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ABSTRACT 

Harvesting electricity from raindrops offers a promising route toward distributed self-powered electronics, but conventional 
devices rely predominantly on non-renewable synthetic polymers and metals. Here, we report a pollen-derived droplet energy 
harvester (PDEH) fabricated from abundant sunflower pollen. Defatting and mild de-esterification convert rigid pollen grains into 
processable microgels that form free-standing paper. Functionalization produces dielectric and conductive layers for an ultrathin 
multilayer device containing only 24 wt.% non-renewable solid materials. The incorporated constituents of a 3 × 3 cm2 device cost 
approximately US$0.003, excluding processing consumables. Optimizing dielectric-layer thickness and surface fluorination yields 
16.8 V from a single 37 µL tap-water droplet, with an energy-conversion efficiency of 1.26% and a maximum instantaneous power 
density of 63 mW m− 2 . The approximately 70 µm-thick, 0.191 g device conforms to flat, curved, and irregular surfaces and maintains 
stable electrical output over 14 days of operation. A ten-unit PDEH array harvests simulated rainfall to charge a 10 µF capacitor 
to 2 V, subsequently powering a commercial electronic clock. These findings establish pollen-derived functional paper as a low- 
cost platform for droplet energy harvesting and demonstrate its potential for renewable-material-based, distributed self-powered 
electronic systems that combine renewable feedstocks, mechanical conformability, and energy storage for practical applications. 
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 Introduction 

ince the dawn of the electrical age, electricity demand has
urged in tandem with industrial growth and the electrification
f everyday life. Global consumption skyrocketed from roughly
000 TWh in 1980 to over 26 500 TWh in 2022 (continuing to grow
t over 3% per year), while generation capacity expansions have
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repeatedly lagged behind, resulting in persistent supply shortfalls
and grid reliability challenges [ 1, 2 ]. 

To alleviate the looming electricity shortage, many countries
have historically relied heavily on thermo-mechanical power
generation—notably coal, gas, and nuclear plants [ 3, 4 ]. How-
ever, these conventional approaches bring serious drawbacks.
lligence technologies or similar technologies. 
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ossil-fuel plants emit large amounts of CO2 and other pollutants,
ausing air and water pollution and exacerbating climate change.
uclear power, while low-carbon in operation, faces unresolved
ssues of spent fuel disposal and the ever-present risk of nuclear
ccidents or leaks [ 5–9 ]. 

n response, nations around the world have actively promoted
arious clean/renewable energy sources, such as hydropower,
ind power, and solar photovoltaics [ 10–12 ]. Yet, despite rapid
rowth in recent years, renewables still make up only a modest
ortion of the global electricity mix. In 2024, renewable power
eneration accounted for around 32% of global electricity, accord-
ng to Ember’s Global Electricity Review [ 13 ]. This indicates
hat, notwithstanding strong momentum, current clean energy
enetration is still far from sufficient to satisfy the ever-rising
emand and to displace fossil sources at scale. Therefore, beyond
erely scaling up existing renewable capacity, it is imperative to
xplore new, pollution-free, and sustainable electricity generation
aradigms as potential complements to the current energy portfo-
io, to help push the power system toward deeper decarbonization
nd greater stability [ 14–16 ]. While the energy contained in
ater, wind, and sunlight has been extensively exploited for
ower generation, the mechanical energy of rainfall, despite
eing one of the most common weather phenomena, remains
argely underutilized [ 17 ]. For example, in tropical regions such
s Singapore, rainfall occurs frequently, with 210 rainy days and
 total precipitation of 3179.5 mm recorded in 2022 [ 18 ]. If the
echanical energy of raindrops could be effectively converted
nto electricity, it could help alleviate the increasing pressure on
lobal power supply systems. 

o date, only a limited number of studies have explored droplet
nergy harvesting as a potential energy conversion approach [ 17,
9 ]. However, most reported devices still rely heavily on syn-
hetic polymers derived from non-renewable fossil resources and
etallic components [ 20–22 ]. This dependency not only raises
oncerns about resource depletion, environmental degradation,
nd potential health risks, but also contradicts the fundamental
im of developing sustainable energy technologies. 

herefore, it is highly desirable to explore the feasibility of uti-
izing naturally abundant materials for droplet energy harvesting
pplications, through eco-friendly, sustainable, and cost-effective
rocessing and fabrication strategies to reduce the proportion
f nonrenewable resources used. Such efforts could pave the
ay toward scalable, green energy harvesting systems that
omplement existing renewable technologies. 

