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ABSTRACT 

Triboelectric nanogenerators (TENGs) are promising devices for harvesting ambient mechanical energy, however, their 
development is hindered by low power output, limited energy conversion efficiency, and reliance on synthetic polymers. Here, we 
report a pollen-based recyclable TENG (PRTENG) achieving a power density of 5.07 W m− 2 , rivaling synthetic polymeric TENGs. 
The seamless integration of bleached pollen paper with PEDOT:PSS and poly(vinyl alcohol) via strong hydrogen-bonding networks 
exhibits a 21% increase in maximum stress and 82-fold toughness enhancement alongside robust durability of over 100 000 contact- 
separation cycles. Moreover, when integrated into footwear, the PRTENG effectively converts human motion into electrical energy. 
Critically, water-assisted disassembly enables complete component recovery for reassembly with negligible performance loss, 
while the recovered substrates can biodegrade within 12 days. Overall, this study provides a sustainable approach to engineer 
fully flexible, recyclable, and eco-friendly TENGs for deployment in wearable electronics, decentralized sensing networks, and 
next-generation sustainable IoT infrastructures. 
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 Introduction 

ith the rapid proliferation of the Internet of Things (IoT),
earable electronics, and intelligent sensing systems, the demand
or sustainable and portable power sources has surged dramat-
cally (Figure 1A ) [ 1–3 ]. Conventional energy storage devices,
uch as lithium-ion batteries, dominate the current market due to
heir high energy density; however, their intrinsic limitations—
ncluding finite cycle life, prohibitive replacement costs, and
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severe environmental burdens arising from toxic and hazardous
components and non-recyclable packaging–-pose formidable
challenges to long-term sustainability [ 4–7 ]. In this context,
triboelectric nanogenerators (TENGs) have emerged as a promis-
ing alternative energy harvesting technology [ 8–10 ], garnering
extensive research attention due to their ability to efficiently
convert ubiquitous mechanical energy from human motion (e.g.,
walking or finger tapping) [ 11, 12 ], machine vibrations [ 13, 14 ],
and ambient stimuli (e.g., wind or water flow) [ 15–17 ] into
lligence technologies or similar technologies. 
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FIGURE 1 Pollen-based recyclable triboelectric nanogenerator (PRTENG) for sustainable power and circular use. (A) Conceptual illustration of 
distributed, self-powered IoT nodes for environmental monitoring (relative humidity, GPS, temperature, CO2 , noise, and PM2.5 ). (B) Device architecture 
of the PRTENG, comprising poly(vinyl alcohol) (PVA) as the triboelectric layer, PEDOT:PSS as the conducting electrode, and bleached pollen paper as the 
supporting layer, enabling device re-construction. (C) Closed-loop end-of-life pathway enabled by biomass sourcing (camellia pollen) and water-assisted 
disassembly to separate bleached pollen paper, PVA, and PEDOT:PSS for disposal and/or recycling. 
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lectricity via the coupled effects of triboelectrification and elec-
rostatic induction [ 18–21 ]. Endowed with inherent advantages of
ightweight construction, structural flexibility, and material ver-
atility [ 22–24 ]—encompassing synthetic polymers, functional
extiles, and biodegradable composites [ 25–31 ]—TENGs have
een widely exploited in self-powered sensing scenarios, ranging
rom health monitoring patches and environmental sensors to
uman-machine interfaces [ 8, 32, 33 ]. 
of 16
Despite these compelling merits, the scalable adoption of TENGs
is mainly hindered by two interrelated challenges. First, most
high-performance TENGs rely on non-biodegradable fossil-
derived polymers (e.g., PE, PET, polydimethylsiloxane (PDMS))
and metallic electrodes, whose production and end-of-life dis-
posal generate persistent electronic waste, microplastic pollution,
and toxic leaching, directly conflicting with green energy prin-
ciples and global carbon-neutrality goals [ 34–38 ]. Second, while
Advanced Energy Materials, 2026
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enewable and biodegradable materials (e.g., cellulose, chitosan,
elatin) have been explored to mitigate environmental impacts
 34, 39, 40 ], they typically suffer from unsatisfactory power output
nd low energy-conversion efficiency. For instance, bacterial
anocellulose- and lignocellulose-based TENGs deliver peak
ower densities of only 4.8 and 27.2 mW m− 2 [ 41, 42 ], and even
odified cellulose systems rarely exceed 2.6 W m− 2 [ 43 ]. This
tark performance gap underscores an urgent, unmet need: the
evelopment of high-performance TENGs that simultaneously
chieve full-life-cycle sustainability and competitive electrical
utput, thereby reconciling the long-standing trade-off between
co-friendliness and electrical performance. 

mong emerging sustainable materials, pollen–-an abundant,
enewable biomass sourced from flowering plants and often
escribed as the “diamond of the organic world” for its distinctive
icrostructures and properties [ 44 ]–-exhibits tremendous poten-
ial for fabricating eco-friendly substrates, thereby addressing
he sustainability predicament of TENGs. Typically, raw pollen
s subjected to sequential defatting and alkali treatment to
liminate surface lipid impurities and loosen its rigid exine
tructure, thereby enabling the formation of flexible, porous, and
echanically robust pollen paper via subsequent molding and
rying processes [ 45, 46 ]. Benefiting from its intrinsic biodegrad-
bility, biocompatibility, and structural tunability, pollen paper
as been successfully employed as a green substrate for various
lectronic devices, including solar cells, pressure sensors, and
lexible electronics in previous studies, with recent advances
ighlighting biomass-derived papers as promising candidates
or green electronic platforms [ 47 ]. However, the direct appli-
ation of pollen paper in TENG is further constrained by its
uboptimal hydrophilicity and intrinsic structural toughness.
hese inherent characteristics lead to poor interfacial conforma-
ility with device substrate during TENG fabrication, which
everely compromises contact stability and ultimately degrades
he triboelectric performance of TENGs–-a critical limitation
hat is also prevalent in other biomass-based TENG substrates,
here precise surface property modulation is indispensable for
ptimizing triboelectric response [ 48 ]. To mitigate these issues,
his study integrates a targeted bleaching treatment into the
ollen paper preparation process. This bleaching step not only
fficiently removes residual impurities that are recalcitrant to
onventional defatting and alkali treatment but also modifies the
urface chemical properties of pollen paper, endowing it with
ightweight features, enhanced substrate affinity, and improved
urface uniformity (Figure 1B ). These synergistic modifications
ollectively optimize the triboelectric activity of pollen paper,
endering it an ideal substrate for high-performance TENGs.
espite the significant progress in pollen paper-based functional
lectronics, its application in energy harvesting–-particularly
or TENGs with tailored modification to enhance mechanical-
o-electrical energy conversion–-remains largely underexplored,
reating a notable research gap in the field of sustainable energy
arvesters. 

