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This work presents a lotus-inspired wood-based evaporation-driven electricity generator that couples surface engineering and chemical
modification to achieve stable power output.
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ABSTRACT: Evaporation-driven electricity generation has recently emerged as a promising strategy for harvesting ubiquitous
ambient energy. Among various material platforms, wood-based evaporation-driven electricity generators have attracted growing
attention owing to their aligned microchannels, intrinsic capillary transport capability, and sustainability. However, the electrical
output of unmodified wood remains insufficient to meet the power requirements of practical microsystems. Here, inspired by the
architecture of the lotus, we report a bioinspired wood-based evaporation-driven electricity micro-generator with enhanced
performance. The hydrophobic micro-nano hierarchical structures of lotus leaves inspire the construction of a microstructured
and fluorinated interface on the wood surface to enhance interfacial evaporation. Meanwhile, inspired by the vascular structure of
lotus petioles, partial delignification is applied to the bottom region of the wood to enlarge pore channels and establish capillary-
Laplace pressure gradients for accelerated water transport. In combination with poly(4-styrenesulfonic acid) (PSS) modification
to regulate ionic transport, the resulting device exhibits an approximately 234% increase in output voltage compared with natural
wood. Furthermore, assembled devices can be connected in series to charge conventional low-power electronic systems,
demonstrating strong potential for autonomous IoT and off-grid micro-energy applications.

KEYWORDS: nanogenerator, self-powered, power MEMS, wood electronics

1. Introduction
The growing global demand for clean and renewable energy

has driven the exploration of sustainable energy-harvesting
technologies1-3. Among various natural energy sources, water
represents a vast and largely untapped reservoir of renewable
energy. The continuous processes of water evaporation and
transport in nature provide a constant flux of energy that can be
utilized for electricity generation. Recently, water evaporation-
driven electricity generation (WEG) has emerged as a promising
approach that converts the energy of natural water evaporation
into electrical power4-7. This mechanism relies on the directional
transport of water molecules and ions within porous materials
under ambient conditions8. Unlike conventional solar or wind
energy systems, WEG can operate continuously as long as a
water supply is available, without requiring sunlight or external
electrical bias, thereby providing stable and environmentally
friendly power output.

Wood has recently attracted increasing attention as a natural
and sustainable platform for WEGs9-11. Its hierarchical structure,
composed of vertically aligned microchannels, facilitates
efficient water transport and ion diffusion12, 13. The hydrophilic
nature of cellulose also enables continuous evaporation under
ambient conditions. Several studies have demonstrated the
potential of wood-based WEGs14-18. For instance, Lin et al.
developed a delignified all-wood generator, where lignin

removal increased specific surface area, hydrophilicity, and
surface charge density, enabling efficient and durable
evaporation-driven electricity generation9. Zhao et al. developed
a Janus evaporator combining cotton hydrogel, hydrophilic
polyester fabric, and hydrophobic wood, achieving high solar
absorptance and efficient seawater desalination19. However,
pristine and even modified wood materials still face significant
challenges. The intrinsic low electrical conductivity of natural
wood results in large internal resistance and limited charge
transport efficiency, leading to relatively low output voltage and
current compared to other carbon-based or polymer-based
WEGs20, 21. In addition, the smooth and flat surface of native
wood restricts the effective evaporation interface, while its
uniform wettability and simple pore geometry hinder the
regulation of water flow and potential distribution. Although
modification strategies such as carbonization10, 22, conductive
coating23, 24, and chemical functionalization11, 25 have been
developed, they often fail to promote the interfacial evaporation
behavior and dynamic ion transport, limiting the overall energy
conversion efficiency of wood-based WEG devices. To further
enhance energy conversion, the perspective of biomimetic
evaporation and power generation has recently garnered
significant attention. Studies have highlighted that constructing
nature-inspired hierarchical architectures and optimizing
interfacial engineering are critical for maximizing hydrovoltaic
performance and evaporation kinetics26-29.
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To address the intrinsic limitations of natural wood, a
biomimetic strategy inspired by the lotus was adopted to
regulate water evaporation and ion transport. The lotus leaf has a
micro-nano hierarchical surface that enables water repellence
and efficient vapor release30, 31. Following this concept, a Janus
wood surface was constructed with asymmetric wettability. The
upper surface was coated with fluorinated graphene to create a
hydrophobic layer, while the PSS-modified inner wood
remained hydrophilic to maintain a continuous water supply.
Conical microstructures were imprinted on the surface,
resembling the papillae of lotus leaves. These structures enlarge
the evaporation area and form multiple light reflection paths,
which accelerate the surface evaporation under illumination. In
addition, inspired by the aerenchyma architecture in lotus
petioles, the internal pores were tailored to form a gradient
channel, with larger pores at the bottom and smaller pores at the
top. This design generates a Laplace pressure difference that
drives water upward32, 33. The combined bioinspired and
structural strategies enhance water transport, promote ion
migration, and improve the overall evaporation-driven power
generation of wood-based WEGs. Unlike conventional wood
modification, the coordinated optimization of internal water
transport and surface evaporation establishes a more efficient
capillary flow. Thereby, the hydrovoltaic output was enhanced
within a single bioinspired structural framework.

