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ABSTRACT

Plastic pollution has become a pervasive environmental crisis, intensifying greenhouse gas emissions, contaminating soils, and
potentially aggravating cardiovascular risks. Prevailing recycling strategies such as incineration, landfilling, and mechanical
processing remain constrained by inefficiency, contamination, and excessive energy demand, resulting in limited reusability
of the recovered materials. Therefore, developing an eco-friendly, high-performance technology that transforms plastic waste
into valuable resources is imperative. Herein, we report a novel waste plastic upcycling strategy utilizing ultrasonic vibration
cold fabrication to convert waste polyethylene terephthalate into carbon materials. The polyethylene terephthalate was treated
via a combination of ultrasonic vibration and dissolution methods to produce highly carbonized, porous materials with high
photothermal efficiency that enable high-performance seawater distillation. High-frequency stress treatment promotes rapid
polymer chain scission, deoxygenation, and aromatization, facilitating heat-source-free carbonization. We further revealed that
porous carbonized materials exhibit exceptional broadband photothermal conversion with an efficiency exceeding 95%. In
seawater distillation, the material generated 2.19 kg m=2 h! of solar steam and maintained stability in high-salinity conditions.
Leveraging the flexible fabrication capability of these porous carbons, we constructed a solar evaporation device and demonstrated
a freshwater yield of 6.02 kg m=2 in 10 h of outdoor testing, which is 5.2 times that of natural evaporation.

post-consumer plastics. These plastics accumulate in landfills,
rivers, and oceans, fragmenting into persistent microplastics that

1 | Introduction

Plastics are essential in modern life due to their low cost, light
weight, and durability, playing a key role across various sectors
such as electronics, packaging, construction, and healthcare [1,
2]. 500 Mt yr~! of global plastic production has already been sur-
passed, and it is expected to triple by 2050 if left unchecked [3-5].
However, the current management of plastic waste has not kept
pace with production, leading to widespread mismanagement of
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pose severe ecological and human health risks [3, 4, 6-9]. These
trends elevate plastics from a conventional solid-waste issue to
a major environment-and-climate challenge, underscoring the
urgent need to move away from disposal and toward efficient
recycling and high-value upcycling [10, 11]. Traditional recycling
strategies, including mechanical reprocessing, energy recovery,
and chemical recycling, each come with significant drawbacks.
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Mechanical recycling, while the most widely used, leads to
material degradation after multiple cycles, limiting its suitability
for high-value applications [12-15]. Energy recovery through
incineration reduces waste volume but releases large amounts
of greenhouse gases like CO,, exacerbating the greenhouse
effect [16, 17]. Chemical recycling methods, such as pyrolysis,
gasification, and solvolysis, can break plastics down into smaller
molecules, but their practical implementation remains hindered
by high energy demands, harsh reaction conditions, and low-
value outputs [18-21]. These methods also rely on catalysts that
are costly, difficult to synthesize, and prone to deactivation, creat-
ing additional barriers to their sustainable deployment [22, 23]. In
parallel, biological upcycling offers mild operating conditions and
potentially high product selectivity, yet remains constrained by
intrinsically slow kinetics and the stability/efficiency of enzymes
and microbial systems, which currently limit throughput and
scale-up for real-world plastic streams [24]. As a result, there is
an urgent need for a cost-effective, efficient, and environmentally
friendly solution to address the growing plastic pollution crisis.

Against this backdrop, the conversion of plastic waste into carbon
materials has recently emerged as a promising upcycling route.
Plastics, being inherently carbon-rich polymers, lend themselves
well to carbonization, a process that transforms them into solid
carbon frameworks, preventing the release of CO, into the
atmosphere and offering the potential for long-term carbon stor-
age [25-28]. Carbonization also generates porous carbons with
tunable microstructures and functional properties, opening up a
wide range of applications in adsorption, catalysis, energy stor-
age, and photothermal water evaporation [29-31]. Notably, such
porous carbons serve as a commercially established benchmark
material, typically priced at approximately USD 1.8-2.47 kg~! and
supported by a mature global market valued at around USD 4.46
billion in recent years, thus highlighting the strong economic
viability of plastic-to-carbon upcycling. For example, porous car-
bons with hierarchical micro-meso-macro porosity can provide
abundant active sites and fast transport channels, making them
ideal for use as electrodes, adsorbents, or photothermal layers [28,
32-34]. Despite these advantages, current carbonization methods
still face huge challenges. Traditional techniques such as pyroly-
sis and activation operate at high temperatures (800-1300 K) for
several hours, requiring a nitrogen or argon atmosphere, which
makes them energy-intensive and costly [35]. Chemical activation
with agents like KOH or NaOH increases the material’s porosity
but involves corrosive reagents and complex wastewater man-
agement [36]. Catalytic graphitization lowers the temperature
but introduces metal recovery steps, while hard/soft templating
requires etching. Although hydrothermal routes are milder (450-
570 K), they yield oxygen-rich hydrochars that often require
further high-temperature treatment or activation to enhance their
properties [37]. More recently, flash Joule heating has enabled
rapid processing within seconds. However, its reliance on high-
peak-power electrical pulses and specialized hardware imposes
significant challenges for scalability and energy distribution [38].
These limitations underscore the need for a new approach—one
that facilitates low-energy, high-efficiency carbonization with
minimal external heat, capable of directly producing high-quality,
device-grade porous carbons from plastic waste. Ultrasonic vibra-
tion (USV) represents a unique material processing technique,
which enables the rapid preparation and fabrication of materials
through high-frequency mechanical vibration [39, 40]. Bene-

fiting from its low heat generation during treatment and the
mature industrial feasibility for mass production, USV exhibits
promising application prospects in the rapid recycling of waste
plastics.