o bridge this research gap and tackle the aforementioned
hallenges, we report a high-output, flexible, fully recyclable,
nd eco-friendly TENG based on bleached pollen paper
Figure 1C ). In this design, the biomass-derived pollen
aper (modified via the proposed bleaching strategy)
liminates the reliance on petroleum-based polymers, ensuring
dvanced Energy Materials, 2026
inherent environmental compatibility. Paired with poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) as
a conducting electrode, the fabricated pollen-based recyclable
TENG (PRTENG) delivers a remarkable peak power density
of 5.07 W m− 2 –-comparable to that of state-of-the-art synthetic
polymer-based TENGs–-while maintaining robust mechanical
durability over 30 000 cycles through controlled microstructuring
and contact interface optimization. Furthermore, the utilization
of low-cost and recyclable pollen paper facilitates scalable device
fabrication and promotes closed-loop material cycles, with the
bleaching modification serving as a key innovation to enhance
triboelectric performance. As a proof of concept, a practical
wearable self-powered system is demonstrated by integrating
the PRTENG into footwear, which can effectively charge an
electronic watch during routine walking. Overall, this work
not only develops an innovative, high-performance eco-friendly
TENG but also establishes a scalable material paradigm that
aligns with global carbon-neutrality and cross-economy goals
[ 49 ], paving the way for the next generation of sustainable energy
harvesting devices. 

2 Results and Discussion 

2.1 Bleaching ‑Induced Chemical, Structural, 
Mechanical Evolution of Pollen Paper 

The original Camellia pollen paper (OP) is fabricated by casting
the defatted and alkali ‑treated Camellia pollen microparticle
suspension followed by air drying [ 44 ], yielding a mechanically
robust but optically semitransparent film with a characteristic
orange color (Figure 2A ). Subsequent NaClO bleaching removes
the chromophores, producing a visually uniform white pollen
paper (BP), indicative of substantial chemical modification. At
the molecular level, sporopollenin–-the primary constituent of
OP–-contains hydroxyl, carboxyl, and aromatic moieties arising
from partial de ‑esterification during alkaline treatment [ 50 ].
These aromatic domains give rise to the pronounced absorp-
tion band at 1576 cm− 1 in the FTIR spectrum (Figure 2B ),
corresponding to aromatic C ═ C skeletal vibrations and under-
pinning the visible ‑light absorption responsible for the native
coloration. Bleaching induces a marked attenuation of these
aromatic features, accompanied by the emergence of a strong
carbonyl stretching band at 1706 cm− 1 and a new XPS C 1s
component at 289 eV (Figure 2B,C ), characteristic of highly
oxidized carbon species. These changes signify oxidative cleavage
of conjugated aromatic domains into largely non ‑conjugated
oxygenated functionalities, including carboxyls and ketones. As a
result, the effective π‑conjugation length is substantially reduced,
suppressing π→π* electronic transitions in the visible region.
Importantly, the persistence of C ─O and C ─O ─C vibrational
bands (1185–1011 cm− 1 ) confirms that the backbone sporopollenin
framework remains largely intact, despite extensive modification
of its chromophoric components. 

Beyond chemical transformation, bleaching profoundly alters the
hierarchical structure of the pollen paper. Prior to bleaching,
OP is composed of densely stacked, flattened pollen-derived
building blocks, exhibiting a thickness of 50.6 ± 1.0 µm and
a surface roughness of 0.633 ± 0.055 µm (Figure 2D and S1 ).
Oxidative treatment partially removes constituent components
3 of 16

tive C
om

m
ons L

icense



FIGURE 2 Chemical, structural, and mechanical evolution of Camellia pollen paper induced by bleaching. (A) Optical images and schematic 
illustrations comparing the morphology and chemical functionality of original pollen paper (OP) and bleached pollen paper (BP), highlighting the 
removal of chromophoric components and the introduction of oxygen ‑containing functional groups after bleaching. (B) FTIR spectra of OP, BP, 
PEDOT:PSS ‑coated BP (PEDOT:PSS/BP), and the complete PRTENG device, showing attenuation of aromatic C ═ C vibrations and the emergence of 
carbonyl ‑related absorptions upon bleaching. (C) High ‑resolution XPS C 1s spectra of OP and BP, revealing the emergence of a peak for O ─C ═ O after 
NaClO treatment. (D) Cross ‑sectional SEM image and surface AFM topography of OP, showing a dense laminated structure with relatively high surface 
roughness. (E) Cross ‑sectional and surface SEM images of freeze ‑dried BP, exhibiting a highly porous architecture. (F) Cross ‑sectional SEM image and 
surface AFM topography of ambient ‑dried BP, demonstrating pronounced thickness shrinkage, structural densification, and reduced surface roughness. 
(G) Strain ‑dependent viscoelastic moduli of OP and BP, showing the storage modulus ( G ′ ) and loss modulus ( G ′′ ) under repeated shear loading. 
(H) Schematic illustrations and corresponding optical images comparing the weak substrate adhesion of OP with the strong mechanical interlocking 
and conformal adhesion of BP on a rigid substrate after drying. 
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nd introduces a highly hydrophilic, polysaccharide-rich network
hat readily swells in water. After ethanol exchange and freeze-
rying, BP expands dramatically to 136.7 ± 8.1 µm, approximately
.7 times thicker than OP, and exhibits a markedly loosened
rchitecture characterized by a highly porous internal network
of 16
as well as a roughened surface (Figure 2E ). In contrast, drying
BP under ambient conditions leads to pronounced thickness
shrinkage to 25.0 ± 0.9 µm (Figure 2F ), accompanied by a
transition from opaque white to optically transparent (Figure
S2 ). This behavior originates from capillary forces generated
Advanced Energy Materials, 2026
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uring solvent evaporation. In the hydrated state, water occupies
he interconnected micro ‑ and nanopores, preserving structural
eparation within the fibrous network. As evaporation proceeds,
ir–w ater interfaces form and generate capillary pressures that
xceed the elastic restoring forces of the softened framework,
riving irreversible densification and pore collapse. The resulting
eduction in surface roughness to 0.270 ± 0.018 µm and the elimi-
ation of sub ‑wavelength scattering centers significantly suppress
ight scattering. Combined with the removal of chromophoric
pecies during bleaching, these structural changes enable high
ptical transparency in the dried BP. 

