerated electrons to bypass the shallow traps and reach the
valence band directly, requiring further activation optimization. The
proximity of these trap states to the valence band, however, enhances
the stabilization of excess electrons from surface oxygen vacancies,
whichis crucial for the stable formation of Pt-DSA/TiO, (ref. 50). This

active excess electron relief process is experimentally supported by
electrochemicalimpedance spectroscopy (EIS) measurements, where
the Nyquist circle of Pt-DSA/TiO, is increased after intercalation into
the HPU-PPG nanocomposites, indicating a reduction in the charge
transfer ability due to the stabilization of excess electrons in oxygen
vacancies (Supplementary Fig. 5).

The spin density maps of Pt-DSA/TiO, with various monomers
reveal that HPU and PPG monomers maintain the localization of pho-
togenerated electrons at the Pt atom (Fig.2b). However, the HPU-PPG
nanocomposite does not retain this localization within a conventional
photocatalyst model, highlighting the need for enhanced interface
operations, as proposed in this study. The localization of photoelec-
trons in the HPU-TPA pair suggests that the sufficient adsorption of
electron-donating OH terminal groupsin the HPU-PPG nanocomposite
synergistically facilitates charge recombination, contrasting with the
electron-withdrawing COOH group in TPA. Astrong linear correlation
was observed between the electrophilicity of the polymer terminal
groups and the changes in the W; of TiO, (Fig. 2¢). Adsorption of HPU
modestly reduced the W;of TiO, (from 4.83 eV for bare Pt-DSA/TiO, to
4.43 eVwith HPU), while HPU-PPG co-adsorption substantially lowered
it to 3.91eV. The marginal effect of the TPA unit in the HPU-TPA com-
posite (4.57 eV) underscores that the W;of TiO, is mainly influenced by
the adsorption of electron-donating OH groups with strong surface
interactions.

Strong interactions between TiO, surfaces and the nucleophilic
OHinHPU-PPGare further evinced by the shorter Ti-OH bond length
in PPG (2.32 A) and HPU (2.30 A) compared with TPA (3.12 A) and the
stronger Gibbs free energy of adsorption for PPG (-1.23 eV) and HPU
(-1.28 eV) compared with TPA (-0.30 eV) (Fig. 2d). The electron density
difference by adsorption also confirms that the strong adsorption of
HPU and PPG involves substantial electronic interactions while the
weak adsorption of TPA barely shows electronic interactions with the
TiO, surface (Fig. 2e).

While the HPU-PPG nanocomposite lowers the photocatalytic
activity in conventional models, its notable advantage lies in facilitat-
ing favourable O, formation (Fig. 2f). Pt-DSA/TiO, with the HPU-PPG
nanocomposite exhibits the lowest O, energy of formation (-0.77 eV
with HPU-PPG), promoting stable Pt-DSA/TiO, formation. The pro-
pensity for O, formation correlates closely with electron localization
at the Pt atom. Less photoelectron localization at Pt correlates with a
more positive Bader charge and linearly increases the favourability of
O, formation, enabling stable Pt-DSA/TiO, formation. Thus, the optimal
design of Pt-DSA/TiO, can be suggested to be preemptive stabilization
with the HPU-PPG nanocomposite followed by photocatalytic activa-
tion optimization through interface operation.

The long-term stability of the nanocomposite system

Consistent with theoretical predictionsillustrated in Fig.2, immobi-
lization of the photocatalysts within hydrophilic HPU-PPG polymer
networks notably enhances the long-term stability of the nano-
composite (Fig. 3 and Extended Data Fig. 5). Unlike conventional
powder systems in suspension, the nanocomposite configuration
effectively mitigates the degradation typically observed in photo-
catalysts exposed to highly alkaline solutions (Fig. 3a). After 8-week
(56 days) immersioninastrongly alkaline solution (0.7 M potassium
hydroxide (KOH)), where discarded PET bottles were processed, the
composite system exhibited negligible changes, as evinced by con-
sistent optical images, scanning electron microscopy (SEM) images,
Fourier-transform infrared (FT-IR) results and Raman spectroscopy
data (Fig. 3b,c). Further demonstrating the efficacy of this system,
no catalyst leaching was observed from the device following 2-month
immersion in 0.7 M KOH solutions that solubilized plastic wastes
(Fig. 3d). In stark contrast, direct exposure of the photocatalyst to
reaction solutions resulted in leaching of approximately 15% of the
photocatalyst. Moreover, with the high pH sustained during plastic
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reforming (Supplementary Fig. 6), the composite system showed
negligible degradation of the photocatalytic activity, maintaining
its hydrogen evolution reaction performance even after 56 days.
In contrast, the powder system exhibited a notable activity reduc-
tion of 30.9% (Fig. 3e,f). The exceptional durability of the nanocom-
posite system, surpassing the stability durations for plastic waste
photo-reforming reported in recent literature by approximately four
fold (Fig. 1c and Supplementary Tables 1 and 2), highlights the fea-
sibility of our approach for advancing sustainable photocatalysis.