In this work, we present this novel upcycling strategy for waste
plastics, utilizing USV cold fabrication to convert polyethylene
terephthalate (PET) waste into carbon materials with excep-
tional photothermal efficiency. This approach enables high-
performance seawater distillation, offering a sustainable solution
to plastic waste and water scarcity. Through the combination of
USV with a dissolution method, we successfully prepared highly
carbonized and porous materials from PET (USV-PET), achieving
a rapid (<60 s) conversion into porous carbon without the
need for external heat sources. The dissolution method further
creates interconnected hierarchical pores, enhancing USV-PET
structure for optimized performance. The synergistic interaction
between Zinc oxide (ZnO) and high-frequency stress during USV
treatment accelerates polymer chain scission, deoxygenation,
and aromatization, which facilitates heat-source-free carboniza-
tion. Our findings show that USV-PET exhibits outstanding
broadband photothermal conversion efficiency exceeding 95%,
making it ideal for solar-driven applications. Moreover, USV-PET
demonstrates excellent seawater distillation and salt resistance,
generating 2.49 kg m=2 h! of solar steam while maintaining
stability under high-salinity conditions. Notably, the ion concen-
tration of the desalinated water is significantly lower than the
international drinking water standards. Leveraging the flexibility
of USV-PET, we construct a solar evaporation device that achieves
a remarkable fresh water yield of 6.02 kg m™ in just 10 h
of outdoor testing, 5.2 times higher than natural evaporation.
This study introduces USV cold fabrication as a transformative
method for the high-value upcycling of waste plastics, offering a
promising solution for both sustainable energy production and
environmental protection.

2 | Results and Discussion
2.1 | Fabrication and Characterization of USV-PET

Figure la schematizes the fabrication process of USV-PET. A
homogeneous PET/ZnO powder mixture was loaded into a
stainless-steel die and subjected to USV under a frequency of
20 kHz, during which the initially white mixture rapidly turned
into black, brittle carbon particulates. The particulates were
ground and hot-pressed to obtain a dense bulk intermediate.
Subsequent acid leaching dissolved the embedded ZnO, yielding a
hierarchically porous carbon (USV-PET). To quantify the process
dynamics, we monitored the compressive load in real time
(Figure 1b). The trace exhibits an abrupt jump at the start due
to quick particle compaction and contact stiffening, followed
by high-frequency oscillations induced by the horn; the steady
decrease demonstrates compact fragmentation and loss of contact
stiffness. This mechanical signature is consistent with significant
interfacial friction and localized stress concentration, resulting
in quick in situ heating and bond scission—as opposed to
furnace-based carbonization, which requires external heat and
a prolonged dwell time. USV-PET exhibits sufficient structural
integrity and low apparent mass to rest on a dandelion (Figure 1c),
and its apparent density is 0.92 g cm™ measured by liquid
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FIGURE 1 | USV converts PET into porous USV-PET. (a) The schematic diagram for preparing USV-PET. (b) The pressure curves for USV treatment
of PET/ZnO powder. (c) USV-PET is placed on the dandelion. (d) The SEM images of the micropores and nanopores on USV-PET. (e) The N, adsorption

and desorption curves of USV-PET.

displacement. Figure 1d reveals an interconnected hierarchical
pore network—abundant nanopores decorating micron-sized
cavities—arising from the hierarchical effect of ZnO particles
(Figure S1). Such architecture facilitates continuous and regu-
lated water transport during solar evaporation [41]. To examine
the elemental composition of the final product, energy-dispersive
X-ray spectroscopy (EDS) analysis was carried out on USV-PET
(Figure 1d). The spectrum revealed that C and O are the dominant

elements, while the Zn signal was negligible, indicating that the
ZnO template had been almost completely removed during the
acid-leaching step. This confirms that the obtained USV-PET
consists primarily of a carbon framework, free of significant resid-
ual impurities. N, adsorption-desorption isotherms (Figure 1e)
further confirm the porous nature, giving a BET specific surface
area of ~968 m? g! (N, probe). The nanopore distribution of
USV-PET is provided in Figure S2.

Advanced Materials, 2026

30f15

85L6017 SUOWILIOD BATES.D 3|t jdde aU) Ag PoUBACD 912 SIDILE VO ‘38N J0 S3|NI 10} A1 1T BUIIUO AB|IA UO (SUOIPUOO-PUB-SLLLBYALI0D" B | 1M ARe. 1B |U0//SdNY) SUONIPUOD PUE SWiS 13U 39S *[9202/50/62] U0 ARi18UIIUO AB1IM AISIBAIUN LBLZUBUS Aq Z9GE. BUIPE/ZO0T 0T /10P/W00" A3 ARIdl1pUIlUO'PaoUenpe/SdY OIS POpeo|umod ‘0 ‘G60vTZST



2.2 | Mechanism of “USV Induced Carbonization”