he chemical and morphological evolution of BP is further
eflected in its dynamic mechanical response. Amplitude ‑sweep
heological measurements performed under a constant normal
orce of 1 N reveal solid ‑like viscoelastic behavior for both OP
nd BP at low shear strain, with storage moduli ( G ′ ) consistently
xceeding loss moduli ( G ′′ ), indicative of percolated fibrous
etworks capable of storing elastic energy (Figure 2G ). As strain
ncreases, both moduli decrease, signaling progressive network
isruption. Notably, OP shows minimal variation in G ′ and G ′′
cross repeated measurements, suggesting a relatively compliant
nd partially recoverable microstructure. In stark contrast, BP
xhibits pronounced loading ‑history dependence: the low ‑strain
 ′ and G ′′ increase substantially from the first to the third
easurement. This progressive stiffening indicates irreversible,
tress ‑induced densification and mechanical reinforcement of
he bleached network, driven by enhanced inter ‑fiber contacts
nd hydrogen bonding between exposed surfaces rich in oxy-
en ‑containing functional groups. Besides, bleaching removes
ompliant or energy ‑dissipating constituents, resulting in a lower
 ′ and a higher G ′′ for BP compared with OP at their pristine
tage, indicating a more viscous ‑dominated, highly deformable
etwork with enhanced conformability. The higher stiffness of
P limits wetting and suppresses interlocking, resulting in weak
dhesion. In contrast, BP can more readily undergo shape adap-
ation during drying, enabling tight adhesion to the underlying
ubstrate and effective embedding and mechanical interlocking
ithin the micro/nanoscale asperities of the substrate surface
nder capillary forces (Figure 2H ). As a result, BP can be
irmly fixed onto substrates without warping or delamination,
roviding a mechanically stable and process ‑friendly platform for
ubsequent device integration. 

.2 Interfacial Integration and Mechanical 
einforcement in Flexible PRTENGs 

n aqueous suspension of poly(3,4 ‑ethylenedioxythiophene):
oly(styrene sulfonate) (PEDOT:PSS) was employed to construct
he conductive electrode of the PRTENG. Owing to its hygro-
copic and swelling nature, pollen paper exhibits a pronounced
esponse to moisture exposure [ 45 ]. When OP approaches a
endant PEDOT:PSS droplet, the localized humidity induces
ut ‑of ‑plane deformation even prior to direct contact. Upon
roplet deposition, water uptake at the contact region leads to
rogressive swelling and ultimately results in a pronounced bulge
orphology (Figure 3A(i) and Video S1 ). After complete wetting
nd subsequent drying, the OP ‑based samples exhibit severe
arping and cracking, indicative of highly nonuniform drying
tresses (Figure S3 ). In stark contrast, BP maintains morpho-
dvanced Energy Materials, 2026
logical and dimensional stability throughout droplet dripping
and prolonged liquid contact (Figure 3A(ii) and Video S2 ). The
PEDOT:PSS suspension spreads uniformly across the BP surface
without inducing macroscopic deformation, yielding a smooth
and even film after drying (Figure S4 ). This behavior originates
from the densified structure and strong substrate fixation of
BP, which suppresses swelling ‑induced instabilities and enables
homogeneous solvent evaporation. 

The distinct wetting behaviors were quantified by contact ‑angle
measurements, in which OP was affixed to a flat substrate to
suppress water ‑induced macroscopic motion, whereas BP was
measured directly on the substrate (Figure 3B ). OP displays a
high initial contact angle of 107.4◦, followed by a rapid decrease
to a plateau at ∼ 40◦ within 4 s. By comparison, BP exhibits
a substantially lower initial contact angle of 67.5◦ and a much
faster decay within about the first second, eventually stabilizing
at ∼ 25◦. The enhanced wettability of BP is attributed to the
bleach ‑induced increase in hydroxyl and carboxyl functionalities,
together with reduced surface roughness, which collectively
promote rapid liquid spreading and intimate interfacial contact.
As a result, PEDOT:PSS ‑coated BP shows a highly uniform
and continuous appearance in top ‑view images, with no visible
cracks, phase separation, or macroscopic defects (Figure S4 ).
Side ‑view observations further confirm that the conductive layer
closely conforms to the BP surface, forming a thin and flat
coating without excessive thickness variation. Such conformality
is critical for efficient charge collection and stable electrical
performance. The chemical integrity of the PEDOT:PSS coating
is verified by FTIR and XPS analyses (Figures 2B and S5 ),
which reveal characteristic vibrational bands and sulfur chemical
states associated with the PEDOT backbone and PSS sulfonate
groups. Importantly, no signatures of oxidative degradation are
observed, confirming that residual NaClO is fully removed during
washing and that the bleaching process does not compromise the
electronic structure of PEDOT:PSS. 