mong various natural materials, pollen grains are abundant,
ow-cost, and environmentally benign, being an agricultural
yproduct that can be collected in large quantities without
cological burden [ 23–25 ]. Structurally, a pollen grain consists
f two mechanically distinct layers: a rigid outer exine made
f sporopollenin and a soft inner intine composed of polysac-
harides, mainly cellulose, hemicellulose, and pectin. The cross-
inked sporopollenin network endows the exine with remarkable
tiffness, elasticity, and resistance to chemical degradation [ 26–
9 ]. Through a mild alkaline treatment analogous to traditional
oap making, the highly esterified pectin in the intine is de-
sterif ied into hydrophilic, ionizable pectate; together with the
emoval of internal cytoplasmic contents and softening of the
of 11
pollen shell, this transforms the naturally hard pollen grains
into soft, hydrated microgels [ 30 ]. Subsequent casting and drying
of these microgels yield a free-standing, mechanically stable,
and environmentally friendly “pollen paper” [ 31 ], as shown in
Figure 1a,b . 

In this work, we developed a pollen-derived droplet energy
harvester (PDEH) capable of converting the mechanical energy of
raindrops into electricity. To construct the device, raw sunflower
pollen papers were selectively modified with either perfluo-
rodecyltrichlorosilane (FDTS) or aniline, forming dielectric and
conductive pollen layers, respectively. These layers were then
laminated via a hot-pressing process to assemble the final PDEH
structure, as schematically illustrated in Figure 1c . By incor-
porating pollen paper as the primary structural material, the
mass fraction of non-renewable solid materials in a single 3 ×
3 cm2 PDEH was reduced to 24%. The direct material cost of
the constituents incorporated into the final device was estimated
to be approximately US$0.003 (see Note S1 ); a laboratory-scale
lower-bound estimate of the additional processing consumables
is provided in Table S1 . After optimizing both the dielectric layer
thickness and FDTS concentration, the device could generate an
output voltage of 16.8 V from a single tap-water droplet (37 µL),
achieving an overall energy conversion efficiency of 1.26%. To
demonstrate its practical feasibility under natural conditions, we
further established a PDEH array consisting of 10 units, which
was directly exposed to simulated rainfall. Each individual unit
delivered a power density of 63 mW m− 2 , and the integrated
array successfully charged a 10 µF capacitor to 2 V within 80 s,
subsequently powering an electronic clock for 7 s. The fabricated
PDEH is ultrathin ( ≈ 70 µm) and ultralight (0.191 g), exhibiting
excellent flexibility and mechanical conformability. These fea-
tures allow easy integration onto curved or irregular surfaces,
such as building facades, raincoats, rooftops, and plant leaves
(Figure 1d ). Given its decent output performance, use of abundant
and renewable pollen as the primary structural feedstock, and
relatively low mass fraction of non-renewable solid materials,
the PDEH represents a promising step toward sustainable, low-
carbon, and distributed energy harvesting technologies, offering
new opportunities for future eco-friendly energy generation. 