In this work, we developed a lotus-inspired wood-based
evaporation-driven micro-generator through a simple process
combining synergistically engineered internal channels and
asymmetric interfacial functionalization. This biomimetic design
enables rapid evaporation and directional water transport
through the wood microchannels. As a result, the modified wood
exhibits a higher evaporation rate, increased open-circuit voltage
(up to 400 mV), and enhanced current output (up to 32 μA)
compared with unmodified wood. This study demonstrates that
rational surface engineering and biomimetic design can
significantly boost the energy conversion efficiency of wood-
based WEG systems, achieving a solar-vapor energy efficiency
of 67.76%. The proposed device also holds great promise for
powering next-generation self-powered micro-systems operating
on water surfaces, offering a sustainable route toward intelligent
and autonomous hydrovoltaic energy applications.

2. Materials and methods
2.1 Materials
Balsa wood was cut into 20×20×10 mm3 blocks. Sodium

Hydroxide (NaOH) was purchased from Chengdu Aoshuo
Biotechnology Co., Ltd., China. Sodium Sulfite (Na₂SO₃)
was purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd., China. Glutaraldehyde was purchased from Chengdu
Aoshuo Biotechnology Co., Ltd., China. Poly(4-styrenesulfonic
acid) (PSS) was purchased from Shanghai Titan Technology Co.,
Ltd., China. Fluorinated Graphene was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd., China. All
chemical reagents were used directly without further purification.

2.2 Preparation of gradually delignified wood
A mixed solution of 2.5 mol L⁻ ¹ NaOH and 0.4 mol L⁻ ¹

Na₂SO₃ was prepared and heated to boiling on a hot plate.

The lower half of the cut balsa wood blocks was immersed in
the solution for 4 h, followed by rinsing with deionized water.
Since only the lower half of the wood was delignified, the
resulting samples exhibited pores that were narrower at the top
and wider at the bottom. Finally, the sample was vacuum freeze-
dried for 12 hours. Partial delignification selectively removes
lignin from the lower region while preserving the cellulose
framework, resulting in enlarged lumen channels and reduced
hydraulic resistance. This asymmetric pore distribution
establishes a vertical gradient in capillary pressure, facilitating
directional water transport. The comparison of chemical
components before and after delignification is shown in Fig. S1.

2.3 Preparation of Janus wood
The gradual-delignified samples were then immersed in a 5

wt% glutaraldehyde solution at 80 °C for 2 h. After rinsing with
deionized water, they were immersed in a 5 wt% PSS solution at
70 °C for 2 h for modification, followed by vacuum freeze-
drying for 12 h. Then, a 10 mg mL⁻ ¹ fluorinated graphene
ethanol solution was prepared and uniformly coated on the
surface. Finally, the sample was dried in an oven at 50 °C for 30
min. The Janus modification introduces asymmetric wettability
by constructing a hydrophobic upper interface while retaining a
hydrophilic interior. This configuration suppresses excessive
surface wetting and stabilizes interfacial evaporation.
Simultaneously, the fluorinated graphene layer provides
broadband photothermal conversion, enhancing surface
temperature under illumination and promoting evaporation-
driven ion migration.

2.4 Preparation of microstructured Janus wood
An aluminum plate with conical array microstructures was

fabricated using computer numerical control (CNC) machining.
The conical cavities were arranged in a 35×35 array, each with a
base radius of 0.25 mm and a height of 1 mm. The
microstructures on the aluminum plate were then imprinted onto
the hydrophobic side using a tablet press. The conical structures
on the mold were engraved inward, forming a negative pattern,
which generated corresponding protruding micro-cone arrays on
the wood surface after imprinting. During the process, the
aluminum template was placed in direct contact with the wood
surface and mechanical pressure was applied using the tablet
press to ensure uniform structural transfer. Owing to the
relatively low hardness and good compressibility of balsa wood,
the microstructures could be effectively replicated without
structural fracture, enabling complete transfer of the designed
surface geometry.
Microstructure imprinting further enhances surface

functionality by increasing roughness and inducing light-
trapping effects. The conical array geometry reduces optical
reflection through multiple internal reflections, thereby
improving solar absorption. Additionally, the increased effective
surface area strengthens localized evaporation, working
synergistically with internal channel regulation and interfacial
charge modulation.

