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In brief

Liu et al. demonstrate a water-

evaporation-induced high-direct-current

electricity generator based on stretchable

flexible hydrogel/Al2O3. This flexible

hydrogel membrane can harvest energy

from natural water evaporation, offering a

low-cost and scalable solution for

powering small electronics.
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SUMMARY

Harvesting sustainable electricity from natural water evaporation has been attracting attention as a promising 

alternative to supply power for low-power systems. However, low-current output and rigid materials largely 

hinder its extensive applications. Herein, we present a water-evaporation-induced high-direct-current elec

tricity generator based on stretchable flexible hydrogel/Al2O3. This flexible electricity generator forms a porous 

Al2O3 substrate by dissolving the NaCl from the heat-cured gelatin/Al2O3/NaCl. It achieves a sustainable and 

stable direct current of 32 μA, a low internal resistance of 5.18 kΩ, and a maximal output power of 1.76 μW 

with a maximum output power density of 0.55 mW m− 2 by optimizing the electricity generator’s physical dimen

sions and concentration ratios. The developed water-evaporation-induced electricity generator shows many 

application prospects, including as a power supply for digital calculators and hygrothermographs and to drive 

PROGRESS AND POTENTIAL In this work, a flexible and stretchable energy harvester based on a gelatin/ 

Al2O3/NaCl hydrogel composite membrane was developed to address the challenges of low output and 

poor mechanical robustness in current water-evaporation-induced energy harvesting systems. Utilizing a 

simple and scalable sol-gel process, the porous hydrogel membrane exhibits excellent hydrophilicity, me

chanical elasticity, and enhanced ionic conductivity. The device achieves a maximum short-circuit current 

of 32 μA and an open-circuit voltage of 0.4 V, with stable electrical performance under bending and stretching 

conditions. Systematic optimization of material composition, device dimensions, and ambient factors was 

carried out to maximize output. Practical demonstrations, including capacitor charging and powering com

mercial electronics, such as digital calculators, light-emitting diodes (LEDs), and hygrometers, validate the 

real-world applicability. Moreover, by assembling multiple units in series and parallel, the system success

fully drove a motorized foam boat, highlighting the scalability of the energy output. The proposed hydro

gel-based energy harvester offers a promising platform for sustainable, flexible, and low-power energy har

vesting applications. Its low-cost fabrication, mechanical resilience, and modular integration capabilities 

make it highly suitable for next-generation self-powered wearable devices, environmental monitoring sys

tems, and micro-robotics. Beyond individual applications, this system architecture provides a versatile foun

dation for hybrid energy harvesting networks, enabling distributed energy generation for Internet of Things 

(IoT) ecosystems and off-grid sensing. Future research will focus on enhancing long-term durability, 

exploring integration with energy storage elements, and expanding material platforms to further diversify 

application fields. 

Matter 8, 102200, October 1, 2025 © 2025 Elsevier Inc. 1 
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a boat of 5.1 cm. This research provides an in-depth study on a stretchable high-direct-current water-evapora

tion-induced electricity generator and an efficient approach to power supplies for low-power systems.

INTRODUCTION

Renewable and clean environmental energy has become critical 

to the progress of human civilization, attributed to the rapid 

depletion of traditional non-renewable resources.1,2 Harvesting 

energy from the environment offers a new solution to the growing 

energy crisis, which has developed rapidly in recent decades. 

Many feasible energy harvesting mechanisms, such as triboelec

tricity,3–8 piezoelectricity,9–11 thermoelectricity,12–14 etc., have 

been presented to improve the output performance. Among 

these, a water-evaporation-induced electricity generator holds 

significant potential. The utilization of water energy has largely 

occurred on a macroscopic scale throughout human history, 

such as water flow driving turbines. This requires complex me

chanical structures, resulting in high costs and potential environ

mental issues. Consequently, harvesting sustainable electricity 

Figure 1. Preparation and working principle of the S-ENG 

(A) Schematic diagram of S-ENG preparation process. 