2 Results 

2.1 Functional Design of the Pollen-Derived 

Droplet Energy Harvester 

To fabricate the pollen paper, raw sunflower bee pollen was
first subjected to a defatting process to remove the pollenkitt,
which is a lipid-rich sticky coating naturally present on the
pollen surface. Pollen grains contain a sporopollenin-rich exine
and a polysaccharide-rich intine containing cellulose, hemicel-
lulose, and pectin. Under alkaline treatment, de-esterification
of pectin within the intine converts esterified pectin into more
hydrophilic pectate, promoting hydration and swelling. Together
with treatment-induced softening/remodeling of the pollen shell,
these changes transform rigid pollen grains into soft microgels.
The obtained pollen microgel suspension was then cast into a
mold, followed by controlled evaporation of water under ambient
conditions to yield the final free-standing pollen paper. 
Advanced Functional Materials, 2026
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FIGURE 1 Design and concept of the pollen-derived droplet energy harvester (PDEH). (a) Natural source of sunflower pollen and representative 
sunflower field, highlighting the abundant and renewable origin of the raw material. (b) Schematic illustration of the fabrication process from pollen 
grains to free-standing pollen paper, including defatting, de-esterification to form pollen microgels, casting, and natural drying. (c) Structural architecture 
of the multilayer PDEH, composed of a fluorinated dielectric pollen paper and a conductive polyaniline (PANI)-coated pollen paper, integrated via hot 
pressing. (d) Conceptual demonstration of the flexible and lightweight PDEH applied in diverse practical scenarios, such as building facades, rooftops, 
raincoats, and plant leaves, for distributed rain-energy harvesting. 
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owever, the as-fabricated pristine pollen paper possesses abun-
ant surface carboxyl groups, rendering it hydrophilic and
xhibiting limited triboelectric performance, which is unfavor-
ble for efficient raindrop energy collection. To overcome this
imitation, fluorinated functional groups were grafted onto the
ollen paper surface via hydrolysis and subsequent dehydration
f perfluorodecyltrichlorosilane (FDTS). Specifically, the pollen
aper was immersed in an FDTS–ethanol solution. The trace
mounts of water inherently present in both the ethanol solvent
nd the pollen paper first induced hydrolysis of FDTS, yielding
 ─Si(OH)3 intermediates (R represents ─(CF2 )8 -CF3 ). Under the
ater-deficient environment of the ethanol medium, a subse-
uent dehydration condensation occurred between the silanol
roups (R ─Si(OH)3 ) and the surface carboxyl groups of the pollen
aper, resulting in the covalent grafting of fluorine-containing
hains onto the surface [ 32 ]. The introduced fluorinated groups
ndowed the pollen paper with hydrophobicity, preventing
ater permeation and swelling, while simultaneously enhancing
egative charge affinity due to the high electronegativity of
luorine, thereby improving its triboelectric performance [ 33–
5 ]. As shown in Figure 2a , after FDTS modification, the water
ontact angle increased markedly from 65.38◦ to 111.79◦, confirm-
dvanced Functional Materials, 2026
ing the successful hydrophobic functionalization. The chemical
composition change was further verified by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 2c , in addition to the
C 1s and O 1s peaks, a prominent F 1s peak at 686 eV appeared
in the FDTS-treated sample, indicating the presence of fluorine
species [ 36 ]. The high-resolution C 1s spectra (Figure 2d ) revealed
components corresponding to C ─F2 and C ─F3 bonds, providing
further evidence of successful fluorination. Moreover, the FTIR
spectra (Figure S2 ) displayed characteristic peaks at 1197 cm− 1 

( ─CF2 ─) and 1376 cm− 1 ( ─CF2 ─CF3 ), which remained stable even
after 14 days, demonstrating the durability of the fluorine grafting
on the pollen paper surface [ 37 ]. In addition, as shown in Figure
S3 and Figure 2e , a comparison between the SEM images of the
pristine and FDTS-modified pollen papers revealed no noticeable
change in surface morphology. This observation confirms that
the fluorinated groups were grafted at the molecular level. Such
a modification requires only a trace amount of FDTS to achieve
the desired surface performance, thereby further contributing to
cost reduction in the overall device fabrication. This fluorination
strategy effectively enhanced the dielectric properties and charge-
trapping ability of the pollen paper, laying the foundation for
high-performance droplet energy harvesting in the PDEH. 
3 of 11
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FIGURE 2 Surface characterization and working mechanism of the pollen-derived droplet energy harvester (PDEH). (a) Static water contact angles 
of pristine and FDTS-modified pollen paper, demonstrating the transition from hydrophilic to hydrophobic surface after fluorination. (b) FTIR spectrum 

of the HCl-doped polyaniline (PANI)-coated conductive pollen paper, confirming successful in situ polymerization and protonation of aniline. (c) XPS 
survey spectra of pristine and FDTS-treated pollen paper, showing the emergence of the F 1s peak after surface fluorination. (d) High-resolution C 
1s spectra of pristine and FDTS-modified pollen paper, revealing the formation of C ─F2 and C ─F3 bonds. (e, f) SEM images of the dielectric (FDTS- 
modified) and conductive (PANI-coated) pollen paper surfaces, indicating preserved morphology and formation of a continuous conductive coating. 
(g) Cross-sectional SEM image of the multilayer PDEH assembled by hot pressing, illustrating the compact interface between dielectric and conductive 
layers. (h) Schematic illustration of the working principle of the PDEH, depicting charge induction, droplet spreading and retraction, and the cyclic 
charge transfer process during droplet impact. 