2.5 Characterization
Scanning electron microscopy (SEM) equipped with energy-

dispersive X-ray spectroscopy (JSM-7600F, JEOL) was
employed to observe the surface morphology and elemental
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distribution. The surface zeta potential was measured using a
Dynamic light scattering (DLS) zeta potential and nanoparticle
size analyzer (Malvern Instruments Ltd., England) to evaluate
the surface charge characteristics. Light absorption spectra were
obtained using a UV-Vis spectrophotometer (UV-3600, Japan).
The surface wettability was assessed by measuring the static
water contact angle (CA) with a contact angle goniometer
(SDC-100, China). The temperature was monitored with an
Infrared thermal imaging camera (UNI-T, China). A vacuum
drying oven (PVD-050C, Shanghai Shibei Instrument
Equipment Co., Ltd., China) and a freeze dryer (Beijing
Songyuan Huaxing Technology Development Co., Ltd.) were
introduced to dry the treated wood. The electrical performance
of the wood-based WEGs was evaluated under ambient
conditions. The output voltage was recorded using a digital
multimeter (Keithley 6500, China), and the output current was
monitored with an electrometer (Keithley 6514, China). A
standard solar simulator (AM 1.5G, 100 mW cm⁻ ²) was used to
provide illumination when required.

3. Results and discussion
3.1 Design principle of the wood-based evaporation-driven
electricity generator
The design of this wood-based evaporation-driven electricity

micro-generator comes from the research on the lotus
transpiration mechanism, which is distinct from that of most
terrestrial plants (Fig. 1a). Their upper surface contains densely
distributed stomata and a micro-nano hierarchical structure
covered with a waxy layer, forming a superhydrophobic
interface. This structure effectively prevents the accumulation of
surface water while maintaining efficient transpiration. Such a
combination of directional water transport, stable evaporation,
and surface hydrophobicity provides an excellent natural model
for designing biomimetic evaporation-driven energy devices
with enhanced efficiency and environmental adaptability.

On the basis of the mechanism of the lotus transpiration
mechanism, we have designed a wood-based WEG. The WEG
was constructed based on a natural wood substrate, serving as a
sustainable and porous framework for water and ion transport.
The pristine balsa wood was first partially delignified to increase
pore size and enhance capillary water flow. The upper and lower
surfaces exhibit distinct pore morphologies, as shown in Fig. S2.
Subsequently, the samples were modified with PSS solution to
improve surface hydrophilicity and charge density. The top
surface was then imprinted with an aluminum mold containing
conical microarrays to replicate the lotus-leaf-like
microstructure, effectively enlarging the evaporation interface. A
thin layer of fluorinated graphene was further coated on the
microstructured surface to form a hydrophobic upper layer,
resulting in a Janus structure with asymmetric wettability.
Furthermore, the hydrophobic surface layer functions as an
efficient photothermal converter. When the device floats on the
water surface under sunlight, the fluorinated graphene coating
rapidly absorbs solar energy and increases the surface
temperature, thereby enhancing surface water evaporation. (Fig.
1b). Fig. 1c compares the surface microstructures of a natural
lotus leaf and the fabricated evaporation-driven device. The
lotus leaf (left) exhibits a typical micro-nano hierarchical
architecture, while the device surface (right) presents a similarly

rough and porous morphology, indicating effective lotus-
inspired structural mimicry. Fig. 1d shows the evaporation-
induced electrical output of a lotus petiole, exhibiting a stable
voltage under ambient condition. Inspired by this natural
phenomenon, as illustrated in Fig. 1e, the electricity generation
of the wood-based device is driven by the coupling between
water evaporation and ion transport along the cellulose
microchannels. Continuous evaporation at the top hydrophobic
surface induces an upward water flow, carrying solvated ions
through the channels and forming an electric double layer along
the channel walls. The asymmetric wettability and charge
distribution between the top and bottom regions establish a
potential gradient, resulting in a measurable voltage output. The
PSS-modified hydrophilic region provides abundant negatively
charged sulfonate groups (–SO₃⁻ ), which facilitate ion
migration and charge separation, while the fluorinated graphene
layer on the surface enhances evaporation through photothermal
heating. Inspired by the architecture of lotus petioles, the conical
pore geometry further generates a Laplace pressure difference,
where the narrower upper pores and wider lower channels create
a capillary force that promotes water transport upward. To
understand the driving mechanism of water transport within the
gradient wood, we analyze the theoretical capillary pressure
distribution based on the pore size evolution. When water fills
these interconnected microchannels, the capillary pressure can
be described by the Young-Laplace relation:

� ꥰ ���香䁕�
�

(1)
where � is the surface tension of water, � is the effective

contact angle, and r is the effective pore radius. Due to the
difference in pore size, smaller pores in the upper region
generate a higher Laplace pressure than the wider channels in
the lower region, thereby establishing a pressure gradient along
the thickness direction. This gradient provides a continuous
driving force that promotes upward water transport from the
delignified bottom region toward the upper surface.
Overall, the integration of asymmetric wettability,

photothermal enhancement, and Laplace pressure-driven water
transport enables efficient ion migration and continuous
electricity generation in the wood-based WEG system.