Interface operation for high performance

We next investigated the photocatalytic activity of a floatable elas-
tomer-hydrogel nanocomposite compared with traditional sunken
composites and powder systems withinaslurry reactor, under identical
lightirradiation conditions. Utilizing conditions involving 17.4 mg ml™
of PET bottles and 25 mg mI™ of PLA, the floatable composite demon-
strated H, production rates that were two to four times greater than
the powder system and five to seven times higher than the submerged

composite system under air mass (AM) 1.5G conditions with identical
catalystloading per area (Fig. 4b,cand Supplementary Table 3). Nota-
bly, the H, production activity of the sunken nanocomposite system
was lower than that of the powder system owing to the constraint on
reactivity imposed by polymer networks (Fig. 4a-cand Supplementary
Fig.7). These variationsinactivity correlate with the DFT calculations,
which suggest a polymer-induced impact on the W; of the catalysts,
thus affecting the catalytic efficiency (Figs. 1aand 2).

The enhanced performance of the floatable composite, compared
withboth the sunken nanocomposite and powder systems, is attributed
toitsoperation at the gas-liquid interface, which effectively captures
gaseous products and minimizes back-oxidation, thus enhancing the
overall catalytic activity (Fig. 1a (ii)). The composite also underwent
durability tests over five cycles in solubilized PET and PLA solutions
under simulated sunlight conditions, sustaining its activity (Fig. 4d).
This setup maintained consistent H, productionin diverse media such
astap water and seawater, where PET bottles were dissolved (Fig. 4e).
Notably, the floatable composite system demonstrated an apparent
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Fig. 4| Gas-liquid interface operation and light concentration technique
enhance the photocatalytic activity. a-c, Aschematicillustration (a), the

H, evolution rates (b) and the time course of H, production (c) of the powder
system (‘Powder’; dotted bar and line), sunken composite (‘Sunk.; dashed bar
and line) and floatable composite (‘Float.; solid bar and line) from solutions of
solubilized PET (emerald, n=3) and PLA (orange, n = 3) at1-sun intensity. Data
are presented as mean + standard deviation (s.d.). **P < 0.01 by independent
samples t-test.d, The time course of H, production by the floatable composite
inthe solubilized PET (emerald, n =3) and PLA (orange) solutions during the
cyclictest. e, The H, production by the floatable composite in dissolved PET
bottlesin tap water (green, n = 3), seawater (blue, n = 3), deionized (DI) water
(orange, n =3) and DI water without dissolved PET bottles (grey, n = 3). Data are
presented as mean + s.d. f,g, Optical images of the front (f) and side (g) views of
afloatable composite in the quartz cell reactor utilizing a light concentrator.

Inset: the surface temperature of the composite after 1 h. PU, polyurethane.

h, The spectrum of the wavelength of sunlight: (i) the infrared region mainly
contributes to the photothermal effect and (ii) the ultraviolet and visible light
regionis largely involved in photocatalysis. Photo. denotes the photocatalytic
layer.i,j, The H, evolution rates (i) and the time course of H, production (j) of a
floatable composite from solubilized PET solution under various sun intensities
and temperatures: 0.2 sun (grey, n=3), 0.4 sun (blue, n=3),1sunat25°C
(emerald, n=3),1sunat 60 °C (mint, n = 3) and 19 sun (orange, n = 3), showing
that (i) the H, production rate at 1 sun and 60 °C was 1.97 fold higher compared
with1sunand25°Cand (ii) the H, production rate at 19 sun intensity was 19.5 fold
higher compared with1sunand 60 °C. Data are presented as mean +s.d. k, The
long-term time course of H, production in the solubilized solutions of PET bottle
under concentrated sunlight with an intensity of 19 sun at days 0, 7,14, 21and 28.
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Fig. 5| Large-scale long-term outdoor litre-level solar H, production from
plastic wastes. a, The Pt-DSA/TiO, nanocomposites within a steel cell reactor
designed for 1-m*scale outdoor solar waste upcycling. Inset: photographs
depicting the N, carrier gas, gear pump and GC equipment connected

to thereactor (left) along with a top view of the nanocomposites (right).

b, Aschematicillustration delineating the steel cell reactor facility. ¢, The variation
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and 29 March 2023. d, The daily average temperature (blue), daily average solar
radiation intensity (orange) and accumulated H, produced during outdoor 1-m?*
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e, Aschematicillustration of large-scale outdoor solar H, production.
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quantum yield (AQY) of 1.80% under irradiation with light at a wave-
length of 370 nm (Supplementary Fig. 8).