A conductive adhesive tape was attached to the PEDOT:PSS
layer to collect the output current signal. The PRTENG device
was then completed by laminating a poly(vinyl alcohol) (PVA)
overlayer (Figure 3C(i) ). The assembled device exhibits good
optical transparency and uniform light transmission under flash-
light illumination (Figure 3C(ii) ), reflecting intimate interfacial
contact and defect ‑free integration of all functional layers. The
device can be bent and curled into tight radii without cracking,
delamination, or mechanical failure (Figure 3C(iii) ), demon-
strating excellent flexibility and mechanical compliance. Such
mechanical resilience is particularly advantageous for flexible
and wearable energy-harvesting applications, where repeated
bending and deformation are unavoidable. Cross ‑sectional EDX
elemental mapping reveals a continuous sulfur ‑rich layer local-
ized at the interlayer, corresponding to the PEDOT:PSS coating,
while carbon and oxygen are uniformly distributed throughout
the substrate (Figure 3D ). The interfacial architecture and bond-
ing mechanisms are illustrated schematically in Figure 3E . The
PRTENG device comprises a PVA dielectric layer, a PEDOT:PSS
conductive film, and a BP substrate. At the molecular level,
abundant hydrogen ‑bonding interactions form between hydroxyl
and carboxyl groups on the BP surface and the sulfonate groups
of PSS, as well as between PEDOT:PSS and the PVA overlayer.
These interactions promote strong adhesion, uniform coating
5 of 16
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FIGURE 3 Wetting control, device assembly, and mechanical characterization of the PRTENG. (A) Time-lapse contact angle images of a 
PEDOT:PSS aqueous droplet on (i) OP and (ii) BP, showing swelling-induced bulging on OP vs. stable wetting and uniform spreading on BP; right: 
corresponding morphology of the pollen paper after spreading of PEDOT:PSS dispersion. (B) Dynamic contact-angle evolution of a PEDOT:PSS aqueous 
droplet on OP and BP, demonstrating enhanced wettability (lower initial contact angle and faster decay) on BP compared with OP. All the data are 
represented as mean values ± s.d. from 3 samples. (C) Photographs of the assembled PRTENG device: (i) top view of PRTENG device, (ii) PRTENG under 
phone-flashlight illumination demonstrating optical transparency/uniformity, and (iii) bent/curling states showing mechanical flexibility. (D) Cross- 
sectional EDX elemental maps (C, O, S) reveal a continuous, sulfur-rich PEDOT:PSS interlayer uniformly sandwiched between the BP substrate and the 
PVA overlayer. (E) Schematic of the PRTENG architecture (PVA/PEDOT:PSS/BP) and proposed hydrogen-bonding interactions across the interfaces. 
(F) Representative tensile stress–strain curves of BP, PEDOT:PSS/BP, PVA/BP, PVA-only and the assembled PRTENG, highlighting the enhanced strength 
and ductility after multilayer integration. (G) Statistical analysis of maximum stress, Young’s modulus, and toughness for BP, PEDOT:PSS/BP, PVA/BP, 
PVA-only and PRTENG. All the data are represented as mean values ± s.d. from 4 samples. (H) Tensile delamination tests with asymmetric fixation: 
failure occurs within BP when PVA is fixed and within PVA when BP is fixed, indicating interfacial adhesion exceeding the cohesive strength of each 
layer. 
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ormation, and mechanical robustness, while also facilitating
fficient charge transfer across the interfaces. 

he mechanical properties of the multilayer architecture were
ystematically evaluated by comparing BP, PEDOT:PSS/BP, PVA-
nly, PVA/BP, and the fully assembled PRTENG (Figure 3F ).
P and PEDOT:PSS/BP exhibit limited elongation and negligible
oughness, whereas PVA-only displays pronounced ductility and
onsiderable energy-absorption capability, confirming the intrin-
ic toughening contribution of PVA. Compared with PVA-only,
VA/BP exhibits increased maximum stress, Young’s modulus,
of 16
and toughness, indicating additional reinforcement through
interfacial load transfer between PVA and BP. The fully assembled
PRTENG achieves the highest maximum stress and toughness
among the tested samples, including a 21% increase in maximum
stress and an 82-fold enhancement in toughness relative to BP
(Figure 3G ). These results demonstrate that the mechanical
enhancement arises from the synergistic effects of the intrinsic
ductility of PVA, efficient interfacial load transfer, and hydrogen
bond-mediated reinforcement within the multilayer architecture.
Interlayer adhesion of the PRTENG was further assessed by
tensile delamination tests with asymmetric fixation (Figure 3H ).
Advanced Energy Materials, 2026
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hen the PVA layer was fixed, a fracture occurred within the
P; conversely, fixing the BP shifted failure to the PVA. This
witch in failure location indicates that the BP/PEDOT:PSS/PVA
nterfacial adhesion surpasses the intrinsic tensile strength of
he constituent layers. Together, these results underscore the
echanical robustness, structural coherence, and process relia-
ility of the PRTENG architecture enabled by bleaching ‑induced
etting control and interfacial reinforcement. 

.3 Working Mechanism and Performance 
ptimization of the PRTENG 

he working mechanism of the PRTENG is illustrated in
igure 4A . The PRTENG operates in a typical single-electrode
ode, in which alternating current (AC) electrical outputs
re generated through contact and separation with external
bjects. Here, we assume the external object is a PTFE film,
hich carries negative charges. Initially, a substantial amount
f positive electrostatic charge accumulates on the surface of
he PVA layer, as PVA is a triboelectric material with a strong
endency to gain positive charges [ 51 ]. To maintain electrostatic
alance, an equal amount of negative charge is induced in the
nderlying PEDOT:PSS electrode (Figure 4A(i) ). As the PTFE
ilm approaches the PRTENG, its negative charges begin to
creen the positive charges on the PVA surface. To maintain
lectrostatic equilibrium, the induced negative charges in the
EDOT electrode flow to the ground (Figure 4A(ii) ). Upon
ull contact between the PTFE film and the PRTENG, a new
lectrostatic equilibrium is established, and no current flows
n the external circuit (Figure 4A(iii) ). When the PTFE film
eparates from the PRTENG, the electrostatic imbalance causes
lectrons to flow back into the electrode, generating a reverse
urrent in the external circuit (Figure 4A(iv) ). 

ccording to the operation mechanism of the PRTENG, it is
mportant to note that its electrical output is closely related to
he amount of charge transferred within the circuit. Based on this
rinciple, the performance of the PRTENG was systematically
ptimized and evaluated with respect to several key parameters,
ncluding the conductivity of the PEDOT:PSS electrode, the
hickness of the PVA insulating layer, and the overall device size.
y adjusting the volume of the PEDOT solution, the electrode
hickness, and consequently its conductivity, can be dynamically
uned. As shown in Figure 4B , enhancing the conductivity of the
EDOT:PSS electrode leads to improved output performance of
he PRTENG. When a small amount of PEDOT:PSS solution is
sed (e.g., 0.66 g/m2 ), the resulting layer is too thin to form a
niform and continuous film. This significantly hinders charge
ransport within the circuit and results in a relatively low elec-
rical output. As the volume of PEDOT:PSS solution increases,
oth the conductivity of the electrode and the output performance
f the PRTENG improve. However, this enhancement reaches
 plateau at 5.29 g/m2 , beyond which no further output gain is
bserved. At this saturation point, the maximum output voltage
eaches 172 V. Regarding the thickness of the PVA insulating layer,
ncreasing it from 32 to 192 µm initially enhances the output of the
RTENG, but further increases lead to a decline in performance
ith a maximum of 182 V, as shown in Figure 4C . In general, a
hinner insulating layer is favorable for inducing a larger amount
f charge in the electrode [ 52 ]. However, this comes at the cost
dvanced Energy Materials, 2026
of a reduced dielectric breakdown voltage, following the relation
VBD = EBD × d , where VBD is the breakdown voltage, EBD is
the dielectric breakdown strength, and d is the thickness of the
dielectric layer. If the PVA layer is too thin, localized electrical
breakdown may occur during operation, which reduces electrical
output. We assume that the surface charge density remains stable
under natural environmental conditions. Therefore, increasing
the overall size of the device will proportionally increase the total
amount of transferred charges, resulting in a higher output from
the PRTENG. This trend is consistent with the results shown
in Figure 4D . The optimal transferred charges and short-circuit
current of a 3 × 3 cm2 device was illustrated in the Figure S10A,B .