4 of 11 Advanced Functional Materials, 2026
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o impart electrical conductivity, a thin layer of HCl-doped
olyaniline (PANI) was subsequently deposited onto another
ollen paper surface. The successful formation of the conducting
ayer was confirmed by FTIR spectroscopy (Figure 2b ). The
haracteristic absorption bands at 1578 and 1497 cm− 1 corre-
pond to the quinoid and benzenoid ring stretching vibrations,
espectively. The band observed at 1306 cm− 1 is attributed to π-
lectron delocalization induced in the polymer backbone upon
rotonation. In addition, the band at 1250 cm− 1 is assigned
o the C ─N+ stretching vibration associated with the polaron
tructure. The absorption near 1140 cm− 1 arises from the ─NH+ ═

ibration mode, indicating protonation of nitrogen atoms within
he polymer chain. Meanwhile, the peaks at 1046 and 838 cm− 1

orrespond to C ─Cl and C ─H out-of-plane vibrations, respec-
ively [ 38, 39 ]. Collectively, these spectral features, together with
he SEM observations shown in Figure 2f , confirm the successful
n situ polymerization of aniline on the pollen paper surface
nd the formation of a continuous conductive coating. The
esulting conductive pollen paper exhibited a surface resistance
f approximately 70 k Ω, demonstrating sufficient conductivity for
ts function as the electrode layer in the pollen-derived droplet
nergy harvester. 

o assemble the complete device, a hot-pressing technique
as employed to integrate the dielectric and conductive pollen
apers into a single multilayer structure. As shown in the cross-
ectional SEM image (Figure 2g ), the two layers were tightly
onded, forming a compact interface with an overall thickness
f approximately 70 µm (excluding the narrow top electrode).
he optical image of the resulting device is presented in Figure
4 . Owing to its small thickness, the PDEH can be easily folded
r conformably attached to curved surfaces, exhibiting excellent
echanical flexibility suitable for various practical applications. 

he working principle of PDEH is schematically illustrated in
igure 2h . As discussed in the previous section, a large number
f fluorine groups are present on the surface of the dielectric
ollen paper. Owing to the high electronegativity of fluorine,
he dielectric pollen paper tends to accumulate negative charges
n its surface, while an equal amount of induced positive
harges appears in the underlying conductive layer through
lectrostatic induction (Figure 2h(i) ). When a droplet impacts
he device surface, it spreads rapidly across the dielectric layer
nd electrically bridges the top and bottom electrodes. During
his contact process, a portion of the positive charges in the
ower conductive layer flows through the external circuit into the
roplet (Figure 2h(ii) ). As the droplet retracts due to gravity and
urface tension, the contact area decreases, and the transferred
harges flow back to the lower electrode (Figure 2h(iii) ). Once
he droplet completely detaches from the surface, the system
eturns to its initial electrostatic state, completing one full energy
eneration cycle (Figure 2h(iv) ). 

.2 Performance Characterization and 

ptimization of the Pollen-Derived Droplet Energy 
arvester 

he typical time-resolved voltage waveform of the PDEH under a
ingle droplet impact is shown in Figure 3a , clearly revealing four
istinct stages of electricity generation. To gain deeper insight
dvanced Functional Materials, 2026
into the underlying mechanism, the energy conversion process
can be further interpreted through an equivalent circuit model,
as illustrated in Figure 3b . In this model, the entire PDEH
behaves analogously to a transistor-like structure, where the
droplet functions as a transient switch connecting the dielectric
and conductive layers. The equivalent circuit consists of three
capacitors connected in series: the capacitance of the dielectric
pollen paper ( Cp ) and two electrical double-layer (EDL) capaci-
tances, namely CEDL1 at the water/dielectric interface and CEDL2 
at the water/conductive electrode interface. These capacitors
are in series with three resistors, representing the resistance
of the droplet ( RD ), the conductive pollen paper ( RE ), and the
external load ( RL ). Therefore, when a droplet connects to the
top conductive pollen paper, capacitor CP will charge CEDL2 till
reaching the balance [ 40, 41 ]. Accordingly, the output voltage ( V )
of the PDEH can be expressed as the Equation S4 . Based on this
theoretical model, several key parameters influencing the output
performance of the PDEH were systematically investigated. 

Figure 3c illustrates the relationship between the dielectric pollen
paper thickness (d) and the output voltage of the PDEH. A thin
dielectric layer tends to cause electrical leakage, leading to energy
loss and reduced charge retention. As the dielectric layer becomes
thicker, its charge storage capacity increases, thereby enhancing
the transferred charge ( Qtransfer ). However, when the thickness
continues to increase, the electric field intensity between the
solid interfaces (i.e., between the dielectric pollen paper and the
bottom conductive layer) is gradually weakened, which in turn
reduces 𝑄transfer [ 41, 42 ]. Consequently, as the dielectric pollen
paper thickness increased from 25 to 100 µm, the output voltage
first increased and then decreased, reaching its maximum value
at 55 µm. This trend aligns well with the theoretical model,
indicating the existence of an optimal dielectric thickness that
balances charge storage and field strength for efficient droplet
energy conversion. 