The operational set-up for photocatalytic waste upcycling involved
the floatable hydrophilic HPU-PPG nanocomposite device integrated
with alight concentrator, asolar simulator and areactor cell (Fig. 4f,g).
When equipped with alight concentrator, the device achieved aremark-
able hydrogen evolution reactionrate of 271 mmol h m~2under concen-
trated sunlight with anintensity equivalentto19 suninasolution derived
from solubilized PET bottles (Fig. 4h-j and Supplementary Table 3).
The surface temperature of the composite increased to approximately
60 °C owingtotheinfrared photothermal effect, enhancing the photo-
catalytic activity by 1.97 times (Fig. 4i,j (i)). Furthermore, the elevated
light intensity, particularly in the ultraviolet region, led to a 19.5-fold
increaseinactivity compared with that measured under 1-sunintensity
irradiation at 60 °C (Fig. 4i,j (ii)). Consequently, the concentrated light
conditions enhanced the H, production activity by 38.4 times relative
to that under 1-sun intensity at ambient temperature. Moreover, the
floatable composite system exhibits superior H, production activity
compared with the powder system even with agitation, under 19-sun
lightirradiation (Supplementary Fig. 9). This enhanced performance
highlights the unique advantage of gas-liquid interface operation, which
effectively maximizes the photothermal effect (Fig. 4h).In contrast, the
powder system fails to fully exploit this effect owing to the high specific
heat capacity of water, thereby limiting its overall efficiency with light
concentration. Over a period of 28 days, the floatable composite sus-
tained H, production from PET bottles even under intensified sunlight
withillumination levels elevated to 19 sun (Fig. 4k).

Comprehensive numerical simulations for laboratory-scale solar
H, production using a 6-cm-scale setup corroborated the superior per-
formance of the floatable composite relative to both the conventional
powder system and the sunken composite (Extended Data Fig. 6).
Additionally, the simulated concentration distributions of H, over time
(for example, at 0, 10, 30, 60, 120 and 180 min) closely aligned with
experimental results, reinforcing the validity and effectiveness of the
floatable composite in high-performance photocatalytic applications
(Fig. 4b,c and Extended Data Fig. 6).

Large-scale and long-term solar H, production

To validate the scalability of our nanocomposite system for H, pro-
duction, we initiated a two-phase experimental process. The initial
phase involved scaling up the nanocomposite from 28 to 144 cm?, as
detailed in Extended Data Fig. 7a-c. This expanded nanocomposite
subsequently achieved an H, production rate of 0.264 lh* m~ by
processing solubilized PET bottles, demonstrating its potential for
larger-scale applications (Extended Data Fig. 7d). Numerical simula-
tions further confirmed the efficiency of the floatable system over
traditional sunken reaction setups, highlighting its design superiority
(Extended DataFig. 8).

Subsequently, we constructed an arrayed nanocomposite system
covering 1 m? and an outdoor H, production facility equipped with
reactor cells, quartz windows, gas chromatography (GC) and a gear
pump (Fig.5a,b and Supplementary Video1). The bulk synthesis of the
Pt-DSA/TiO, photocatalyst was conducted by utilizing natural sunlight
for the fabrication of the nanocomposite on al m?scale (Extended Data
Fig.9). Thislarge-scale set-up achieved daily H, production at the litre
level under natural sunlight from discarded PET bottles (Fig. 5c and
Extended Data Fig. 10). On 29 March, the system produced 0.9051
of H,, under an average light intensity of 0.636 kW m™ and ambient
temperature of 25.5 °C (Fig. 5¢). The 1 m? device maintained a steady
H, productionrate 0f12.3 mmol h™and 0.906 | per day under standard
1-sunlightirradiation (Fig. 5c).