To evaluate the maximum output performance of the PRTENG,
we measured the power density as a function of external load
resistance, using a device with dimensions of 3 × 3 cm2 . As
shown in Figure 4E , the peak power density reached 5.07 W
m− 2 at an external load resistance of 3 × 106 Ω, which also
corresponds to the internal impedance of the PRTENG. The
output energy per cycle also could be calculated to 24.97 µJ based
on the voltage-time waveform (Figure S10C and Note S1 ). For
triboelectric-based energy harvesters, an ideal scenario involves
achieving both high power density and low internal impedance,
which together contribute to higher energy conversion efficiency
when powering electronic devices. Based on this, we compared
the power density and internal impedance of the PRTENG with
those of other recyclable TENGs, as shown in Figure 4F and
Table S1 [ 26, 43, 53–63 ]. The PRTENG not only exhibits a higher
power density but also demonstrates a relatively lower internal
impedance. This favorable performance may be attributed to
the partial re-dissolution of PEDOT into the PVA layer during
fabrication, which could be confirmed by the EDS results in
Figure S6 . Although the amount of re-dissolved PEDOT is
minimal and insufficient to render the PVA layer conductive,
it increases the dielectric constant of the PVA insulating layer.
Actually, the single-electrode mode PRTENG can be modeled
as a series of parallel-plate capacitors [ 64 ]. According to this
model, an increase in the dielectric constant leads to a reduction
in overall device impedance. To verify this hypothesis, we con-
structed three parallel-plate capacitors with different dielectric
configurations: metal electrode/PTFE/metal electrode (as PTFE
is a widely used material in TENGs), metal electrode/PVA/metal
electrode, and metal electrode/PVA/PEDOT:PSS electrode. In
each case, the dielectric layer was cast directly onto the elec-
trode. As shown in Figure S7 , the capacitor composed of a
metal electrode/PVA/PEDOT:PSS electrode exhibited the highest
capacitance, confirming that the PVA layer in contact with the
PEDOT:PSS electrode possesses the largest dielectric constant.
To further substantiate the proposed hypothesis, we quantita-
tively characterized the dielectric constant, dielectric loss, and
leakage current density of pristine PVA and PVA/PEDOT:PSS
films (Figure S11 ). The PVA/PEDOT:PSS sample was prepared
following the same procedure used for PRTENG fabrication,
thereby reproducing the interpenetrated interface present in the
device. Compared with pristine PVA, the PVA/PEDOT:PSS film
exhibited a higher dielectric constant and consequently a higher
capacitance, which reduces the capacitive component of the
internal impedance. Meanwhile, the comparable dielectric loss
and low leakage current densities of the two films demonstrate
that the enhanced dielectric response is not accompanied by
appreciable additional dielectric dissipation or the formation of
7 of 16
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FIGURE 4 Output characterization, parameter optimization, and durability of the PRTENG. (A) Working mechanism of the PRTENG operating in 
single-electrode mode. (i) Initial electrostatic equilibrium with positive tribocharges on the PVA surface and induced negative charges in the PEDOT:PSS 
electrode; (ii) approach of a negatively charged external object (PTFE film) screens the surface charges and drives electrons from the electrode to ground; 
(iii) full contact establishes a new equilibrium with no net current; (iv) separation restores electrostatic imbalance and causes electrons to flow back, 
generating a reverse current. (B) Dependence of the PRTENG voltage output on the PEDOT:PSS coating amount during fabrication, reflecting the effect 
of electrode thickness/continuity (and thus charge transport capability) on device performance. (C) Voltage output as a function of PVA dielectric-layer 
thickness, showing an optimum thickness that balances charge induction and dielectric breakdown robustness. (D) Scaling behavior of voltage output 
with overall device size (effective area), consistent with increased total transferred charge under otherwise identical operation conditions. (E) Load- 
matching characteristics of a 3 × 3 cm2 PRTENG: voltage output and areal power density as a function of external load resistance, with the peak power 
density occurring near the matched resistance (corresponding to the internal impedance of the device). (F) Benchmarking of the PRTENG against 
reported recyclable TENGs in terms of power density and internal impedance, highlighting the favorable combination of higher power density and 
relatively lower impedance. (G) Cycling stability of the PRTENG over 100 000 contact–separation cycles, demonstrating robust electrical output and 
mechanical durability. 
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onductive leakage pathways. Finally, we assessed the durability
f the PRTENG through cyclic testing. As illustrated in Figure 4G ,
he output performance of the PRTENG remained stable after
00 000 contact-separation cycles with an output retention of
pproximately 97%, demonstrating excellent mechanical and
lectrical robustness, and the durability of the PRTENG is compa-
able to that of previously reported contact–separation-mode and
earable TENGs (Table S2 ). 

.4 Self-Powered Energy Harvesting and 

earable Applications of the PRTENG 

iven the optimal performance and great durability, the PRTENG
olds significant potential for practical applications, particularly
s a portable energy harvester for powering wearable electronics
nd enabling self-powered wearable IoT systems. However, since
he PRTENG generates an alternating current (AC) output, it
annot directly serve as a usable power source for most electronic
evices. To address this, a self-powered system was developed to
egulate the output and store the harvested energy in capacitors,
s illustrated in Figure 5A . The AC output could be converted into
irect current (DC) via a rectification circuit within the system
Figure 5B ). The rectified average output power was determined
y integrating the voltage–time waveform recorded across the
ptimal 3 M Ω load over eight consecutive cycles, yielding a
alue of 29.43 µW (Figure S10D and Note S1 ). Then, to evaluate
he energy storage performance of the PRTENG, a series of
apacitors with different capacitances were tested. As shown in
igure 5C , capacitors of 2.2, 4.7, 10, and 22 µF were charged to
 V within 5.8, 12.1, 36.5, and 72.4 s, respectively. These results
emonstrate PRTENG’s capability to effectively power energy
torage units. To further validate the practical applicability of the
elf-powered system, we used it to operate commercial electronic
evices. A linear motor was employed to simulate periodic
ontact-separation at 1 Hz, mimicking the rhythm of human
alking. Under this setup, a 3 × 3 cm2 PRTENG charged a 10 µF
apacitor to 4.1 V within 13 s. The stored energy was sufficient to
ontinuously power a clock, as long as the mechanical input was
aintained (Figure 5D and Video S3 ). Similarly, a commercial
alculator was also successfully powered by the system. In this
ase, the PRTENG charged a 22 µF capacitor to 4.7 V within 32
, enabling the calculator to function continuously and perform
omputations (Figure 5E and Video S4 ). 