To elucidate how PET transforms under USV, we character-
ized the samples by X-ray diffraction (XRD), Raman, Fourier-
transform infrared (FTIR), and X-ray photoelectron spectroscopy
(XPS). Because long-range stacking and ordering are most sen-
sitively captured by X-ray diffraction, we first examined XRD
(Figure 2a). PET powder and HP-PET (PET prepared by hot press,
see the Experimental Procedures) show nearly identical XRD pat-
terns, where the negligible differences in HP-PET are attributed to
hot-pressing-induced texture and densification/thermal-history
effects, rather than any crystalline phase transformation [42]. By
contrast, the weak diffraction peak at 26 = 22.0° for USV-PET,
which is a broad reflection, characteristic of turbostratic carbon-
like (002) stacking (dy,, ~ 0.344 nm), i.e., poorly ordered sp?
layer packing far from crystalline graphite [43]. To complement
stacking information with bond-level chemistry, we next used
Raman spectroscopy to probe the sp? network (D/G) and to track
the persistence or loss of PET-specific vibrations (Figure 2b).
Raman spectra of PET and HP-PET exhibit characteristic polymer
peaks, including the C=0 stretch at 1717 cm ™ and C—H stretching
modes at 2900 cm™ (sp*) and ~3050 cm™ (sp?), confirming
that hot pressing preserves the polymer backbone. In stark
contrast, USV-PET displays prominent D (1350 cm™) and G
(1580 cm™) bands with the polymer features largely diminished.
The intensity ratio ID/IG = 1.61 indicates a defective sp*-rich
network with a shortened sp® correlation length, rather than
well-ordered graphite [44]. Together, XRD and Raman establish
a coherent picture: hot pressing preserves the polymeric phase,
whereas USV converts PET into a disordered, turbostratic sp?
framework with limited stacking order. FTIR analysis supports
the structural development (Figure 2c). PET and HP-PET have
significant ester C=0 stretching bands (1717-1721 cm™), C—O
(1095 cm™), and distinctive (C=0)—C vibrations (1249 cm™),
indicating an intact polyester backbone [43]. USV-PET shows a
marked attenuation of these ester bands and a more prominent
aromatic »(C=C) near 1600 cm™'. A broad v(O—H) feature
centered around 3200-3600 cm™! is also visible, attributable to
surface hydroxyls at edge sites and adsorbed moisture on the
porous carbon. To further investigate the changes in carbon-based
functional groups before and after treatment, detailed analysis
was conducted using XPS carbon spectroscopy. XPS C 1s spectra
provide direct evidence of the chemical evolution during USV
treatment (Figure 2d-f). The spectra can be deconvoluted into
C—C/C=C (284.8 eV), C=0 (286.9-287.2 €V), and O—C=0 (288.7-
288.9 V) [45]. PET and HP-PET show comparable oxygenated
fractions (~35%-37%), consistent with an intact polyester back-
bone. USV-PET, in contrast, is enriched in C—C/C=C (~86.6%)
with a pronounced depletion of carbonyl/carboxyl species (C=0
+ O—C=0 =~ 8.2%); a small C—OH (~285.6-285.9 eV) component
(~5.2%) remains, attributable to edge hydroxyls/adsorbed water
and aligned with the broad v (O—H) band in FTIR (Figure 2c).
Elemental analysis (EA) further confirms the compositional
evolution: USV-PET exhibits a reduced H content (2.69 + 0.21
wt.%) and an increased C content (88.23 + 0.39 wt.%) relative to
PET and HP-PET (Figure S3), consistent with carbon enrichment
results in Figure 2d-f. These results, in conjunction with the
FTIR attenuation of ester bands and the Raman-derived increase
in ID/IG, confirm that USV is the primary driver of PET
carbonization, triggering rapid chain cleavage, dehydrogenation,
and partial aromatization within seconds. Consistently, an FTIR

control experiment under identical USV conditions shows that
adding ZnO leads to a much stronger attenuation of ester-related
bands (v (C=0) and v (C—0/C—0—C)) and more pronounced
aromatic features (v (C=C) and ring modes), compared with
ZnO-free USV-PET (Figure S4). These results indicate that ZnO
plays a synergistic role by providing abundant Lewis-acidic
Zn?* sites that coordinate with ester carbonyls, lower the bar-
rier for C—O bond cleavage/S-scission, and thereby accelerate
deoxygenation (mainly via decarboxylation), and offering a solid
interface/templating effect that helps preserve the emerging
porous framework [46, 47]. Together, this synergy facilitates
the rearrangement and stabilization of sp® clusters, yielding
a stable turbostratic sp?-rich carbon network with substan-
tially reduced oxygen content and improved chemical stability
(Figure 2g).

To correlate the spectroscopic evolution with the process param-
eters, we quantified the temperature transient during ultra-
sonication using two independent diagnostics (Figure 2h,i). A
K-type thermocouple placed at the powder-die contact records a
seconds-scale spike to T,,,, = 534 K within 0.3 s of vibration onset,
followed by rapid relaxation (Figure 2h). Infrared thermography
concurrently resolves spatially localized hot spots at the powder
surface (Figure 2i), with frames at t; = 3.9 s and t, = 4.1 s
showing T,., = 340 and 514 K, respectively. The agreement of
the two methods (both on the order of 520 K) indicates that
ultrasonication produces brief, localized heating without external
heat input, consistent with the rapid chemical changes inferred
from XRD/Raman/FTIR/XPS. We note that thermocouple lag
and IR emissivity/occlusion can bias absolute values; thus, the
reported maxima should be viewed as conservative estimates of
the peak local temperature.