Remarkably, this litre-level H, production was consistently sus-
tained over a month, from 13 March to 8 April, cumulatively generat-
ing 5.07 | of H, from plastic waste (Fig. 5d). The scale-up process not
only enhanced the catalytic activity but also preserved the long-term

stability, supported by the immobilization within durable polymer
networks. Computational simulations of H, productionatal m?scale
for both floatable and sunken composites further underscored the
advantages of the floatable system (Supplementary Fig. 10).
Utilizing plastic waste as a feedstock for H, production, our
approach substantially mitigates greenhouse gas (GHG) emissions
by diverting plastic waste from landfills (Supplementary Note1). Com-
pared with steam methane reforming, the predominant industrial
method for H, production, our photocatalytic plastic waste upcycling
could reduce GHG emissions notably (Fig. 5e, Supplementary Note
2 and Supplementary Fig. 11). An economic analysis demonstrated
that H, production from plastic waste offers greater economic value
thanthe separationand purification of derivatives for resale (Supple-
mentary Fig. 12, Supplementary Note 3 and Supplementary Table 3).
Furthermore, the analysis revealed that daytime H, production by a
10 m?device could potentially meet over 20% of per capitaresidential
electricity consumption in various countries, with notable efficiency
rates ranging from 50% to 90% for Great Britain, Chinaand South Korea
(Supplementary Note 4 and Supplementary Fig. 13a). An extended
simulation foral00 m?setupillustrated the transformative industrial
potential of the nanocomposite system (Supplementary Fig.13b-f).

Conclusions

This work presents a robust strategy for enhancing the performance
and durability of heterogeneous photocatalysis, leveraging polymeric
stabilization and gas-liquid interface operation. Our investigations
focused on the photocatalytic upcycling of plastic waste, a pressing
environmentalissue. Through the strategicimmobilization of catalysts
within elastomer-hydrogel polymer networks, our approach ensures
prolonged catalytic activity even under severe operational conditions.
DFT calculations revealed the mechanistic basis of this stabilization,
highlighting the alignment of the mid-gap trap state with the catalyst
lattice valence band and the role of oxygen vacancies. In practical terms,
the efficacy of our method was substantiated through large-scale exper-
iments, where ananocomposite system demonstrated its capability to
reform plastic waste into H, gas at ascale of 1 m?under natural sunlight
conditions. This system consistently achieved H, production at litre
levels from discarded PET bottles. Additionally, economic evaluations
atal0 m”scale and comprehensive simulation studiesata100 m?scale
further affirm the economic viability and scalability of this photocata-
lyticapproach. Collectively, these results underscore the transforma-
tive potential of our strategy, not only for advancing sustainable fuel
production but also for contributing to an economically sustainable
energy framework. This study paves the way for broader application
andintegration of heterogeneous photocatalysisin the energy sector,
offering aviable path forwardsin the transitionto agreener and more
sustainable energy landscape.
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Methods
Materials

HPU was purchased from Aekyung Chemical. PLA was purchased from
Goodfellow. TiO, (anatase, <25 nm), chloroplatinic(IV) acid solution
(H,PtCl, 8 wt% in H,0), 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (97.00%), dimethyl sulfoxide (99.90%) and deuterium
oxide (D,0,99.00 at.% D) were purchased from Sigma Aldrich. Acetone,
ethyl alcohol (EtOH), methyl alcohol (MeOH), KOH, sodium chloride
(NaCl) and PPG were purchased from Samchun Chemicals.

Pretreatment of plastic wastes

After slicing and grinding of discarded PET bottles, the obtained PET
flakes were subject to hydrolysis in 10.5 M KOH solution under ambi-
ent conditions with continuous agitation for 7 days. Subsequently, the
resultant solution underwent dilution with DI water, tap water and sea-
water to attaina concentration of 0.7 MKOH and 17.4 mg ml™. Similarly,
PLA powder underwenthydrolysisin1 M KOH solution, maintained at
aconcentration of12.5 mg ml™, and subjected to stirring for 7 days.

Synthesis of Pt-DSA/TiO,

Pt-DSA/TiO, was synthesized by a slightly modified procedure based
on a previously reported method*. Commercially available anatase
TiO, (2 g) was dispersed in 150 ml of 20% methanol aqueous solution
within a250-mlglass bottle, using sonication for 10 min. The opening
of the glass bottle was then plugged with arubber septum and tightly
sealed using Teflon tape and parafilm. H,PtCl, (1 ml) was mixed with
9 ml of H,0 to make 10 ml of aqueous Pt precursor solution. The TiO,
dispersion and Pt precursor solution underwent 10-min purging with
Argas. The TiO, dispersion was vigorously stirred while being exposed
to ultraviolet-visible light for 1 h, with an intensity of 100 mW cm™,
utilizing a xenon lamp light source (Newport). After the TiO, disper-
sionturned blueish, the Pt precursor solution wasinjected into it while
vigorously stirring. Following 20 min of stirring, the reaction solution
was centrifuged and then washed with water and ethanol. The product
was dried overnight in an electric oven at 50 °C and then utilized for
subsequent experiments.