We further investigated the effect of FDTS concentration during
the fabrication process on the electrical performance of the
PDEH. As shown in Figure 3d , the device output increased with
increasing FDTS concentration and reached a saturation point
around 1.0 wt.%, beyond which no significant enhancement was
observed even when the concentration was further increased to
1.5 wt.%. A higher FDTS concentration facilitates the grafting
of more fluorine groups onto the pollen paper surface within
the same treatment duration (Figure S5 ). The increased fluori-
nation leads to a higher surface charge density, thereby directly
enhancing the Qtransfer and voltage output. However, once the
concentration reaches 1.0 wt.%, the available reactive sites on
the pollen paper surface become nearly saturated, and further
increasing the concentration contributes little additional grafting.

The output performance of the PDEH is also strongly influenced
by the morphology and dynamics of droplets on the device
surface. We first examined the effect of droplet volume on
electrical output. As the droplet volume increased, the spreading
area of the droplet also expanded, resulting in a higher amount of
transferred charge ( Qtransfer ). However, when the droplet volume
continued to increase, the enlarged spreading area led to a larger
time constant ( τ) and a slower discharge rate of the capacitor
( Cp ), thereby reducing the overall output voltage. In practice, the
droplet volume during rainfall typically ranges from 0.2 to 78 µL,
5 of 11
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FIGURE 3 Performance investigation and parameter optimization of the pollen-derived droplet energy harvester (PDEH). (a) Typical time- 
resolved output voltage waveform under a single droplet impact, showing four distinct stages (i–iv) corresponding to droplet spreading, maximum 

contact, retraction, and detachment, as illustrated in figure 2h . (b) Equivalent circuit model of the PDEH, describing the series combination of dielectric 
capacitance, electrical double-layer capacitances, and resistive elements. (c–e) Dependence of the output voltage on key structural and dynamic 
parameters: (c) dielectric pollen paper thickness, revealing an optimal thickness for balancing charge storage and electric field strength; (d) FDTS 
concentration, showing surface fluorination saturation behavior; (e) droplet volume, demonstrating a parabolic trend governed by spreading area and 
discharge dynamics. (f) Output performance triggered by different water types (DI water, tap water, and rainwater), highlighting the influence of liquid 
conductivity. (g) Voltage response as a function of NaCl concentration, exhibiting an optimal ionic concentration for maximum charge transfer. (h) Long- 
term durability of the PDEH, showing stable output over 14 days of repeated operation. Data in (c–h) are presented as mean ± SD of n = 10 repeated 
droplet impacts on the same PDEH device for each experimental condition. 
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s reported for Singapore’s rainfall conditions, where an average
roplet volume of approximately 24 µL corresponds to moderate
ain, and about 78 µL to heavy rain [ 43 ]. Combining these data
ith the results in Figure 3e , it can be concluded that heavier rain-
all, characterized by larger droplets, produces higher electrical
utputs. In addition, we investigated the effects of droplet release
eight and device inclination angle on the output (Figures S6 and
7 ). Similarly, as the release height or inclination angle increased,
he spreading area of the droplet also increased. Both parameters
xhibited a parabolic dependence on output performance, with
of 11
the maximum output obtained at a release height of 35 cm or an
inclination angle of 30◦. Furthermore, heavier rainfall is typically
accompanied by a higher droplet impact frequency, which also
enhances the total generated electricity. As shown in Figure S8 ,
an increase in impact frequency results in a proportional rise in
the accumulated electrical output. 

Considering the variety of water sources encountered in daily
environments, we also investigated the influence of water type
on the electrical output of the PDEH. As shown in Figure 3f ,
Advanced Functional Materials, 2026
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hree types of water (deionized (DI) water, tap water, and
ainwater) were tested. Among them, tap water produced the
ighest output, with a single droplet generating an output
oltage of 16.8 V and an overall energy conversion efficiency
f 1.26% (see Note S3 ). This variation can be attributed to the
ifferent conductivities of the water samples: approximately 1
S cm− 1 for DI water, 127 µS cm− 1 for tap water, and 51 µS
m− 1 for rainwater. To further verify the effect of ionic conduc-
ivity, NaCl solutions with different concentrations were tested
Figure 3g ). As the NaCl concentration increased, the output
oltage first increased and then decreased, reaching a maximum
t 0.001 M. When the concentration rose from 0 to 0.001 M,
he increased number of mobile ions in the solution facilitated
tronger electrostatic induction at the PDEH surface, resulting
n greater charge transfer ( Qtransfer ). However, when the ion con-
entration increased further, the solution conductivity became
xcessively high, which enlarged the time constant ( τ) and
lowed the discharge process, thereby reducing the overall output
oltage. 