To benchmark the efficiency of our USV-assisted strategy, we
compared its operating window with conventional carbonization
approaches (Figure 2j). Traditional catalytic pyrolytic carboniza-
tion (CPC) typically requires elevated temperatures above 700
K and prolonged durations on the order of 10°-10* s, while
hydrothermal carbonization (HTC) proceeds at milder temper-
atures (450-600 K) but over excessively long reaction times
(>10° s) [48, 49]. Flash Joule heating (FJH), in contrast, achieves
carbonization within 60 s, yet demands extreme temperatures
exceeding 2000 K and sophisticated electrical setups, which
hinder practical scalability [50]. Notably, our method achieves
complete carbonization within just a few seconds at ~530 K—
combining the kinetic advantages of FJH with the mild conditions
of HTC, yet without the high energy penalty of either. This
unique position in the time-temperature landscape underscores
the unprecedented efficiency and practicality of USV as a low-
energy, rapid route to carbon frameworks from waste PET. A
detailed comparison of processing conditions across these meth-
ods is summarized in Table S1. To further validate the practical
applicability of the USV technique, we conducted verification
tests on real-world waste plastic feedstocks (predominantly PET-
based, encompassing flakes, tubes, films, and sheets), as depicted
in Figure S5. XRD characterization results demonstrate that
all the aforementioned real waste plastics undergo pronounced
carbonization upon USV treatment (Figure S6). The energy
input of the USV route was further normalized by the mass of
PET processed. Under the experimentally validated condition,
ultrasonic treatment at 1.2 kW for 60 s corresponds to 72 kJ per
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batch, or 14.4 MJ kg™' PET for the core conversion step. This
value is lower than or comparable to representative PET/plastic
upcycling processes reported in the literature, including chemical
upcycling, 20-60 MJ kg™'; thermal pyrolysis, 20.6 MJ kg™;
flash Joule heating, 23 MJ kg~!; methanolysis, 37-46 MJ kg™';
carbonylolysis, 20.9-22.9 MJ kg™!; and conventional hydrolysis,
up to 51 MJ kg™' [18, 51]. These comparisons suggest that the
USV strategy offers a relatively low conversion-specific energy
input for PET-to-carbon conversion while avoiding prolonged
external furnace heating. Collectively, these findings corrob-
orate the preliminary feasibility of extending this proposed
strategy toward the efficient treatment of practical PET waste
streams.

2.3 | The Photothermal Performance

Due to the turbostratic, sp?-rich framework established and a
rich porous structure, upcycled USV-PET exhibits broadband
light absorption and highly efficient photothermal conversion.
Its optical properties were quantified using an integrating sphere
to measure reflectance (R) and transmittance (T), from which
the absorptance was derived as A(4) = 1 - R(1) - T(4). The
hierarchically porous architecture promotes multiple scattering
and photon trapping (Figure 3a), ensuring efficient solar har-
vesting across the spectrum. As shown in Figure 3b, USV-PET
achieves an average absorptance of 95.7% in the 250-2500 nm
range, significantly higher than HP-PET (48.3%). Beyond the
structural contribution, this broadband absorption is intrinsi-
cally linked to molecular reorganization under USV and ZnO
catalysis, which drive dehydrogenation and deoxygenation to
yield sp*-enriched carbon domains with extended conjugation.
The increased C=C/C—C fraction revealed by XPS and the
pronounced D/G features in Raman confirm the formation of
conjugated networks (Figure 2b,d-f), which enables enhanced
m-electron delocalization and broadens the absorption window
[52, 53]. The synergy of hierarchical architecture and conju-
gated electronic structure maximizes light-matter interactions,
thereby underpinning the superior photothermal response of
USV-PET.

Under dry conditions and 1 sun (1 kW m™2), the surface tem-
perature of USV-PET rises rapidly from 304 to 345 K within
8 min. Under the same conditions, HP-PET and the blank
substrate show only modest heating, ending at 311 and 308 K,
respectively. (Figure 3c). As confirmed by broadband absorp-
tion (Figure 3b) and 1 sun-simulated heating tests (Figure 3c),
USV-PET exhibits efficient solar-to-thermal conversion. To fur-
ther resolve its wavelength-dependent photothermal behavior,
we employed individual lasers with distinct wavelengths and
tunable power densities to systematically evaluate its photother-
mal response. The experimental setup diagram is shown in
the supplementary materials (Figure S7). To assess spectral
responsiveness and cycling stability, USV-PET was irradiated at
0.1 W cm™ with lasers of 405, 532, 655, and 1064 nm for 50
min in an on/off cycling protocol. The temperature traces and
infrared thermographs (Figure 3d) reveal a sub-15-s rise time
and retain this performance without significant loss. At identical
power density, shorter wavelengths (e.g., 405 and 532 nm) yield
higher heating rates than longer wavelengths, consistent with
the measured spectral absorptance (Figure 3e). Given that the

near-infrared spectrum constitutes a significant portion of solar
energy, we employed an 808 nm laser as a representative source
to probe the power-scalable heating crucial for applications
like distillation. Under 808 nm irradiation, stepwise increases
in power density from 0.1 to 0.5 W cm™2 produce fast and
fully reversible temperature swings with amplitudes set by
power (Figure 3f, left). The heating rate—defined as the initial
slope of the temperature rise after laser on—increases approx-
imately linearly with power density over this range, reaching
5 K st at 0.5 W cm~2 (Figure 3f, right). Collectively, USV-
PET combines broadband absorption with rapid, power-scalable
heating and excellent cycling stability, pointing to applications
in photothermal actuation, solar steam generation, and ther-
mal imaging. Given the dual crises of plastic pollution and
freshwater scarcity, we selected interfacial solar evaporation
for rigorous application-level validation and further test perfor-
mance metrics, including broadband absorption, wetting, and salt
management.

2.4 | Hydrophilicity and Salt Resistance

High vapor flux in solar steam generators is primarily determined
by a continuous water supply to the evaporating interface, and
surface wettability is the essential factor that makes this function
possible [54]. As shown in Figure 4a, when a water droplet
contacts USV-PET, it spreads and is completely imbibed within
1.5 s, evidencing superhydrophilicity and strong capillary wick-
ing. This superhydrophilicity arises from the synergistic effect
of hydrophilic surface groups and the interconnected porous
structure created after ZnO removal, which together promote
rapid wetting and capillary water infiltration. Consistently, water-
contact-angle measurements show markedly enhanced wetting
for the porous block compared with the dense block prior to ZnO
removal (Video S1).