3.2 Characterization of the wood-based evaporation-driven
electricity generator
The surface microstructure of the wood-based WEGs is

illustrated in Fig. 2a. The nano-scale pores on the wood channel
walls are shown in Fig. S3. The pristine natural wood (NW)
exhibits a smooth and well-aligned cellular channel structure,
which facilitates rapid water penetration and results in a low
contact angle (CA) of 10°, reflecting its inherent hydrophilicity.
After modification with fluorinated graphene, the Janus wood
(JW) presents a roughened and disordered pore morphology, and
its CA markedly increases to 126°, confirming the successful
construction of a hydrophobic surface. Upon further
microstructuring by impressing, the microstructured Janus wood
(MJW) develops a hierarchical surface architecture composed of
microscale protrusions and nanoscale fluorinated domains. Such
a dual-scale texture closely resembles the micro/nano composite
structures found on natural lotus leaves. Consequently, the MJW
exhibits a high CA of 130°, demonstrating the synergistic effect
of bionic surface topology and chemical modification on
hydrophobic performance. The dynamic wetting behaviors of
natural balsa wood, the Janus wood and the microstructured
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Janus wood are provided in Fig. S4-6. The wettability of the
hydrophobic and hydrophilic sides of the Janus structure is
shown in Fig. S7. As shown in Fig. 2b, EDS elemental mapping
of MJW confirms the uniform distribution of carbon (C), oxygen
(O), and fluorine (F) elements across the surface. The EDS
comparison images of the PSS-modified wood are shown in Fig.
S8. These results collectively indicate that the MJW successfully
integrates a lotus-inspired hierarchical micro/nanostructure with
a fluorine-enriched surface chemistry, forming a stable
hydrophobic interface that is favorable for efficient evaporation-
driven energy conversion. A comprehensive comparison of the
surface physicochemical properties is presented in Fig. 2c. The
radar chart highlights the distinct variations among NW, JW, and
MJW in terms of surface roughness, porosity, zeta potential,
contact angle, and optical absorption. First, regarding surface
roughness, the imprinted micro-cone structures on MJW
markedly increase the surface roughness to ~500 nm, which
substantially enlarges the effective evaporation area compared
with the relatively flat surfaces of NW and JW. Second, in terms
of porosity, partial delignification enlarges the internal pore
channels and increases the accessible pore volume within the
wood substrate. However, after fluorinated graphene coating and
microstructure imprinting, the apparent porosity of JW and
MJW shows a slight decrease. This reduction mainly arises from
the alternation of the superficial pore morphology. Third, with
respect to zeta potential, the surface charge shifts from − 29.8
mV for NW to −18.6 mV. Fourth, in terms of surface wettability,
MJW exhibits a pronounced transition from the superhydrophilic
nature of NW (~0°) to a hydrophobic state with a contact angle
of ~130°, which suppresses surface water accumulation and
preserves unobstructed vapor diffusion pathways. Finally, from
an optical perspective, the solar absorption of MJW increases to
~65%, compared with ~35% for NW, benefiting from the black-
body-like photothermal behavior of fluorinated graphene and the
light-trapping effect induced by the micro-cone surface
geometry. Collectively, the evolution from NW to JW and
finally to MJW reveals a systematic performance enhancement,
driven by the gradual integration of interfacial regulation and
structural optimization. The gradual evolution from hydrophilic
NW to hydrophobic JW and finally to hierarchically structured
MJW demonstrates that both chemical modification and
structural regulation effectively tailor the surface wetting and
charge characteristics.
The optical absorption spectra shown in Fig. 2d reveal that

fluorinated graphene significantly enhances the broadband light
absorption of wood across the 300-2500 nm range. The
roughened surface and hierarchical porous architecture of MJW
further increase multiple scattering and photothermal conversion
efficiency. Such strong light-harvesting capability enables rapid
interfacial heating under solar illumination, thereby accelerating
water evaporation and enhancing hydrovoltaic output
performance. To further verify the surface chemical composition,
X-ray photoelectron spectroscopy (XPS) analysis was performed,
as shown in Fig. 2e. The survey spectra provide an overview of
the elemental composition of the samples. For natural wood
(NW), the high-resolution C 1s and O 1s spectra show only
typical lignocellulosic signals. In contrast, Janus wood (JW)
exhibits clear fluorination features: the C 1s and O 1s spectra
reveal new C-F/C-F₂ components and reduced oxygen-related
peaks, while a distinct F 1s peak at ~688.5 eV confirms the

presence of fluorinated species. These results verify the
successful anchoring of fluorinated graphene, which forms
stable C-F bonds and imparts hydrophobicity to the JW surface.
Furthermore, the Raman spectra (Fig. S9) show that JW presents
distinct D and G bands, while NW only exhibits weak
lignocellulosic signals, confirming carbon-based structural
modification on JW.