DFT calculations

DFT calculations were performed using the Vienna Ab initio Simula-
tion Package 5.4.4 (ref. 53). The Perdew-Burke-Ernzerhof functional®*
was employed to describe the reactions on the Pt-DSA/TiO, surface,
and Grimme’s D3 method*> was applied for van der Waals correction.
The projector augmented wave pseudopotentials® were used with a
cut-offenergy of 450 eV. Allmodels were relaxed by applying k-points
(3 x 2 x1) with the Monkhorst-Pack scheme. The vacuum slab was set
as 25 A thick. Both a bare slab and the corresponding reaction were
optimized by fixing the first and second bottom layers of the Pt-DSA/
TiO,. The structures were minimized until the maximum atomic force
became less than 0.1 eV A™. The charge density difference was visual-
ized by using VESTA 3.5.8 (ref. 57).

Material characterization

(1) Quantification of the Pt nanoparticle concentration was
conducted at Seoul National University’s National Center for
Inter-University Research Facilities (NCIRF) by employing anin-
ductively coupled plasma atomic emission spectrometer (ICPS,
ICPS-8100).

(2) Assessment of the supporting layer and bilayer density involved
measuring the equilibrium density. The floatable composite,
featuring a bilayer structure along with solely the supporting
layer, was immersed in DI water, characterized by a density of
1gml™. Subsequently, acetonitrile with density of 0.786 g mI™*
was incrementally added to the solution to achieve density
adjustment. The point of hydrogel submersion denoted the

determination of hydrogel density, corresponding to the den-
sity of the ambient solution.

(3) Evaluation of water mass transfer through the composite
entailed quantifying water evaporation. The weight disparity
of water, indicative of the evaporated amount, was determined
by assessing the quantity of evaporated water through the
composite within a vial after incubating for 24 hina 70 °C oven.
Additionally, control experiments involved measuring the
quantities of evaporated water in both open and closed states,
serving as positive and negative controls, respectively.

(4) Analysis of the Pt leaching extent was conducted by measur-
ing the Pt concentration in the solution after approximately
2 months. The floatable composite containing 150 mg of
embedded catalyst, alongside the sunken catalyst, was sepa-
rately immersed in 75 ml of a solubilized solution of PET bottle
and PLA within glass vials. After 2 months, the solubilized Pt
concentration in the solution was determined using ICPS-MS
(PlasmaQuant MS Elite, analytik jena). Sample preparation
involved neutralizing the solution with hydrochloric acid,
filtering it through a 0.45-pum cellulose syringe filter to obtain a
homogeneous solution and subsequently subjecting it to aqua
regia treatment.

Atomic-resolutionimaging for Cs-corrected STEM and EDS
mapping measurements

Atomic-resolutionimaging of the Pt-DSA/TiO, catalyst was performed
at200 kVwithaspherical aberration-corrected JEM ARM-200F micro-
scope (Cold FEG Type, JEOL) at the NCIRF. Energy-dispersive X-ray
spectroscopy (EDS) measurements were carried outin scanning trans-
mission electron microscopy (STEM) mode using a single drift detector
(X-MaxN, Oxford Instruments).

X-ray absorption fine structure measurements

X-ray absorption fine structure (XAFS) data were collected at the 8C
and 10C nano XAFS beamlines (BL8C and BL10C) of the Pohang Light
Source (PLS-II) inthe 3.0-GeV storage ring, operating ataring current
0of300 mAintop-up mode. ASi(111) crystal served as the monochroma-
tor,and thebeamintensity was reduced by 30% to eliminate high-order
harmonics. XAFS spectrawere obtained using both transmission and
fluorescence modes.

X-ray photoelectron spectroscopy measurements

The X-ray photoelectron spectroscopy (XPS) data for the Pt-DSA/TiO,
photocatalyst were measured using the K-Alpha* XPS system (Thermo
Fisher Scientific) at the Busan Center of the Korea Basic Science Insti-
tute. Monochromated Al Ka radiation served as the X-ray source.