Because salt accumulation within pores can deteriorate evapo-
ration performance, we further evaluated the salt-management
capability of USV-PET. A layer of salt crystals was placed on the
top surface to emulate interfacial salt deposition during operation
(Figure 4b). After 40 min, most surface salt had dissolved and
disappeared, attributable to the interconnected hierarchical pores
that continuously deliver water to the interface while provid-
ing lateral pathways for brine redistribution, thereby dissolving
and carrying away salts without clogging. These attributes—
instantaneous wetting and capillary-driven brine transport—are
essential for maintaining a high evaporation rate and long-term
stability in operation [55]. Figure 4c illustrates the passage of salt
ions through the evaporator and provides a deeper insight into
the mechanism of salt resistance. The evaporation of water at the
upper surface of the evaporator increases the concentration and
density of ions at the surface, resulting in ion concentration and
density gradients. The gradient effect causes salt ions to diffuse
from places of high concentration to areas of low concentration.
The porous structure within the evaporator creates continuous
channels that allow salt ions to diffuse into the bulk water.
As a result, a dynamic balance is established between upward
water transport and downward ionic diffusion, suppressing sur-
face crystallization. This self-regulating ionic transport ensures
long-term salt resistance—an essential prerequisite for stable,
high-flux solar evaporation [54].
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FIGURE 3 | Broadband absorption enables rapid, power-scaled photothermal heating. (a) The absorption mechanism of USV-PET. (b) Absorption
spectra of the HP-PET and USV-PET. (c) Surface temperature curves of Blank, HP-PET, and USV-PET under 1 kW m™2 irradiation. (d) The temperature
rise curve of USV-PET under different wavelength irradiation at a power density of 0.1 W cm~2 and Infrared images. (e) The heating rate of USV-
PET irradiated with different wavelength irradiation at a power density of 0.1 W cm~2. (f) Temperature rise curve of USV-PET under different power
irradiation with an 808 nm laser and the heating rate of USV-PET irradiated with 808 nm laser with different energy power.
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2.5 | Evaporation Performance of USV-PET

Motivated by the broadband photothermal response, superhy-
drophilicity, and salt resistance of USV-PET, we investigated
its solar steam-generation performance. Under simulated solar
irradiation at 1 sun, USV-PET delivers a steady evaporation rate
of 2.49 kg m=2 h~!, which is 3.7x that of pure water (0.67 kg
m~2 h™') (Figure 4d). The enhancement stems from the higher
surface temperature achieved by the USV-PET evaporator relative
to bare water under the same irradiation, which accelerates vapor
escape from the interface. USV-PET exhibits an evaporation rate
of 2.12 kg m™2 h~! even after subtracting the dark evaporation
contribution. Importantly, the equivalent evaporation enthalpy
(E¢qu) of USV-PET was also determined by subtracting the dark
evaporation contribution. The enthalpy of USV-PET is calculated
by Equation (1):

Uin = Eequ mg = EO m, (1)

where U,, is the total energy absorbed from the environment per
hour; E, and m, refer to the water evaporation enthalpy (kJ g")
and the mass loss (g) of water in 1 h without USV-PET in the
dark, respectively; m, is the water mass change using USV-PET.
To measure the water evaporation enthalpy, a control experiment
was conducted to assess water loss in the dark over 1 h (Figure
S8). The calculated E,,, is 1614 J g™, which is markedly lower than
the theoretical enthalpy of bulk water (2434 J g™1). This reduction
indicates that USV-PET not only raises the interfacial tempera-
ture but also effectively lowers the energetic barrier for phase
change. The corresponding photothermal conversion efficiency
was calculated to be 95% (Note S1). To further validate the strong
salt tolerance of USV-PET, evaporation tests were conducted with
saline feeds of varying concentrations. Even when using a highly
concentrated 15 wt.% NaCl solution, the evaporation rate (2.42 kg
m~2 h™') remains nearly identical to that obtained with a 3.5
wt.% solution. This result demonstrates that USV-PET maintains
stable performance under hypersaline conditions (Figure 4f). The
decreased concentration gradient between the saltwater at the
bottom and the saltwater at the top of the evaporator, which
slows down the rate of water transport, is the main cause of the
modest decrease in rate [53]. The application of USV-PET for the
distillation and purification of wastewater is crucial in addressing
real-world water scarcity due to uneven distribution of water
resources, with seawater occupying the majority of resources and
pollution from energy development [56].

2.6 | Distillation Performance, Durability, and
Scalability of USV-PET

To validate the practical distillation capability, USV-PET was
further evaluated using real seawater collected from the Yellow
Sea (Figure 4g). Under one-sun illumination, the evaporator
achieved a stable evaporation rate of2.19 kg m=2 h™!, accompanied
by continuous and nearly linear mass loss, indicating efficient
and steady photothermal-driven water evaporation in natural
saline conditions. No visible salt accumulation occurred on the
surface throughout the process, highlighting the excellent salt-
rejection ability of USV-PET during actual seawater distillation.
The Na*, K*, Mg?*, and Ca?* concentrations of condensed water
range from ca. 400-11000 ppm to ca. 0.8-15 ppm (Figure 4h).