o further demonstrate the feasibility of the PRTENG as a wear-
ble power source, we integrated the device into a pair of shoes
Figures 5F and S8 ), and the mode of motion will thus signifi-
antly influence the performance of this self-powering system. As
llustrated in Figure 5G , the PRTENG-based self-powered system
enerated a ∼ 1 Hz DC output during walking and a ∼ 3 Hz DC
utput during running movements, indicating that more vigorous
otion, such as running, results in a faster energy generation rate.
or instance, a 10 µF capacitor could be charged to 3 V within
0 s while walking, but only requires 16 s during running, which
s approximately three times faster. However, benefiting from the
igh power density and low internal impedance of the PRTENG,
he self-powering system can also efficiently operate under slower
ovements. As demonstrated in Figure 5I and Video S5 , just
our walking steps were sufficient to charge a 1 µF capacitor
o 2.5 V, which was enough to power an electronic watch and
dvanced Energy Materials, 2026
enable its proper operation. In addition, as a wearable device,
the stability of the PRTENG’s performance under deformation is
crucial. Therefore, we measured its voltage output after under-
going bending deformation, as shown in Figure S9 . Even after
10 000 bending cycles, the PRTENG maintained stable perfor-
mance, demonstrating excellent durability. To further evaluate
the practical applicability of the PRTENG, we have further added
sliding-friction durability and humidity-dependent stability tests,
as shown in Figure S12 . The device maintained a stable electrical
output over 100 000 sliding-friction cycles against cotton fabric,
demonstrating good durability under repeated lateral mechanical
contact (Figure S12A ). Moreover, stable cyclic outputs were
obtained at relative humidity levels ranging from 60% to 90%,
confirming reliable operation under humid conditions relevant
to footwear applications (Figure S12B ). Interestingly, the output
gradually increased with increasing relative humidity, which
may be associated with moisture-induced changes in the surface
polarity, mechanical compliance, and effective contact area of the
hydroxyl-rich PVA layer [ 65, 66 ]. These results demonstrate that
the PRTENG possesses comparable stability under both repeated
sliding and high-humidity operating conditions. 

2.5 Water-Responsive Disassembly Enables 
Closed-Loop Recycling and Rapid Biodegradation of 
PRTENGs 

The PRTENG demonstrates outstanding recyclability enabled by
the water-responsive nature of its constituent layers. As shown
in Figure 6A , immersing the device in water initiates a gradual
delamination of the PEDOT:PSS electrode from the BP substrate.
Upon soaking, the PEDOT:PSS layer swells and rapidly loses
adhesion (Figure 6A(i–iii) ), followed by complete detachment
and dispersion of the conductive polymer into the surrounding
aqueous medium (Figure 6A(iv) ). Concurrently, the adhesive
strength of the electrode tape is markedly reduced, allowing
it to be removed cleanly from the device after several gentle
rinsing steps (Figure 6A(v–vii) ). After the conductive coating and
electrode tape are fully separated, a nearly pristine BP substrate
is recovered, as evidenced by the transparent region highlighted
in Figure 6A(viii) . This simple, water-assisted disassembly route
not only enables facile separation of functional components for
potential reuse or recycling, but also underscores the intrinsically
green and solvent-free recyclability of the PRTENG architecture,
aligning well with the sustainability requirements for next-
generation transient and eco-friendly electronic systems. 

Beyond facile water-assisted disassembly, the PRTENG enables
closed-loop recovery of its functional components. After soaking
and rinsing, the detached PEDOT:PSS readily redisperses in the
aqueous phase and can be efficiently recovered by centrifugation
(Figure 6B ), providing a practical route to reuse the conductive
material without introducing organic solvents or harsh reagents.
In parallel, the BP maintains its macroscopic integrity during the
soaking process; upon drying, the substrate restores a uniform
morphology suitable for reutilization, supporting repeated device
fabrication cycles. Leveraging this component-level separability,
the recovered paper and electrode materials are reassembled into
a new PRTENG (Figure 6C ). Importantly, recycling does not
compromise device function: the output voltage remains essen-
tially unchanged over five consecutive recycle–rebuild cycles
9 of 16
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FIGURE 5 PRTENG-based self-powered power management system and demonstrations in portable/wearable electronics. (A) Schematic/ 
equivalent circuit of the self-powered system integrating the PRTENG, a full-wave rectifier, and a storage capacitor, enabling conversion of the alternating- 
current output into a regulated direct-current supply for electronic loads. (B) Representative rectified DC output waveform of the PRTENG after 
the rectification circuit, confirming successful AC-to-DC conversion. (C) Capacitor charging characteristics of the rectified output using capacitors 
with different capacitances, showing the voltage evolution as a function of charging time and demonstrating effective energy storage capability. (D) 
Demonstration of powering a commercial clock: a 3 × 3 cm2 PRTENG charges a 10 µF capacitor to the operation voltage, after which the stored energy 
drives the clock continuously under periodic mechanical excitation. (E) Demonstration of powering a commercial calculator: the PRTENG charges a 
22 µF capacitor to an appropriate voltage to enable stable calculator operation and continuous computations. (F) Photograph/schematic of a wearable 
configuration where the PRTENG is integrated into a pair of shoes to harvest biomechanical energy during human motion, forming a wearable self- 
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Figure 6D ), with values clustered near ∼ 210 V and showing only
inor variation. This stable electrical response indicates minimal
nterfacial or electrode degradation during aqueous processing
nd highlights the robustness of the PEDOT:PSS/pollen-paper
rchitecture. Collectively, a scalable strategy for recyclable, high-
erformance triboelectric systems was established, where both
he active electrode and the biobased substrate can be recovered
nd re-integrated with negligible loss of output. 