Fabrication of the floatable photocatalytic elastomer-
hydrogel composite

The floatable composite comprised a bilayer structure consisting of
the photocatalytic layer and the supporting layer. To fabricate the
photocatalyticlayer, EtOH was mixed with a previously prepared HPU
solution (HPUin water, 50 wt%) to achieve a10.5 wt% concentration of
HPU.NaClwasaddedto the HPUsolution to reachaNaCl concentration
of 0.032 g ml™. Afterwards, Pt-DSA/TiO, photocatalysts were mixed
into the HPU solution with vigorous stirring, followed by the addition
of PPG, which was twice the volume of the HPU solution. A mixed sol-gel
phase was prepared, and after 24 h, only the gel phase was isolated.
This gel was then compressed into a mould and dried to evaporate
EtOH and water at 60 °C for 1 day. The dried gel was then reswollen
with water to remove NaCl inside the polymer network, which gives
macroporosity to the elastomer-hydrogel hybrid. The supporting layer
was fabricated by following the same procedures except for the addi-
tion of photocatalysts. Both layers were integrated by wetting the top
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side of the supporting layers with afew drops of EtOH. To remove EtOH
through evaporation, the final integrated floatable composite was
driedat 60 °Cfor24 handre-swollenin water. As the size expanded, the
necessary materials also increased. The specific values are presented
inSupplementary TableS.

Electron paramagnetic resonance measurements

Electron paramagnetic resonance (EPR) measurements were per-
formed at 150 K using a Bruker EMXmicro system with an X-band fre-
quency of 9.42 GHz. The set-up featured a magnetic field modulation
of100 kHz and amodulation amplitude of 1.0 G. For the analysis, 20 mg
of anatase TiO,and Pt-DSA/TiO, powders were separately transferred
into EPR tubes and measured at 150 K. To measure the signal fromirra-
diated TiO,, 20 mg of anatase TiO, was placed in an EPR tube, purged
withargon and securely sealed. After 30 min of lightirradiation onthe
tube, an EPR measurement was performed at 150 K.

Photoluminescence spectroscopy measurements

Steady-state photoluminescence (PL) and time-resolved PL spectra
were measured using aFloutime 300 spectrometer (PicoQuant) withan
excitation laser wavelength of 265 nm. Time-resolved PL spectra were
acquired atawavelength of 480 nm. Allmeasurements were conducted
inanaqueous dispersion under an unaerated atmosphere, achieved by
argon purgingin gas-tight PL cuvettes.

'H nuclear magnetic resonance measurements

The 'H nuclear magnetic resonance spectra were recorded on a
600-MHz high-resolution nuclear magnetic resonance spectrometer
(Bruker Avance 600) at the National Instrumentation Center for Envi-
ronmental Management. Dimethyl sulfoxide and 3-(trimethylsilyl)-
1-propanesulfonic acid sodium salt served as internal standards, with
D,O used as the solvent.

EIS measurements

EIS measurements were conducted using a PGSTAT302N potentiostat
(Autolab). A standard three-electrode setup was employed. Specifi-
cally, nitrogen-saturated 0.1 MNa,SO, was used as the electrolyte, with
a platinum plate serving as the counter electrode and a silver/silver
chloride (Ag/AgClI) electrode filled with 3 M potassium chloride (KCI)
used as thereference electrode. To create the working electrode, 5 mg
of the catalyst was mixed with 2.5 ml of ethanol, followed by the addi-
tion of 10 pl of 5 wt% Nafion solution. The mixture was sonicated for
15 minto ensure asmooth, consistent suspension. This catalystink was
thenapplied onto aglassy carbon electrode (5 mmdiameter) through
a drop-casting method, achieving a mass loading of 0.040 mg cm™.
Following drying at room temperature, EIS measurements were con-
ducted atabias potential of 1.3 V, spanning the frequency range from
10'to10°Hz in the dark.

pH measurements

Thetime course of the pH variation during H, production in the solubi-
lized PET solution by the floatable composite under 1-sun irradiation
was measured using a pH electrode (Sartorius, PB-30), with samples
being taken and measured at1-hintervals.

Photocatalytic measurements

General procedure for measurements of photocatalytic H, pro-
duction. The measurements of photocatalytic H, production were
conducted within a sealed quartz cell reactor. After purging the
sealed reaction system with N, gas for 20 min, simulated sunlight
was directed onto the upper surface of the floatable composite uti-
lizing an ASTM E 927-05 solar simulator (Newport), operating at 20,
40 and 100 mW cm™ (AM 1.5G condition). The light intensity was
quantified by employing a detector fitted with an F1I50A-BB-26 ther-
mopile sensor (Ophir). Temperature regulation was maintained viaa

hot plate throughout the reaction. The quantity of H, generation was
determined by utilizing an iGC7200A gas chromatography system
(DS Science) equipped with a thermal conductivity detector and
utilizing N, gas as the carrier gas. For the sunken composite, the assess-
ment of photocatalytic H, production was executed under conditions
analogous to the floatable composite, with the sole distinction being
its complete submersion to the bottom of the solution. The catalyst
loading for laboratory-scale experiments for both composite and
powder systems was 5.31 mg cm™ The surface area and irradiation
area of the composite system was 28.3 cm?, and that of the powder
systemwas12.8 cm?.