s shown in Figure 2g , the overall thickness of the PDEH is
nly ∼ 70 µm, which endows the device with excellent mechanical
lexibility. It can be easily attached or conformed to surfaces
ith different geometries. To evaluate its adaptability, the output
erformance of the PDEH was tested when attached to surfaces
f various shapes, including flat, curved (arc), and right-angled
urfaces. As presented in Figures S9 and S10 , the device con-
inued to generate stable output in all configurations, although
he absolute output varied with the droplet-impact geome-
ry on curved and angled surfaces, confirming its functional
obustness and conformability. We also subjected the PDEH
o 10 000 repeated bending cycles and monitored its electrical
utput every 1000 cycles (Figure S13 ). The output showed no
oticeable decrease over 10 000 bending cycles, confirming
ts mechanical durability under repeated deformation. These
esults highlight the great potential of the PDEH for integration
nto irregular or flexible substrates, such as building facades,
aincoats, or plant leaves, for practical rain energy harvesting
pplications. 

wing to the chemical stability of the grafted fluorine groups, the
DEH exhibited excellent durability during long-term operation.
s shown in Figure 3h , the electrical output remained nearly
nchanged after continuous testing for 14 days, demonstrating
he high stability and reliability of the device under ambient
onditions. In addition, the water collected after 10 000 contact
ycles were analyzed by FTIR spectroscopy (Figure S11 ), which
howed no detectable difference compared with the original
ater sample. Notably, no fluorine-related absorption peaks were
bserved, indicating that the grafted fluorine groups remained
tably bound to the pollen paper surface and did not leach into
he water droplets. This result confirms the environmental safety
f the PDEH and demonstrates that its surface modification does
ot pose a risk of fluorine contamination. The water resistance
as also evaluated gravimetrically: after immersion in water for
2 h, the mass increase of the FDTS-modified pollen paper is
nly ∼ 2.7% (Figure S12 ), while that of the pristine pollen paper
s ∼ 217.1%, confirming that the fluorinated surface effectively
uppresses water uptake and swelling. 
dvanced Functional Materials, 2026
2.3 Application of the Pollen-Derived Droplet 
Energy Harvester 

To evaluate the performance of the PDEH under rainfall con-
ditions, a laboratory setup was constructed, as schematically
illustrated in Figure 4a . The system consisted of a water reservoir,
a pipe array, and a PDEH array. Collected rainwater was poured
into the reservoir to generate simulated rainfall. A total of 10
PDEH units were placed beneath the falling droplets to convert
the mechanical energy of raindrops into electrical energy on a
scalable level. As shown in Figure 4b , each of the ten units was
equipped with an individual bridge rectifier, and the rectified
outputs were connected in parallel to maximize charge transfer
and overall output. 

Since the original output of the PDEH is alternating current
(AC), rectifier circuits were employed to convert the AC output
into direct current (DC), allowing the generated electricity to be
subsequently stored in energy storage devices, such as capacitors
or batteries (Figure 4c ). The power density of a single PDEH
unit was further evaluated under varying external resistive loads
ranging from 103 to 5 × 106 Ω (Figure 4d ). Upon the impact
of a single rainwater droplet in an active area of 3 × 3 cm2 ,
a maximum instantaneous power density of 63 mW m− 2 was
achieved when the external load was 0.28 M Ω. Compared with
representative biodegradable or cellulose-based droplet energy
harvesters, the PDEH achieves a competitive power density
of 63 mW m− 2 , which is higher than those reported for the
selected environmentally friendly systems summarized in Table
S2 . This comparison suggests that the use of pollen as a renewable
structural material does not necessarily require a substantial
compromise in electrical output. We note that the absolute output
of the PDEH remains lower than that of state-of-the-art droplet
energy generators built from fluoropolymer films and metal
electrodes [ 17, 40 ], and further improvements in surface charge
density and interfacial design are expected to narrow this gap.
This indicates a promising application potential for practical
droplet energy harvesting and related self-powered electronics. 

A series of capacitors were then employed as energy storage units
to evaluate the charging performance of the PDEH array. As
shown in Figure 4e , PDEH arrays consisting of 10, 5, and 1 unit
were able to charge a 1 µF capacitor to 2 V within 18, 27, and 45 s,
respectively. Furthermore, the 10-unit PDEH array could charge
capacitors of different capacitances, 1, 2.2, 4.7, and 10 µF, to 2 V
within 19, 27, 48, and 79 s, respectively (Figure 4f ). 