3.3 Output performance of the wood-based evaporation-driven
electricity generator
The effect of geometric dimensions and chemical

modifications on the evaporation-driven electricity generation
was investigated using natural balsa wood blocks of different
heights and side lengths. During the measurements, the wood
samples were sandwiched between two inert titanium mesh
electrodes, and electrical leads were connected to the upper and
lower electrodes for voltage and current recording. As presented
in Fig. 3a, the output voltage and current strongly depend on the
sample height. Both output voltage and current first increase and
then decrease with height, reaching a maximum at 10 mm,
where the voltage increases to 107 mV and the current reaches
13.3 μA. This trend arises from the trade-off between water
transport and internal resistance: thinner samples provide limited
evaporation channels, while thicker ones restrict vapor diffusion.
In contrast, enlarging the side length (Fig. 3b) continuously
enhances output at smaller sizes due to the increased
evaporation area and ion transport interface. As the side length
increases from 1 to 5 cm, the output voltage rises from 72 mV to
153 mV, and the current increases from about 8 μA to 16 μA.
These results indicate that both vertical (height) and lateral (side
length) dimensions play critical roles in optimizing the
hydrovoltaic performance of wood-based generators. Therefore,
wood blocks with dimensions of 2 × 2 × 1 cm were used for all
subsequent surface modifications and performance tests.
To further enhance charge transport and interfacial activity,

the lower part of the wood samples was subjected to
delignification treatment and subsequently modified with
poly(sodium 4-styrenesulfonate) (PSS) solutions of different
concentrations. The corresponding output voltage and current of
PSS-modified wood (PSSW) are shown in Fig. 3c. With
increasing PSS concentration, the output voltage increases to
297 mV, while the current rises to 15 μA. Moderate -SO₃⁻

groups effectively improve interfacial charge transport and
enhance the hydrovoltaic output of the wood-based generator.
The effect of environmental conditions on the modified wood-
based device was further examined (Fig. 3d). The output voltage
and current decrease with increasing humidity due to suppressed
evaporation, while both increase with temperature owing to
enhanced water evaporation and ion transport. All measurements
were conducted under controlled conditions, with either
temperature or humidity fixed to isolate the effect of the other
parameter.
As shown in Fig. S10, repeated sealing causes a rapid voltage

drop by blocking interfacial evaporation, whereas unsealing
immediately restores the voltage output. This reversible
switching further verifies the environmental responsiveness and
stability of the device. To further improve the hydrovoltaic
output, a lotus-inspired Janus structure was adopted. Fluorinated
graphene was coated on the upper surface of the wood to create
a hydrophobic layer (JW), and conical microarrays were
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subsequently imprinted to obtain the final microstructured Janus
wood (MJW) device. The JW and MJW produce higher voltage
and current than NW and PSSW. Specifically, the MJW delivers
an output voltage of approximately 370 mV and a current of
about 25 μA When illuminated (JW-L and MJW-L), both
devices exhibit a remarkable increase in output (Fig. 3e), with
MJW-L reaching nearly 400 mV. To evaluate the operational
stability of the wood-based hydrovoltaic device, long-term
output measurements were conducted, as illustrated in Fig. 3f.
This stable behavior demonstrates the excellent durability of the
bioinspired Janus design during prolonged operation. After long-
term operation, the surface microstructures and interfacial
hydrophobicity of the device remain stable, as evidenced by the
characterizations shown in Fig. S11-12. The modified substrate
also remains stable after long-term testing (Table S2).
Furthermore, the performance of the MJW device was

compared with representative wood-based and hydrovoltaic
systems reported in the literature (Fig. 3g)10, 25, 34-38. The MJW
exhibits both higher voltage and current output, positioning it
within the upper-right region of the comparison plot. A more
direct tabulated comparison is provided in Table S1. This
superior performance can be attributed to the synergistic effects
of ionic modification, fluorinated Janus coating, and hierarchical
micro/nanostructures that collectively enhance interfacial
evaporation and charge separation efficiency.

3.4 Photothermal conversion performance of the wood-based
evaporation-driven electricity generator
To further investigate the photothermal behavior of the

bioinspired wood-based evaporators, the samples were placed on
the water surface and irradiated using a solar simulator, while
the top-surface temperature was continuously monitored by
infrared thermography (Fig. 4a). The NW, JW, and MJW
exhibited distinct heating behaviors. As shown in Fig. 4b, the
MJW surface temperature increased most rapidly, reaching
approximately 32 °C within 15 min, while JW and NW
displayed slower heating rates. The superior temperature rise of
MJW can be attributed to the synergistic effect of its fluorinated
coating and microstructured surface, which improves light
absorption and local heat localization. The quantitative
temperature evolution was recorded in Fig. 4c. Finite-element
simulations were conducted to compare the optical-thermal
responses of the NW and the microstructured wood (MW) (Fig.
4d). The NW surface primarily induces random reflection,
resulting in limited light absorption and weak heat confinement.
In contrast, the engineered micro-conical array promotes
multiple reflections, thereby enhancing local absorption and
generating a more concentrated thermal field. The corresponding
ray-tracing simulation is provided in Fig. S13. The simulated
temperature profiles show excellent agreement with the infrared
measurements, confirming that the introduced microstructure
effectively strengthens photothermal energy localization at the
wood-air interface. The water mass change was monitored to
assess the evaporation efficiency (Fig. 4e). All samples exhibit
an approximately linear mass decrease, indicating stable and
continuous interfacial evaporation. Under one-sun illumination,
both the Janus wood and the microstructured Janus wood under
light display the fastest mass loss, confirming that the
combination of the fluorinated coating and the microstructured
surface synergistically accelerates interfacial evaporation. For
comparison, bare water under 1 sun shows only a moderate mass
decrease, whereas water without illumination exhibits the
smallest change (Fig. S14). After one hour of solar illumination,
MJW reaches an evaporation rate of approximately 4.3 kg m⁻ ²