n addition to recyclability, the PRTENG platform offers a clear
nd-of-life advantage through the rapid environmental degrada-
ion of its biobased substrate. After recovering the electrode tape
nd PEDOT:PSS coating, the BP was directly exposed to a natural
oil environment to evaluate biodegradability (Figure S13 ). As
hown in Figure 6E , the substrate exhibits pronounced physical
isintegration within the first few days, followed by progressive
ragmentation and mass loss; notably, the sample completely
isappears within 12 days, indicating fast biodegradation under
mbient conditions. This behavior contrasts sharply with con-
entional flexible electronic substrates based on commodity
olymers–-such as polyethylene (PE), polyethylene terephthalate
PET), polypropylene (PP), and polydimethylsiloxane (PDMS)
ilms–-which typically persist in the environment and accumu-
ate as long-lived waste. To quantitatively evaluate the degra-
ation behavior of the BP substrate, its residual mass was
onitored during natural outdoor exposure. As shown in Figure
14 , the residual mass decreased progressively with exposure
ime and approached zero by Day 11, consistent with the gradual
ragmentation and disappearance observed in the photographic
mages. Collectively, these results establish a component-specific
ircular end-of-life strategy for the PRTENG, integrating the
ecovery and reuse of functional components with the natural
egradation of the biobased BP substrate. This dual-pathway
esign provides a sustainable framework for next-generation
ransient and recyclable electronics. 

 Conclusion 

n summary, this study established a sustainable framework for
riboelectric energy harvesting via a flexible, recyclable, and eco-
riendly TENG, based on natural plant pollen. The bleaching
reatment effectively alters the chemical composition and surface
roperties of the pollen paper, resulting in a highly conformable
ubstrate with enhanced interfacial affinity. The synergistic
nteractions between BP, PEDOT:PSS, and PVA, through strong
nterlayer bonds, achieved a mechanically robust PRTENG with
 21% increase in maximum stress and an 82-fold increase in
oughness relative to a pristine BP. The optimized interfacial
rchitecture and material design enabled PRTENG to exhibit
 peak power density of 5.07 W m− 2 and demonstrate stable
lectrical output after over 30 000 contact-separation cycles.
he high-power density and low internal impedance enable
fficient energy harvesting and storage, sufficient to charge capac-
owered system. (G) Rectified DC output signals generated during walking ( ∼ 1
he effective energy generation rate. (H) Comparison of charging profiles of a 10
unning due to higher excitation frequency. (I) Practical wearable demonstrat
ower an electronic watch, validating the feasibility of the wearable self-powe

dvanced Energy Materials, 2026
itors and power portable electronic devices. The integration of
PRTENG into footwear enables the effective conversion of human
motions into electrical energy, underscoring its potential as a
wearable power source for self-powered electronics. Critically, the
carefully engineered device architecture enables a facile water-
assisted disassembly, facilitating the successful separation and
recovery of the PEDOT:PSS electrode and pollen substrate. The
recovered components were reassembled with minimal loss in
performance. Moreover, the recovered BP exhibits biodegradation
in natural soil, providing a sustainable end-of-life pathway and
addressing the pressing issues faced by synthetic polymeric
TENG. 

Besides, this study advances the concepts of cross-economy by
transforming low-value pollen into a high-value multifunctional
substrate, charting a potential pathway toward the utilization
of biomass-derived functional platforms for sustainable energy
harvesting technologies. Future work could focus on enhancing
electrical properties by employing surface micro-structuring,
composition optimization, and advanced device integration
strategies. In parallel, extending the framework to other biowaste
and scalable manufacturing techniques could accelerate the
development of sustainable, biomass-derived, and biodegradable
electronic systems. Overall, these advances are envisioned to
pave the way toward fully sustainable deployment in wearable
electronics, decentralized sensing networks, and next-generation
sustainable IoT infrastructures. 

4 Experimental Section 

4.1 Materials and Reagents 

Defatted pollen powder derived from natural Camellia
grains was provided by Yuensun Biological Technology Co.,
Ltd. Acetic acid (ACS reagent grade), acetone (AR grade),
poly(3,4 ‑ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS, high-conductivity grade, 1.1% in H2 O), poly(vinyl
alcohol) (PVA), absolute ethanol, and sodium hypochlorite
solution (NaClO, available chlorine 4–4.99%, reagent grade)
were purchased from Sigma–Aldrich. Potassium hydroxide was
sourced from VWR Chemicals. Diethyl ether (AR grade) was
obtained from Schedelco Pte. Ltd. All chemicals were used
without further purification unless otherwise stated. Deionized
(DI) water was obtained from a Milli ‑Q M water purification
system (Merck). Nylon mesh was purchased from ELKO Filtering
Co. LLC. Polyimide (PI) tape (Kaizhen; layer thickness 0.175 mm)
was obtained from Shenzhen Changdasheng Electronics Co.,
Ltd. 

4.2 Defatting of Pollen Grains 

Natural Camellia pollen grains (500 g) were dispersed in DI
water (1 L) at 50◦C and stirred at 1000 RPM for 2 h (Eurostar 20
 Hz) and running ( ∼ 3 Hz), indicating that more vigorous motion increases 
 µF capacitor under walking vs. running, showing faster charging during 
ion: only a few walking steps charge a capacitor to a sufficient voltage to 
red system for low-power portable electronics. 

11 of 16

re governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 6 Recyclability and biodegradability of the PRTENG. (A) Stepwise disassembly and removal of the conductive layer from a water- 
immersed device, enabling separation of device components (iv–viii, dashed boxes indicate the recovered BP region). (B) Collection of the separated 
constituents, including conductive tape, recycled BP substrate, recovered PEDOT:PSS, and PVA solution for reuse. (C) Photograph of a reconstructed 
PRTENG fabricated from the recovered components. (D) Electrical output voltage of the reconstructed devices over multiple recycling cycles, 
demonstrating stable performance. (E) Time-lapse photographs showing progressive biodegradation of the BP substrate on natural soil over 12 days 
(top: whole samples; bottom: magnified views of dashed regions). Starting from the upper left corner and proceeding clockwise, the control samples are 
polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP), and polydimethylsiloxane (PDMS). 
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igital, IKA). The suspension was filtered through a nylon mesh
200 µm pore size) and vacuum ‑filtered to remove excess water.
he resulting slurry was redispersed in acetone (1 L) at room
emperature for 3 h under vigorous stirring (1000 RPM), followed
y vacuum filtration. The pollen was washed with fresh acetone
ntil the filtrate was clear and air ‑dried for 12 h. The dried pollen
 ∼ 150 g) was further defatted by two extraction cycles in diethyl
ther (1 L each; 1000 RPM, room temperature, 2 h per cycle),
ollowed by vacuum filtration. A final extraction was carried out
n diethyl ether (1 L) for 12 h under identical conditions. The
2 of 16
defatted pollen powder was collected by vacuum filtration and
air ‑dried overnight before use. 