The integrated PDEH array was subsequently utilized as the
sole power source to operate a commercial electronic clock. As
presented in Figure 4g and Movie S1 , the PDEH array successfully
charged a 10 µF capacitor to 2 V within approximately 80 s, and
the stored electrical energy powered the clock for about 7 s. This
closed-loop demonstration clearly validates the practical applica-
bility of the PDEH for direct rain-energy harvesting and storage,
showcasing its potential as a sustainable and self-powered energy
system. In order to evaluate the maximum performance of this
system, we further replaced the rainwater with tap water. As
shown in Figure S14 , when triggered by tap water, a single device
generated a rectified output voltage of up to ≈ 13 V. In addition,
7 of 11

ative C
om

m
ons L

icense



FIGURE 4 Scalable application and energy-storage demonstration of the pollen-derived droplet energy harvester (PDEH). (a) Schematic 
illustration of the experimental setup used to simulate rainfall-driven electricity generation using a PDEH array. (b) Equivalent circuit model of a PDEH 

array consisting of N parallel-connected devices for enhanced charge output. (c) Rectified output voltage of a single PDEH triggered by rainwater droplets. 
(d) Output power density of a single PDEH under varying external loads, showing a maximum instantaneous power density of 63 mW m− 2 . (e) Charging 
curves of a 1 µF capacitor using PDEH arrays composed of different numbers of units (N = 1, 5, and 10), demonstrating scalable charge accumulation. 
(f) Charging performance of capacitors with different capacitances (1, 2.2, 4.7, and 10 µF) using a 10-unit PDEH array. (g) Demonstration of powering a 
commercial electronic clock by charging a 10 µF capacitor to 2 V, illustrating closed-loop energy harvesting and storage capability. 
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he PDEH array was able to charge a 10 µF capacitor to 2 V within
7 s. 

 Conclusion 

n this work, we have demonstrated a pollen-derived droplet
nergy harvester (PDEH) that converts the mechanical energy
f raindrops into electricity using pollen-derived paper from an
bundant and renewable biological feedstock as the structural
latform. A relatively simple chemical processing workflow
onverts sunflower pollen into free-standing paper, followed by
DTS fluorination and PANI polymerization to produce the
unctional layers. The two modified layers are then hot-pressed
ogether, producing an ultrathin ( ∼ 70 µm), ultralight (0.191 g)
ultilayer PDEH. The PDEH contains only ∼ 24 wt.% non-
of 11
renewable solid materials in the final device, while the direct
material cost of the incorporated constituents is estimated to
be ∼ US$0.003 per 3 × 3 cm2 unit. This material cost does not
include the additional process consumables used during pollen
treatment and functionalization, which are associated with
the current laboratory-scale fabrication procedure. The device
delivers a practical output of 16.8 V and an energy-conversion
efficiency of 1.26% from a single tap-water droplet, achieves a
peak power density of 63 mW m− 2 , and operates reliably on
curved or irregular surfaces. The device exhibits no detectable
fluorine leaching after 10 000 wetting cycles, and its output
remains stable over 14 days, demonstrating excellent durability
and environmental safety. A 10-unit PDEH array demonstrates
closed-loop functionality by charging a 10 µF capacitor to 2 V
within ∼ 80 s and powering a commercial clock under simulated
rainfall. 
Advanced Functional Materials, 2026
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hese findings establish pollen-derived films as a compelling and
ustainable materials platform for distributed, low-carbon rain-
nergy harvesting. However, further efforts should be devoted
o enhancing the output performance of the PDEH through
aterial optimization and system integration. Overall, the PDEH
s expected to inspire new directions in green energy harvesting
nd the development of self-sustaining electronic systems. 

 Experimental Section 

.1 Materials 

aw bee pollen was purchased from Changge Xingchuang Bee
ndustry Co., Ltd., China. Aniline and Perfluorodecyltrichlorosi-
ane were purchased from Shanghai Aladdin Biochemical Tech-
ology Co., Ltd. KOH, acetone, diethyl ether, and HCl were all
urchased from Sigma-Aldrich. 