AFresnellens measuring 10 x 10 cm?was employed to concentrate
the simulated sunlight into a circular configuration with a diameter
of 1.3 cm. The surface of the floatable composite was irradiated with
concentrated simulated sunlight at an intensity of 1,900 mW cm™.
The intensity was measured using an F150A-BB-26 thermopile sensor
(Ophir).

Laboratory-scale PET photo-reforming measurements were con-
ducted aminimum of three times, and the error bars were derived by
averaging theresults from these three separate measurements.

Measurements of photocatalytic H, production of the scalable-size
floatable composite. A floatable composite of scalable dimensions
was positioned atop a solution of solubilized waste derived from PET
bottles within a reactor cell measuring 14.5 x 14.5 x 5 cm?. After the
placement of the floatable composite and the solubilized PET bottle
waste solution into the reactor cell, the cell was sealed by affixing a
quartz window utilizing a silicone sealant. Following this, the sealed
reaction system underwent purging with N, gas for 1 h, after which
simulated sunlight was directed onto the upper surface of the floatable
composite, employing an ASTM E 927-05 solar simulator (Newport)
operating at an intensity of 100 mW cm™ (AM 1.5G condition). The
irradiated simulated sunlight was projected into a square shape with
size of 8.5 x 8.5 cm? on the scalable-size floatable composite.

Measurements of photocatalytic H, production of the large-scale
floatable composites. An array of 16 floatable nanocomposites, each
measuring 25 x 25 cm?, embedding Pt-DSA/TiO, photocatalysts witha
cumulative area of 1 m*was placed on the solubilized waste solution of
PET bottlesinsideall3 x 113 x 7 cm>steel cell reactor. After positioning
the 16 nanocomposites and the solubilized PET bottle waste solution
within the reactor cell, the cell was sealed by applying four quartz
windows, each measuring 51 x 51 cm?, utilizing a silicone sealant. Fol-
lowing this, the sealed reaction system underwent purging with N,
gasfor 6 h, after which the samples were subjected to irradiation with
natural sunlight. Throughout the measurement process, fluctuationsin
solar radiationintensity and temperature were monitored by employ-
ing a Nova Il energy meter (Ophir) and a Poseidon2 3266 automatic
thermometer (HW group), respectively.

AQY measurements

The AQY measurements were conducted following the same proce-
dure as the photocatalytic measurements, with the exception that
the solar simulator was replaced by a Kessil PR1I60L LED light source
(wavelengths of 370 nm, 390 nmand 427 nm). The AQY was calculated
using the equation below, and the measurements were performed
under alightintensity of 100 mA cm™ The equation for AQY includes
the following parameters: n(H,) represents the number of moles of H,,
N,denotes Avogadro’s number, his Planck’s constant and c represents
thespeed of light. Pindicates the lightintensity, and Sis theilluminated
area(28.3 cm?).tcorrespondsto theirradiation time, and A represents
the wavelength of the light.

2xn(Hy) xNyxhxc

100.
PxSxtx\ %

AQY(%) =
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Numerical simulation

We set up a two-dimensional simulation domain, which has the
same length scale as in experiments. In the simulation, H, is gener-
ated at a constant flux of 7.86 mmol m™h™ from the composite and
20 mmol m2h™ from the catalyst. For the composite, the H, is gener-
ated only at the top 0.1-cm-thickness box. The H, diffuses to water and
air, following the equation

ac
— = DV? R, 1
oy c+ 1

where cis the H, concentration, ¢ is time and D is the diffusion coef-
ficient of H,. The diffusion coefficient of H,is chosenas 5 x 10 cm?s™
inwater*®* and 0.7 cm?s™ in air®’. R includes the generation and the
reverse reaction rate of H,. We assume that the reverse reaction rate
is proportional to the H, concentration, R = —k.c, where k, is the rate
constant of the reverse reaction and is chosen as1 x 10°s™. Note that
thegeneration of H,occurs at the composite or catalyst, and the reverse
reaction occursin the water.