h⁻ ¹, whereas JW and NW exhibit rates of about 3.7 kg m⁻ ²
h⁻ ¹ and 2.9 kg m⁻ ² h⁻ ¹, respectively (Fig. 4f). These results
confirm that the bioinspired microstructuring strategy markedly
improves interfacial evaporation efficiency under solar
irradiation. Furthermore, the water evaporation energy flux
density (��晦䁡m ) and the solar-vapor energy efficiency (��晦䁡m )
were calculated for each sample based on the Eq. (1-2) below.

��晦䁡m ꥰ ��晦䁡m � ���晦 � ���晦 � ���� (2)

��晦䁡m ꥰ
��晦䁡m
��݅���

� �耀耀㜴 (3)

Where��晦䁡m is the evaporation rate, ��晦 is the latent heat of
vaporization of liquid water, whose magnitude depends on
temperature, c is the specific heat capacity of liquid water, �晦 is
the vapor temperature and �� is the liquid water temperature.
��݅��� is the simulated solar energy flux density.

The three samples exhibit distinct energy flux outputs under
one-sun illumination. MJW delivers the highest ��晦䁡m ​ ,
reaching 67.76 W·m⁻ ², whereas JW and NW show markedly
lower values of 37.05 W·m⁻ ² and 20.43 W·m⁻ ², respectively
(Fig. 4g). The enhanced energy flux of MJW can be attributed to
the photothermal behavior and the surface microstructuring,
which together increase photothermal conversion and sustain
rapid water transport. During the solar-driven evaporation
process, in addition to the energy consumed for water
vaporization, heat transfer from the illuminated surface to the
liquid water and the sensible heating of the liquid before
evaporation also contribute to the overall energy consumption. It
inherently includes unavoidable thermal losses and thus cannot
reach 100%.

3.5 Scaling up output performance and its application as an
energy source
To evaluate the feasibility of the wood-based WEG as a

power supply, the output voltage and current were measured
under various external resistances. As shown in Fig. 5a, with the
increase of the resistance value, the voltage and current increase
and decrease, respectively. This inverse dependence between
voltage and current is consistent with typical internal
impedance-dominated generators. The corresponding output
power (Fig. 5b) exhibits a well-defined peak at an external
resistance of approximately 10⁴ Ω. At this matched condition,
the device delivers the maximum power of 0.29 µW, while both
lower and higher resistance values lead to reduced power output.
The peak power output of the evaporation-driven generator with
heterogeneous electrodes is shown in Fig. S15. The output of the
wood-based WEG was further evaluated by electrically
integrating multiple units. As shown in Fig. 5c, connecting
devices in series leads to a stepwise increase in voltage, reaching
approximately 1.2 V with four units. In contrast, parallel
connection (Fig. 5d) results in a proportional rise in output
current, enabling flexible integration for practical low-power
applications. The direct-current output of the wood-based
hydrovoltaic device enables capacitor charging without the need
for any rectification circuitry. As shown in Fig. 5e, capacitors
with different capacitances (100 pF-47 nF) are all charged
smoothly to a stable voltage within tens of seconds,
demonstrating the device’s inherently compatible DC output.
Furthermore, the charged voltage increases proportionally when
multiple capacitors are connected (Fig. 5f), confirming that the
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harvested evaporation-induced electricity can be directly
accumulated and stored in conventional capacitive elements for
subsequent use. In Fig. 5g, four wood-based evaporation-
powered generators were connected in series to form a compact
power unit. The combined output was capable of charging a
small rechargeable battery. Building on this foundation, Fig. 5h
presents the evaporation-powered sensor node, where the
charged battery reliably drives a temperature-humidity sensing
module. The integrated system enables continuous acquisition
and wireless transmission of environmental data, demonstrating
that the harvested evaporation energy is sufficient to sustain
real-time sensing. Beyond wireless sensing, the generator can
also directly power small electronic devices, such as a calculator
(Supplementary Video 1) and a digital clock (Fig. S16). These
results underscore the promise of wood-based WEGs as viable
power sources for self-sustained electronic devices.

4. Conclusions
In this work, we developed a wood-based evaporation-

powered micro-generator that leverages the intrinsic
microchannels and substrate tunability of natural wood to
achieve efficient interfacial evaporation and stable electricity
generation. By introducing combined structural, chemical, and
surface engineering strategies, the device exhibited significantly
enhanced evaporation rates and electrical output under ambient
and solar-irradiated conditions. The modular design further
enabled voltage scaling through series integration, allowing the
harvested energy to be directly accumulated in conventional
capacitors and rechargeable batteries. Overall, these results
establish engineered wood as a promising framework for
translating ambient evaporation into electrical signals,
broadening its utility in self-powered IoT devices,
environmental sensing, and related low-power technologies.