4.3 Preparation of Pollen Paper 

Defatted pollen (30 g) was dispersed in 10% (w/v) KOH solution
(300 mL) in a Teflon round ‑bottom flask and refluxed at 80◦C
for 2 h under stirring (800 RPM). The resulting suspension was
filtered through a custom ‑built filtration device fitted with a nylon
Advanced Energy Materials, 2026
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esh (35 µm pore size), and the residue was washed with fresh
0% KOH until the filtrate became clear. The sample was then
esuspended in fresh 10% KOH solution (300 mL), divided equally
nto eight centrifuge tubes (40 mL per tube), vortexed at high
peed for 2 min, and incubated at 80◦C for 40 h. After incubation,
he suspension was filtered again through the same 35 µm nylon
esh and thoroughly rinsed with DI water until a neutral pH was
eached. Excess water was removed by centrifugation (3000 RPM,
 min) to obtain a pollen ‑derived microgel, which was cast into
 Petri dish and air ‑dried under ambient conditions to yield the
ollen paper. 

.4 PRTENG Fabrication 

 bleach solution (pH 9.0) was prepared by the dropwise addition
f acetic acid to an aqueous NaClO solution under continuous
tirring in a fume hood. The freshly prepared solution was
mmediately used to treat the pollen paper, which was agitated
t 80 rpm for 30 min on an orbital shaker (Heidolph Unimax
010). After bleaching, the pollen paper was rinsed three times
ith deionized (DI) water, followed by three washes with ethanol.
etween the final two ethanol washes, the process was temporar-
ly paused until the color of the pollen paper stabilized. Following
he washing steps, the bleached pollen paper was uniformly
pread on a flat and smooth substrate (Petri dish or glass slide)
nd air-dried overnight at ambient conditions. A PEDOT:PSS
uspension was then evenly applied to the dried pollen paper
ith recorded volume and air-dried completely. A 5 mm-wide
onductive tape (Shenzhen Kangqian Jintai Technology Co.,
td.) was subsequently affixed securely to one corner of the
EDOT:PSS-coated paper. 20% (w/v) PVA aqueous solution was
ently poured onto the paper and dried overnight. To control the
hickness and ensure the uniformity of the PVA layer, a square
eservoir was constructed to enclose the pollen paper (Figure S15 )
efore pouring PVA. Each wall of the reservoir was compactly
tacked with multiple layers of PI tapes. To minimize PVA film
hickness nonuniformity arising from liquid bridge effects at the
eservoir walls, the distance between the wall and the paper edge
as maintained at greater than 1 cm. The device was then peeled
rom the substrate, and fabrication was finally completed after
rimming the excess peripheral PVA film. 

.5 Electrical Tests of PRTENGs 

he electrical output of the contact–separation generator was
ecorded using an oscilloscope (TBS2104B, Tektronix). A stepper
otor (LM1225QI, DAZEJIDIAN Ltd.) was employed to precisely
ontrol the periodic contact–separation motion. During testing,
he counter object was driven in a linear reciprocating manner
ith a maximum separation distance of 10 mm, and the moving
peed was set to 100 mm s− 1 . Unless otherwise specified, all
easurements were conducted under ambient conditions. 

.6 Imaging and Characterization 

he morphological features of the materials were photographed
sing an iPhone 12 and further characterized by field-emission
canning electron microscopy (FE-SEM, 7800F). Chemical com-
osition was analyzed by Fourier transform infrared spectroscopy
dvanced Energy Materials, 2026
(FTIR, PerkinElmer, Frontier) and x ‑ray photoelectron spec-
troscopy (XPS, 225 W Al K α radiation, Kratos AXIS Supra). Ele-
mental composition and spatial distribution were examined using
SEM ‑associated energy ‑dispersive x ‑ray (EDX) spectroscopy. Sur-
face topographies were obtained by atomic force microscopy
(AFM; Park Systems, NX10). The modulus of the samples was
measured after ethanol washing using a rotational rheometer
(Anton Paar, MCR 702e) with steel parallel-plate geometry. A
humidity chamber was employed to cover the experimental setup,
preventing any rapid evaporation during testing. A preliminary
equilibration was performed for 3 min before testing. The test
moving profile was set to “Gel auto ‑F | 1 N”. The modulus was
determined by a strain amplitude sweep at a frequency of 1 rad/s
over a strain range of 0.1%–10%. The wettability of the materials
was evaluated using an optical contact angle goniometer (Data
Physics, OCA 15 Pro) via the sessile drop method. Mechanical
properties were assessed using a dynamic mechanical analyzer
(DMA Q800, TA Instruments). Tensile tests were performed at
room temperature under a constant loading rate of 2 N/min until
failure. 

4.7 Recyclability Test 

The used device was first immersed in warm DI water ( ∼ 45◦C
[ 67 ]) for 30 min to facilitate dissolution of the PVA film and
detachment of the conductive film. Subsequently, the device
was rinsed with warm DI water until no residue remained on
the pollen paper surface. After washing 3 times with ethanol,
the paper was fully air-dried. The washing solution containing
the detached PEDOT:PSS was collected into a 50 mL centrifuge
tube and centrifuged at 3000 rpm for 10 min. The PEDOT:PSS
was then recovered after removal of the supernatant, which can
be redeposited onto the recycled paper substrate to form the
conductive layer again. The recycled device was finally completed
after attaching the conductive tape and reapplying the PVA as
mentioned above. 

4.8 Biodegradability Test 

The biodegradability of the detached pollen substrate was evalu-
ated under natural environmental conditions and benchmarked
against common commercial polymeric materials, including PE,
PET, PP, and PDMS. All materials were cut into 2 × 2 cm2 speci-
mens and placed at an open natural grassland site in Singapore.
To minimize wind-induced displacement, the specimens were
enclosed within a fixed foam box with top and bottom removed
(Figure S13 ). Morphological changes of different samples were
monitored and documented by periodic photographic recording
at intervals of 1–3 days throughout the exposure period. Mean-
while, the specimens were retrieved, cleaned, dried to a constant
mass, and weighed at predetermined time points to obtain the
residual mass curve as a function of exposure time. 
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