.2 Defatting of Bee Pollen 

o remove the pollen kitt, natural or bee-derived pollen grains
ere sequentially defatted using water, acetone, and diethyl ether.

nitially, 500 g of bee pollen was dispersed in 1 L of deionized
ater at 50◦C and stirred at 1000 rpm for 2 h using a disperser
IKA). The resulting suspension was filtered through a 200 µm
ylon mesh to eliminate large debris and impurities, and the
iltrate was subsequently vacuum-filtered to remove excess water.
he recovered pollen was then refluxed in 1 L of acetone under
ontinuous stirring (1000 rpm) at room temperature for 3 h. After
hat, acetone was removed by vacuum filtration, and the sample
as repeatedly rinsed (2–3 times) with fresh acetone until the
iltrate became clear. The cleaned pollen was transferred onto a
lass Petri dish and air-dried in a fume hood for 12 h. 

ollowing acetone treatment, approximately 150 g of dried pollen
as redispersed in 1 L of diethyl ether and stirred at 25◦C and
000 rpm for 2 h, and the solvent was removed by vacuum
iltration. This step was repeated once using fresh solvent. The
ollen was then washed twice with diethyl ether and dispersed
gain in a new 1 L batch, followed by overnight stirring (12 h)
nder the same conditions. Finally, the solvent was removed by
acuum filtration, and the fully defatted pollen was air-dried in a
ume hood for another 12 h to obtain the purified sample. 

.3 Fabrication of Pollen Microgel and Original 
ollen Paper 

 g of defatted pollen was combined with 50 mL of 10 wt.% KOH
olution in a PTFE round-bottom flask. The mixture was stirred
t 800 rpm and refluxed at 80◦C for 2 h, maintaining a pollen-
o-solution ratio of about 1:10 (w/w). The reaction mixture was
hen filtered through a nylon mesh (pore size: 35–30 µm) using a
ustom filtration setup, and the filtrate was repeatedly replaced
ith fresh KOH solution until it appeared completely clear. The
ollen residue collected on the mesh was reserved for further
rocessing. 
dvanced Functional Materials, 2026
A new batch of 50 mL KOH solution was subsequently added
to the filtered pollen, and the suspension was divided equally
into two tubes (25 mL each). These tubes were heated at 80◦C
for 40 h in an oven to complete the de-esterification process.
After treatment, the mixture was once again filtered through
nylon mesh of identical pore size and washed thoroughly with
deionized water until the filtrate pH stabilized at ∼ 7.5, as verified
with pH indicator strips, to get the pollen microgel. Finally, the
pollen microgel was poured into a Petri dish and allowed to dry
naturally through water evaporation, yielding the pristine pollen
paper. 

4.4 Fabrication of PDEH 

The fabrication process of the PDEH can be divided into three
main steps: 

i. Preparation of the conductive pollen paper: A solution was
prepared by adding 833 µL of HCl and 2.328 mL of aniline to
50 mL of deionized (DI) water, followed by stirring under
an ice bath at 800 rpm for 6 h. The pristine pollen paper
was then immersed in this solution. Separately, 3.8 g of
ammonium persulfate (APS) was dissolved in 10 mL of
DI water, and the resulting solution was added dropwise
into the aniline–HCl mixture while maintaining a stirring
speed of 50 rpm under ice-bath conditions. The reaction was
allowed to proceed for 24 h, after which the pollen paper was
removed and washed thoroughly with DI water, yielding the
conductive pollen paper. 

ii. Preparation of the dielectric pollen paper: A 1 wt.% per-
fluorodecyltrichlorosilane (FDTS) solution was prepared by
dissolving 0.5 g of FDTS in 49.5 g of absolute ethanol. The
pristine pollen paper was immersed in this solution for
12 h (overnight), then removed and air-dried, producing the
fluorinated dielectric pollen paper. 

iii. Assembly of the PDEH: The dielectric pollen paper was
sandwiched between a conductive pollen paper (bottom
electrode) and a narrow conductive pollen-paper strip (top
electrode), and the three layers were laminated by hot
pressing (LP-S-20, Labtech Engineering Co., Ltd.) under an
applied compressive force of 100 N at 60◦C for 10 min. 

4.5 Characterization and Measurements 

The electrical output of the PDEH was measured with an oscillo-
scope (TBS2104B, Tektronix). Time-resolved voltage waveforms
were recorded at a sampling interval of 0.4 ms (sampling rate
2.5 kS s− 1 ), which is sufficient to resolve the rising and decaying
edges of the droplet-induced voltage pulse. Unless otherwise
stated, output voltages are reported as mean ± SD of n =
10 repeated droplet impacts on the same PDEH device for
each experimental condition. The error bars therefore reflect
measurement-to-measurement variation rather than device-to-
device variation. The contact angle was measured using a contact
angle meter (Attension Theta Flex C201, Biolin Scientific). The
FTIR spectra were obtained using a PerkinElmer Frontier. SEM
images were taken using a JEOL JSM-7600F Schottky field-
emission scanning electron microscope. XPS measurements were
9 of 11
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ecorded on an XPS Kratos AXIS Supra. The conductivity of the
onductive pollen paper was measured by a multimeter D03124,
URATOOL. 
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