Electronic Supplementary Material: Supplementary material
(please provide the brief detail of the ESM) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94908667.
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FIGURES.

Figure 1. Overview of the lotus-inspired microstructured Janus wood and its
water-evaporation-induced electricity generation mechanism. (a) Biological
inspiration from the lotus, featuring hierarchical microstructures on the
surface and intrinsic water and ion transport pathways within the petiole. (b)
Fabrication process of the Janus wood: (i) natural balsa, (ii) gradually
delignified wood, (iii) PSS-modified wood, (iv) embossed microstructured
top surface, and (v) fluorinated-graphene hydrophobic coating. (vi)
Schematic illustration of the complete water-evaporation-induced electricity
generator. (c) SEM images of the micro/nano-hierarchical surface structures
of a natural lotus leaf (left) and the evaporation-driven electricity generator
(right). (d) The output voltage and current generated from the lotus petiole
during continuous evaporation-driven operation. (e) Schematic illustration of
the working mechanism. The tapered microchannels (narrow top and wider
bottom) create a Laplace-pressure-driven upward water transport that
accelerates interfacial evaporation. The sulfonate groups on the cellulose
pore walls further enhance the electrical output. Meanwhile, the hydrophobic
surface layer strengthens photothermal absorption and promotes rapid
evaporation at the upper interface.

Figure 2. Structural, compositional, and interfacial properties of wood
samples. (a) SEM images of NW, JW, and MJW showing the evolution from
native cell-wall morphology to embossed microstructured surfaces, together
with corresponding water contact angles demonstrating the transition from
hydrophilic behavior (CA: 10°) to highly hydrophobic surfaces (CA: 130°).
(b) Elemental mapping (C, O, F) of the fluorinated-graphene-coated surface,
confirming the uniform distribution of the hydrophobic modification layer.
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(c) Radar chart comparing key surface parameters of the three wood types,
including contact angle, absorption, zeta potential, porosity, and nanoscale
roughness. (d) UV-vis-NIR absorption spectra showing that Janus wood and
microstructured Janus wood exhibit markedly enhanced broadband
absorption compared with natural wood. (e) XPS analysis: (i) full survey
spectra of NW and JW; high-resolution spectra of (ii) C 1s, (iii) O 1s for NW;
and (iv–vi) C 1s, O 1s, and F 2p for JW, evidencing successful PSS
modification and the introduction of sulfonate functional groups.

Figure 3. The electrical output performance of the wood-based water
evaporation-driven electricity generator. Voltage and current outputs of
unmodified natural wood blocks with (a) different heights and (b) side
lengths. (c) Electrical performance of wood samples modified with different
PSS concentrations, demonstrating the influence of surface charge density
on the evaporation-induced output. Effects of environmental conditions,
including (d) relative humidity and temperature on the voltage and current
outputs. (e) Comparison of various sample configurations, including natural
wood (NW), PSS-modified wood (PSSW), Janus wood (JW),
microstructured Janus wood (MJW), and their light-irradiated counterparts
(JW-L and MJW-L). (f) Long-term stability test of continuous voltage and
current output. (g) Comparison of the present device with previously
reported hydrovoltaic systems.

Figure 4. Evaporation performance of natural wood (NW), Janus wood (JW),
and microstructured Janus wood (MJW). (a) Experimental setup for
photothermal characterization under 1-sun irradiation, with infrared
thermography used to monitor the surface temperature of wood-based
samples floating on water. (b) Infrared thermographs reveal faster surface
heating and higher temperatures for MJW compared with JW and NW under

1-sun illumination. (c) Temperature-time curves of the three kinds of devices.
(d) Schematic illustration and COMSOL simulation comparing light
behavior on natural wood (random reflection) and microstructured wood
(multi-reflection). (e) Mass change curves of water under 1-sun illumination
with different wood samples. (f) Corresponding evaporation rates (E.R.). (g)
Comparison of the water evaporation energy flux density (��晦䁡m) and the
solar-vapor energy efficiency (��晦䁡m).

Figure 5. The assembly and application of the wood-based evaporation-
driven electricity generator. (a) Load-dependent voltage and current outputs.
(b) Corresponding output power curve under various resistances, indicating
the optimal resistance for efficient energy extraction. Voltage and current
outputs of multiple units connected (c) in series and (d) in parallel. (e) Direct
charging of capacitors with different capacitances (100 pF-47 nF). (f)
Stepwise increase in stored voltage with multiple capacitors connected,
confirming effective accumulation of evaporation-induced electricity. (g)
Photograph of four WEG devices connected in series to charge a
rechargeable battery, which subsequently powers an external sensing module.
(h) Schematic of the evaporation-powered sensor node and demonstration of
long-term temperature–humidity monitoring enabled by the charged battery.