These values are well below the World Health Organization
(WHO) and U.S. Environmental Protection Agency (EPA) rec-
ommended limits for total dissolved solids (TDS) in drinking
water—approximately 1000 ppm (WHO) and 500 ppm (EPA)—
demonstrating the excellent distillation performance of USV-PET
under real-world conditions. To probe durability, evaporation
tests were conducted under one-sun using pure water, 3.5 wt.%
NaCl brine, and natural seawater; the mean evaporation rates
were 2.45 + 0.028, 2.26 + 0.023, and 2.15 + 0.030 kg m~2 h7!,
respectively, and no performance loss was observed over 10
reuse cycles, demonstrating excellent robustness (Figure 4i). To
assess the evaporation stability and scalability under variable
solar intensities, we further performed tests under simulated
irradiances of 0.5, 1, 1.5, 2, and 3 suns. As shown in Figure
S9, the evaporation rate increases monotonically with rising
power density, while the evaporation curve maintains a smooth
shape without abrupt fluctuations. Furthermore, under identical
testing conditions, USV-PET exhibited a higher evaporation rate
(2.41 kg m™2 h™') than the representative commercial carbon
materials, including graphene (1.23 kg m=2 h™'), activated carbon
(1.37 kg m~2 h™1), porous carbon fiber (1.41 kg m=2 h7'), and
carbon nanotube (1.55 kg m~2 h™!) (Figure S10). Compared with
metallic, carbon-based, and hydrogel photothermal materials,
USV-PET achieves a distinctly higher evaporation rate and
competitive efficiency (Figure 4j). The evaporation rates and
conversion efficiencies of these samples are listed in Table S2.
We further evaluated fabrication cost, evaluated durability, and
environmental robustness relevant to practical deployment. A
preliminary lab-scale cost analysis for a single batch of five
USV-PET discs is summarized in Table S3. To evaluate its
resistance to harsh environments, USV-PET was immersed in
1 M Hydrochloric acid (HCI) and 1 M NaOH solutions for 48 h.
The porous morphology remained intact (Figure S11), and the
seawater evaporation rate remained stable (Figure S12). Beyond
operational robustness, reproducibility across fabrication cycles
is also essential for real-world deployment. USV-PET samples
prepared in five independent batches under identical conditions
exhibited comparable porous morphologies in SEM (Figure S13),
consistent carbonization characteristics with a carbon content
of 88.6 + 1.8 wt.%, and nearly overlapping seawater evaporation
performance (Figure S14).

2.7 | Outdoor Solar Seawater Distillation
Application

To demonstrate the scalable and programmable manufactura-
bility of USV-PET, monolithic blocks and discs with diverse
geometries were fabricated. Curved samples were produced by
hot-pressing at 540 K under 50 MPa using molds with a contour
radius of 0.5 mm, yielding mechanically robust curved monoliths.
Flat USV-PET membranes were further shaped through binder-
free vacuum filtration into circular discs with diameters up to
5 cm, exhibiting uniform thickness and smooth surfaces. In
addition, size-programmable pieces ranging from 1.5 to 6 cm
in diameter were obtained by coating method, confirming the
excellent form-factor versatility of USV-PET (Figure 5a) (specific
coating procedure steps are detailed in the Supporting Informa-
tion). These results highlight the material’s potential for scalable
integration into solar-steam devices of various configurations
and dimensions. Furthermore, to validate solar steam generation

Advanced Materials, 2026

9of15

85UBD17 SUOWWOD BA RO 3ot dde 3y} Aq peusenob afe 9 VO ‘SN 0 S9IN1 104 AReiq 1T BUIUO A1/ UO (SUO I PUOD-PUE-SWIRHALIOD A8 | IMA 1 1 [oU 1 UO//STY) SUORIPUOD PUe W L 38U 39S *[9202/50/62] U0 ARiqITauluo AB|IMm ‘AISeAIUN Weyzusys AQ 295EL epe/z00T OT/I0p/LL00 A8 | M Aeiq 1 jeulUO'peouRApe// ARy Wi} papeo|umoq ‘0 ‘S601TZST



Flexible Manufacturing

- USV-PET
- P
=

2. | | S
‘%xs,;wa_.-*"

.

. R
-
/ }l

—

Solar-steam module and USV-PET prototype Outdoor evaporation test

320 3.0
6l Site: Shenzhen, China 9
= Date: August 8, 2025 4 B A 4315 d25
€ 5 —o-usv-PET
4310 __ 420 &
2 | —o-Blank — 3 ‘vE
4T J305 0415
S e1's 2
— : x
-’ - —
O3 4300 ® 410 x
3 o 5
O o ™
= L = 295 =405
2 £ =
S g ®
[ = ]
(] 4200 400 ¢
el 1 -
©
= J285 405
o} >
1 1 1 1 1 1 1 1 1 1 1 280 d .10
o o o o o o o o o o o
¥ o W WY g a® w6 W S B

Time
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under real sunlight at Shenzhen University in Shenzhen, China
(22.53°N, 113.94°E, Figure S15), we constructed a bench-scale
distillation system comprising an evaporation chamber, a 10 cm
X 10 cm USV-PET-coated wood evaporator, a condenser, and
a collection reservoir. A transparent PMMA cover promoted
vapor condensation and directed the condensate to the outlet
(Figure 5b). Under natural sunlight, rapid vapor generation was
visually confirmed: as shown in Figure 5c, fine water droplets
formed on the inner surface of the cover within 20 min for the
USV-PET device, whereas the blank control (without USV-PET)
exhibited no visible condensation, confirming the strong pho-
tothermal and water-supply capability of USV-PET. Continuous
evaporation was observed in the mass change of water over a 10-h
period (8:00-18:00, August, 2025, Shenzhen, China) (Figure 5d).
The solar flux increased from 0.20 kW m~ at 08:00 to 0.78 kW
m~2 at noon, remained 0.71-0.78 kW m~ from 12:00-15:00, and
decreased to 0.53 kW m~2 by 18:00. Ambient temperature varied
between 299-308 K, peaking at around 13:00. USV-PET module
steadily increased from O to 6.02 kg m™ by 18:00, whereas the
blank reached only 1.16 kg m~2, delivering an overall ~5.2x higher
yield. The gap emerged early (09:00: 0.31 vs 0.06 kg m~2) and
continued to widen through noon when the solar flux peaked
(0.71-0.78 kW m™2), evidencing sustained interfacial evaporation
and efficient water supply with USV-PET. For completeness, we
provide hour-by-hour net evaporation rates in the Supplementary
Information (Figure S16). Based on field data, a 1 m?> USV-PET
module can cover the daily freshwater demands of approximately
three individuals. Importantly, the evaporator is made by upcy-
cling waste PET into a strong, scalable photothermal monolith,
demonstrating a circular-economy pathway that turns discarded
polymers. To further assess longer-term operational durability,
we conducted a 20-day outdoor experiment (Figure S17). The
daily collected water output remained stable without noticeable
performance decay. These results highlight the durability and
environmental tolerance of USV-PET in realistic settings.