(B) The chemical formation process of S-ENG. 

(C) Schematic of the water-flow-induced streaming current in a single nanochannel of the S-ENG. 

(D) Working process of the S-ENG.
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from natural water evaporation has gained more attention due to 

its spontaneity, ubiquity, and direct current (DC) output.15–18

Various materials and elegant approaches have been reported 

for water-evaporation-induced power generation. In particular, 

Zhou et al. conducted a study in 2017 that demonstrated that 

water evaporation on functionalized porous carbon black films 

can reliably generate a sustained voltage of up to 1 V and a cur

rent of 100 nA.19 Composite materials have also been proposed, 

such as carbon nanospheres and TiO2 nanowires. The super-hy

drophilic surface formed by combining TiO2 nanowires with car

bon materials demonstrated a voltage of 1.6 V and significantly 

enhanced power output.20 These power-generating materials 

include inorganic carbons,21–24 inorganic solid oxides,25,26

organic polymers,27–30 and some natural biological mate

rials.31–35 Their power generation levels and efficiencies vary 

significantly depending on the hydrophilicity and surface charge 

density of the materials. However, some common deficiencies, 

such as low-current output, limited stability, and rigid materials, 

hinder the water-evaporation-induced electricity generation per

formance and their widespread application significantly.

The high-direct-current water-evaporation-induced stretch

able electricity nanogenerator (S-ENG) was designed based on 

flexible hydrogel/Al2O3, enabled by solid-liquid triboelectric 

nanogeneration. The optimized S-ENG achieves a continuous 

and stable DC output of 32 μA (voltage ≈ 0.4 V) and a maximal 

output power density of 0.55 mW m− 2. Stretchable hydrogel ma

terials exhibit excellent mechanical properties, including 

pliability >270◦ (Figure S5) and ductility >80%. The current and 

voltage induced by evaporation are effectively enhanced by con

necting multiple S-ENGs in series and parallel configurations. 

This emphasizes the potential applications of S-ENGs in water- 

evaporation-induced power generation.

RESULTS

Preparation of S-ENG

We present a preparation process for the S-ENG, as shown in 

Figure 1A. Firstly, we disperse 12 g Al2O3 with a particle size of 

∼250 nm (Figure S2) in 50 mL deionized water and ultrasonicate 

it for 30 min to create an Al2O3 nanoparticle suspension. Then, 

10 g gelatin is added to the suspension and heated to 60◦C 

with continuous stirring on a magnetic stirrer until fully dissolved. 

Subsequently, 2 mL ethylene glycol diglycidyl ether (EGDE) is 

added as a cross-linking agent. Al2O3 particles adsorb into the 

gelatin chains by the intermolecular forces.36 Furthermore, the 

epoxide groups of EGDE link the amidogens (NH2) of the adja

cent gelatin chains, forming a composite hydrogel/Al2O3 mesh 

(Figure 1B).37 Finally, 12.5 g NaCl particles are dissolved and 

embedded into the composite mesh. The mixed solution 

(8 mL) is poured into the mold and dried in an oven at 70◦C for 

3 h, forming the gelatin/Al2O3/NaCl film. The composite film 

with two stainless-steel mesh electrodes is solidified and 

molded. It forms the multi-porous structure by water dissolving 

the residual NaCl particles from the S-ENG film.

Figure 2. The chemical characterization and output testing of S-ENG 

(A) Stretchable and hydrophilic S-ENG. 

(B) Scanning electron microscopy (SEM) image of the S-ENG. 

(C) FTIR spectra of gelatin films at different EGDE concentrations. 

(D) Photo of the measurement system. 

(E) Long-term stability of the output of the S-ENG with Al2O3, gelatin, and NaCl of 0.24, 0.20, and 0.25 g mL− 1, respectively, and dimensions of 80 × 40 × 2 mm3 at 

room relative humidity ≈ 60.0% and temperature ≈ 25.0◦C during the test. 