© The Author(s) 2026. Nano Research published by Tsinghua University Press. The
articles published in this open access journal are distributed under the terms of the
Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, distribution and
reproduction in anymedium, provided the original work is properly cited.
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Fig.S1 FTIR spectra of natural wood and delignified wood.
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Fig. S2 SEM images of the (a) upper and (b) lower surfaces of the wood sample and (c-d)
the corresponding high-magnification SEM images.
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Fig. S3 High-magnification SEM image showing nano-scale pores distributed on the wood
channel wall, forming a hierarchical porous structure.
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Fig. S4 Dynamic wetting behavior of a water droplet on the surface of natural balsa wood.
Sequential snapshots at 0, 22, 41, and 57 ms show the rapid penetration of the droplet into
the natural wood structure, indicating the intrinsic hydrophilicity and high liquid absorption
capability of untreated balsa wood.
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Fig S5 Dynamic wetting behavior of a water droplet on balsa wood treated with fluorinated
graphene. Time-resolved snapshots (0-116 ms) show that the droplet maintains a nearly
spherical shape with minimal spreading, demonstrating the enhanced hydrophobicity and
suppressed liquid penetration resulting from the fluorinated graphene coating.
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Fig. S6 Dynamic contact-angle behavior of fluorinated graphene–treated balsa wood with
surface-imprinted microstructures. Time-sequenced images (0-122 ms) illustrate the stable
droplet shape and minimal spreading upon impact, demonstrating the synergistic
enhancement of hydrophobicity provided by the fluorinated coating and the
microstructured surface.
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Fig. S7 Dynamic wetting behavior of the Janus wood surface. (a) Hydrophobic side, where
the droplet maintains its shape without noticeable penetration. (b) Hydrophilic side, where
the droplet gradually spreads and infiltrates into the wood substrate.
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Fig. S8 EDS elemental mapping of (a) fluorinated graphene-coated wood surface and (b)
PSS-modified wood.
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Table S1 Comparison of zeta potential measurements for natural wood, PSS-modified substrate, and

fluorinated graphene-coated surface.

Samples ζ1 ζ2 Mean

Natural wood -29.4 -29.2 -29.3

PSS-modified wood -37.9 -38 -37.95

Fluorinated Graphene-covered surface -19.3 -19 -19.15
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Fig. S9 Raman spectra of Janus wood (JW) and natural wood (NW) in the range of 1000-
2000 cm⁻ ¹. JW exhibits two prominent characteristic peaks associated with the
fluorinated modification layer, while NW shows only weak and broad signals, indicating
the absence of these structural features.
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Fig. S10 Output voltage response of the wood-based hydrovoltaic device under repeated
sealing and unsealing cycles. Periodic sealing (red dashed regions) leads to an
instantaneous voltage drop due to suppressed evaporation, while unsealing (blue-shaded
regions) restores interfacial evaporation and recovers the voltage output. The stable and
reversible switching confirms the robustness and environmental responsiveness of the
device.
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Fig. S11 SEM image of the surface morphology after long-term operation. The
microstructured architecture remains well preserved without structural degradation.
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Fig. S12 Contact angle image of the modified wood surface after long-term operation.
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Table S2 Comparison of zeta potential of the PSS-modified substrate before and after long-term

stability testing.

Samples ζ1 ζ2 Mean

Before long- term operation -37.9 -38 -37.95

After long- term operation -36.6 -37.8 -37.2
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Table S3 Performance comparison of open-circuit voltage and short-circuit current between

previously reported wood-based WEG systems and the present work.

Open-circuit voltage/mV Short-circuit current/μA

Ref [1] 300 10

Ref [2] 96 10.5

Ref [3] 320 0.3

Ref [4] 22.6 145

Ref [5] 27 7.5

Ref [6] 136 0.156

Ref [7] 117.6 9700

Our work 400 32
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Fig. S13 Ray-tracing simulation of light propagation atop wood substrates. (a) Natural
wood (NW) shows predominantly random reflection and rapid photon escape due to its
relatively flat surface. (b) Microstructured wood with an embossed cone-array surface
exhibits strong multi-reflection, resulting in prolonged optical confinement within the
surface layer.
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Fig. S14 Mass change of water over 60 min under different conditions. The red and green
curves correspond to water without illumination and bare water under 1 sun, respectively.
The black, blue, and cyan curves represent NW (natural wood), JW (Janus wood), and
MJW (microstructured Janus wood) placed on the water surface under 1 sun irradiation.
The microstructured Janus wood exhibits the fastest mass loss, indicating significantly
enhanced interfacial evaporation performance.
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Fig. S15 Output power as a function of external load resistance for the wood-based
evaporation-driven electricity generator equipped with heterogeneous electrodes
(aluminum bottom electrode and titanium top electrode). The device exhibits a maximum
output power of ~22-23 μW at an optimal load of approximately 500 Ω, after which the
power decreases with increasing resistance.
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Fig. S16 Demonstration of the wood-based evaporation-driven generators powering a
digital clock.
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