3 | Conclusion

We introduce a field-driven, seconds-scale carbonization of post-
consumer PET, powered by high-frequency USV, transforming
a technique traditionally used for polymer welding into an
upcycling process that directly drives polymer-to-carbon conver-
sion. Requiring no external thermal input and triggering rapid
chain scission, deoxygenation, and aromatization to yield porous,
device-ready carbons. The resulting carbons exhibit exceptional
hydrophilicity and photothermal conversion, achieving a solar
steam generation rate of 2.49 kg m~2 h~! with 95% efficiency under
one sun, demonstrated in both seawater distillation and outdoor
tests. Scalable shaping via hot pressing, coating, and binder-
free filtration underscores the practicality of manufacturing.
More broadly, this work redefines plastic waste as a renewable
carbon feedstock, establishing a practical “turning waste into
wealth” paradigm for clean-water production within a circular-
economy framework. A key open question now is how acoustic
parameters—frequency, amplitude, and impedance matching—
can be generalized across polymer chemistries to program pore
architecture and conductivity at scale, thereby defining a broader
playbook for low-energy carbon manufacturing.

4 | Experimental Procedures
4.1 | Materials Preparation

PET was used as the carbon precursor. PET (98%) powder
with an average particle size of ~100 um was purchased from
Hengli New Materials, Zhangmutou, Dongguan, China. The
original morphology of PET powder is provided in the Supporting
Information (Figure S18). Waste PET beverage bottles were
collected from a local supermarket (Shenzhen). PET plastic tubes
were purchased from Dongguan Yuwei Insulation Materials Co.,
Ltd., China. PET plastic sheets were purchased from Dong-
guan Youhuang Plastic Co., Ltd., China. PET plastic film was
purchased from Dongguan Chang’an Tianfu Plastic Materials
Trading Department. ZnO powder (99.99%) was obtained from
Qinghe Xindun Metal Materials Co., Ltd. (China), and sodium
chloride (NaCl, 98%) from Maclean Biochemical Technology Co.,
Ltd. in Shanghai. Pine block was supplied by Shuyang Lvjiyuan
Wood Products Company (China). Seawater was collected from
the Yellow Sea (locally known as Huanghai Sea, China). HCI
(1 M), sodium hydroxide (NaOH, 1 M), chitosan (99%), and
acetic acid (CH;COOH, 99.8%) were supplied by Sinopharm
Chemical Reagent Company (China). Ammonia solution (5%)
was purchased from Yuan Shi Standard Materials (Quanzhou)
Technology Co., Ltd. Unless otherwise stated, PET and ZnO
were mixed at a 1:1 mass ratio using a powder blender to yield
a homogeneous mixture (no milling media). This mass ratio
affords abundant hierarchical porosity and nearly optimal PET
conversion, while further increased ZnO mass induces negligible
performance enhancement [46, 47].

4.2 | USV Process

The USV apparatus consisted of a piezoelectric transducer, a
booster, a sonotrode (horn), and a control unit for parameter
tuning. An AC signal was converted by the transducer into a
20 kHz vibration and amplified to a peak amplitude of 44.4 um,
which was transmitted to the sample through the horn. During
USV, the horn was pneumatically preloaded at 400 kPa and
brought into direct contact with the PET or PET/ZnO powder
bed. USV was triggered when an axial load of 100 N was
applied; the horn then operated at 20 kHz with 100% amplitude
(44.4 ym). A 304 stainless-steel die confined the powders in a
10 mm diameter through-hole, after which ultrasonication was
applied in repeated bursts, each lasting 6 s, for a total of ten
cycles. In this process, energy was delivered into the powder
bed to induce the carbonization of PET. During the process, a
homemade force gauge was used to monitor pressure in real-
time. The data was then processed and transferred to a computer
using a National Instruments NI-9237 data collection card with a
sampling frequency of 1 kHz. Temperature was measured by two
complementary methods: (i) a K-type thermocouple embedded
at the die-powder interface, sampled at 100 Hz via the NI-9237
(temperature accuracy = 0.2 K); and (ii) surface temperature was
recorded continuously at 12 Hz using an infrared camera (Fotric
280D, China) during the USV burst to capture spatiotemporal
heating. All signals were time-stamped and logged to a computer
for subsequent analysis.
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4.3 | Preparation of HP-PET and USV-PET
4.3.1 | HP-PET

Unlike the default premixing protocol, HP-PET was prepared
from neat PET only (no ZnO) and without USV treatment, serving
as a thermal-processing control. For each specimen, ~0.12 g of
dried PET powder was loaded into a tungsten steel cylindrical
mold (inner diameter = 10 mm). Hot pressing was performed in
ambient air using a hydraulic press: the temperature was ramped
at 10 K min™! to 540 K, followed by a 20 min dwell under a
uniaxial pressure of 50 MPa. After the dwell, the sample was
cooled under load at ~5 K min™ to < 333 K, then demolded and
allowed to equilibrate to room temperature. The resulting HP-
PET was obtained as a cylindrical disc (10 mm in diameter and
~1 mm in thickness).