The simulation domain is discretized into 8,000 elements using
the commercial software COMSOL Multiphysics 5.4 (COMSOL). The
conservation equation is numerically solved using the finite element
method solverin COMSOL. A workstation with 2 octa-core processors
(Intel Xeon CPUs E5-2687W 3.1 GHz) and 192 GB memory is used for the
numerical calculation.

GHG emission calculation and economic analysis
GHG emissions stemming from the steam methane reforming
and plastic waste photo-reforming processes were evaluated,
incorporating the reaction mechanism governing EG decom-
position (C,H0, +2 H,0 > 2CO, + 5H,) and TPA decomposition
(CgH(0, +12H,0 ~> 15H, + 8CO,). The total GHG emissions are computed
by deducting the mitigated GHG emissions from the operational GHG
emissions (Supplementary Note1).

The data sources utilized for electricity consumption per capita
are delineated in Supplementary Table 6.

Statistics

The experimental results including the porosity, catalyst leaching,
elastic modulus, swelling ratio, contact angle and H, evolution rate
were compared and evaluated using the independent samples ¢-test.

Data availability

All data that support the findings of this study are available from the
corresponding authors upon reasonable request. Source data are
provided with this paper.
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Recent strategies to advance photocatalytic activity
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Extended Data Fig. 1| Polymeric stabilization for durable photocatalysis.
Various strategies including light concentration technique, electrolyte addition,
and external heating have been explored to enhance photocatalytic activity.
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However, these methods impose harsh operating conditions which substantially
compromise catalyst durability. Our strategy improves both catalytic stability
and activity through polymeric stabilization at the gas-liquid interface.
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Extended Data Fig. 2| Characterization of Pt-DSA/TiO, photocatalyst. a, Cs-
STEMimages of Pt-DSA/TiO,, where bright dots represent Pt atoms. b, STEM-EDS
elemental mapping of Pt-DSA/TiO,. ¢, EXAFS spectra of Pt-DSA/TiO,, Pt-NP/TiO,,
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Pt-DSA/TiO,. The Ptloading amount is 0.3 wt% for all samples.
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Extended Data Fig. 3| Fabrication process and material characterization of
the composite. a, Schematicillustrations (top row) and photographs (bottom
row) of the composite fabrication process. (i) Formation of an HPU-PPG-NaCl gel
embedding Pt-DSA/TiO, photocatalysts. (ii) Sequential drying and re-swelling
procedures culminating in the establishment of a photocatalytic layer. The
dissolution of NaCl granules in water facilitates the formation of macroporosity
within the photocatalytic layer. (iii) Integration of the photocatalytic layer

onto the prepared supporting layer to fabricate the bilayer composite.
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¢, d, (c) Schematicillustrations and (d) graph delineating the residual water
content after evaporation for 24 h within an oven set at 70 °C, contrasting
between the open (n=4) and closed (n = 5) systems (control groups) and the
bilayer composite (experimental group; n = 5). Data are presented as mean values
+/-SD. e, Porosity of the supporting layer (white; n = 3) and bilayer composite
(blue; n =3). Data are presented as mean values +/- SD.
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Extended Data Fig. 8 | Computational simulation of scalable H, production. of (e) floatable composite and (f) powder system as a function of depth (z) at
a, b, Schematicillustration of the scalable-size simulation domain of (a) floatable various time points: 0 min (black), 100 min (purple), 500 min (blue), 1000 min
composite and (b) powder system. ¢, d, The distributions of H, concentration (green), and 1500 min (red). g, h, (g) The distribution of H, concentration during

during H, production of (c) floatable composite and (d) powder system at various ~ H, production and (h) H, concentration as a function of depth (z) at various time
time points (forexample, 0,100,500, 1000, and 1500 min). e, f, H, concentration points by sunken composite.
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Bulk synthesis of Pt-DSA/TiO, photocatalyst

(i) N, purging (ii) Sunlight irradiation (iii) Pt precursor addition

Front view Front view

Extended Data Fig. 9 | Bulk synthesis of Pt-DSA/TiO, photocatalyst. Optical images of the front view (top) and top view (bottom) of the outdoor setup for the bulk
synthesis of Pt-DSA/TiO, photocatalyst in the quartz cell during (i) N, purging, (ii) irradiation of natural sunlight, and (iii) addition of Pt precursor.
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Extended DataFig.10 |1 m?-scale solar H, production. a-f, Variations in solar radiation intensity (orange), temperature (green), and the H, production rate by the
1 m?scale floatable composite (navy blue) measured on (a) 13, (b) 14", (¢) 17" (d) 27", and (e) 31* of Mar. and (e) 8" of Apr.in2023.
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