4.3.2 | Preparation of USV-PET

0.50 g of the mixed powder was placed into a die cavity with a
diameter of 10 mm. Following the USV-assisted carbonization
procedure detailed in Section 4.2, the carbonized product was
collected, yielding a recovered mass of approximately 0.39-0.40 g
per batch. This corresponds to a mass recovery rate of 79.2 + 2.6%,
with the mass-recovery workflow illustrated in Figure S19. The as-
collected carbonized powder was then subjected to subsequent
hot pressing and leaching treatments (with scale-up potential
through increased contact area, Figure S20). Then, the carbonized
powder (~0.08 g each) was loaded into a tungsten steel cylindrical
mold (inner diameter = 10 mm) and hot-pressed using the same
thermo-mechanical profile as HP-PET. To remove Zn species, five
hot-pressed USV-PET discs were immersed in 10 mL of 1 M HCl
at room temperature for 2 h. The solids were collected by vacuum
filtration, washed three times with deionized water, and dried
at room temperature for 6 h. ICP analysis showed a residual Zn
content of 0.231 + 0.005 wt.% in the leached USV-PET.

4.4 | Recovery and Regeneration of ZnO

The Zn-containing acidic filtrates collected after leaching were
combined from 10 batches and treated with 5 wt.% ammonia solu-
tion to precipitate zinc hydroxide. The precipitate was separated,
dried, and calcined to regenerate ZnO (schematic illustration of
ZnO recycling, Figure S21). The recovered ZnO exhibited a stable
recovery ratio of 85.1 + 1.5% over five cycles. XRD patterns of the
regenerated and original ZnO were nearly identical, confirming
preservation of the ZnO crystalline phase and its recyclability
for subsequent use (Figure S22). The remaining supernatant
was neutralized and handled according to standard laboratory
wastewater protocols.

4.5 | Characterization of Multi-Scale Structures

N, adsorption—desorption isotherms were measured at 77 K on
a Micromeritics ASAP 2020, and specific surface areas were
calculated by the BET method. The morphologies of PET, ZnO,
and USV-PET were examined by scanning electron microscopy
(SEM; Fei Quanta FEG 450). Elemental distributions were ana-

lyzed by SEM equipped with EDS. XRD patterns were collected
on a Rigaku MiniFlex 600 with Cu Ko radiation over 20 =
5-60° at 5° min~!. FTIR spectra were recorded on a Nicolet
iN10 spectrometer. Raman spectra were acquired on a WITec
alpha300R. XPS (Thermo Scientific K-Alpha) was used to analyze
surface elemental composition and chemical states. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was
performed on an Agilent 5800 instrument (USA) to quantify
the Zn in both solids and liquids. EA (CHNS and O modes)
was conducted using an Elementar vario EL cube (Germany) to
quantify C/H/N/S/O contents of samples. Optical transmittance
(T), reflectance (R), and absorptance (A) were measured using an
integrating-sphere UV-Vis-NIR spectrophotometer (Shimadzu
UV-3600); A was obtained as Equation (2):

AA) =1-RQ) =T 1) )

The temperature evolution of HP-PET, and USV-PET was moni-
tored in real time with an infrared thermal imager (Fotric 280d).
The concentrations of Na*, K*, Ca?*, and Mg?* were determined
by inductively coupled plasma-optical emission spectroscopy
(ICP-OES). Static water contact angles (CA) were measured with
a drop-shape analyzer (DSA100S, Kriiss Germany) with a 1 uL
water droplet.

4.6 | Photothermal Characterization

To evaluate the photothermal conversion of USV-PET, samples
mounted on quartz substrates were irradiated with an 808 nm
laser at varied power densities. Surface temperature was recorded
continuously at 1 Hz with an infrared camera (Fotric 280D,
China). In addition, a multi-wavelength test was conducted using
lasers at 405 nm (PGL-V-H-405), 532 nm (PGL-V-H-532), 655 nm
(PGL-V-H-655), 808 nm (PGL-V-H-808), and 1064 nm (PGL-V-H-
1064); the beam was switched every 60 s, and each wavelength
irradiated the sample for 600 s (total 3000 s). The 808 nm source
was a 5 W fiber-coupled multimode diode laser; in the multi-
wavelength protocol, the sample was irradiated normal to the
surface.

4.7 | Water-Evaporation Tests

A xenon lamp equipped with an AM 1.5G filter (CEL-HXF-300,
Beijing Education Jinguang Co.) was used to simulate sunlight
at 1 sun (1 kW m2). The irradiance was monitored with a
power meter (CEL-NP2000), the surface temperature was tracked
by an infrared thermal imager, and mass loss was continu-
ously recorded by a Sartorius Quintix35-1CN analytical balance
(readability 0.01 mg) connected to a computer. During testing,
USV-PET was seated on a foam wicking reservoir so that water
permeated from the bottom and sides to the USV-PET surface; the
lamp was then switched on and set to 1 sun. To suppress parasitic
evaporation from the container and foam, the glass bottle and
all foam except the exposed USV-PET area were wrapped with
aluminum foil, ensuring that only the sample surface received
illumination. Ambient conditions were controlled at 299 K and
65% relative humidity for all measurements. Subsequently, we
calculated the evaporation rate (m’, kg m= h™!), conversion
efficiency (1, %), and enhancement factor (E.F.) by using the
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following Equations (3)—(5) [57]:

Am
m = o ®
h
_ ’ Lv
M= X 3500 x Py, @
bsorb
EF. = m (absorber) )

m (blank)

where Am represents water mass reduction in 1 h (kg), S
represents evaporator area (m?), m’ stands for evaporation rate
under irradiation after subtracting dark evaporation rate (kg m™>
h™), t stands for irradiation time (i.e., 1 h), h;, represents the
latent heat of water vaporization (J g™'), and Pin represents
solar power (kW m™2). A solar evaporation experiment without
evaporators was also conducted and labeled as “Blank”.
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