(F) The voltage output before and after stretching.
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Working principle and experimental measurement

The as-fabricated S-ENG with a hydrophilic multi-porous structure 

continuously drives water flow climbing to the top electrode by the 

capillary force and water evaporation (Figures 1C and 1D). Water 

flows carrying the molecules and ions impact the porous hydro

gel/Al2O3 surface owing to the thermal motion and liquid pressure 

based on the Wang model.38,39 Electrons transfer between the 

solid atoms and water molecules attributing to the overlap of elec

tron clouds between the solid atoms and water molecules. The hy

drogel/Al2O3 gains electrons during the liquid-solid contact electri

fication process.40 In addition, the ionization reaction of the 

oxygen-containing functional groups on the hydrogel/Al2O3 sur

face may occur simultaneously, leading to the generation of anions 

at the liquid-solid interface. Cations flowing in the water are at

tracted to the negatively charged surface of the nanochannels 

due to electrostatic interactions, forming an electric double layer 

(EDL).41 The movement of ions within the EDL results in the trans

port of net positive charge under the capillary force driving the 

flows, forming the streaming current (Figure 1C).42 Simultaneously, 

the induced electric field generated by the polarization of charges 

along the axial direction gives rise to a streaming potential. This po

tential difference drives electrons to move continuously through 

the external circuit, which leads to a reversed DC conduction cur

rent of this S-ENG. A stable electrical output is generated when the 

streaming current and conduction current approach equilibrium.43

The S-ENG also has remarkable ductility, stretching more than 

80% (Figure 2A), and a hydrophilic porous structure (Figure 2B) 

with a stable output performance (Figures 2F and S3). Comparing 

the spectrum of gelatin with the spectrum of gelatin-EGDE, the ab

sorption band at 1,499 cm− 1 (belonging to the N–H deformation of 

primary amine groups on gelatin chains) nearly disappeared, 

implying that the epoxide group of EGDE has been coupled with 

the –NH2 groups of gelatin. The peak at 1,559 cm− 1 (assigned to 

the symmetric vibration of C–O–C stretching shifted in the 

gelatin-EGDE) appeared, demonstrating that the –OH groups of 

gelatin participated in the formation of ether bonds in the gelatin 

backbone (Figure 2C). The experimental setup for measuring the 

output performance of the S-ENG is shown in Figure 2D 

(Figure S4). The water flow quickly climbs along the S-ENG hydro

philic film as the bottom electrode is immersed in deionized water. 

The continuous flow climbing is induced by the evaporation above 

the waterline, which generates a potential difference between the 

Figure 3. Experiments demonstrating the mechanism of water-evaporation-induced electricity generation 

(A) Voltage generated by the device before (test I) and after (test II) the device is turned upside down. 

(B) Test III: voltage of the device completely submerged in water. Test IV: voltage between two wires with the other ends immersed in water. 

(C) Voltage of the device when the sink is periodically sealed and unsealed. 

(D) Voltage of the device when the ambient air flow of 0.1 m s− 1 is periodically turned on and off.
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two electrodes of the S-ENG. The as-fabricated S-ENG generates 

an open-circuit voltage of 0.4 V and a short-circuit current of 32 μA 

at room conditions, which have physical dimensions of 

80 × 40 × 2 mm3 and gelatin/Al2O3/NaCl concentrations of 0.20, 

0.24, and 0.25 g mL− 1, respectively (Figure 2E). Except for deion

ized water, the S-ENG has output in all aqueous solutions 

(Figure S1).

To clarify the power generation mechanism, we conducted four 

contrast experiments labeled I–IV (Figures 3A and 3B). The output 

of the S-ENG exhibits obviously reversed polarity with an equiva

lent value as the top-bottom electrodes are overturned. There is 

no output voltage if the entire S-ENG is immersed in water. Tests 

I–IV verify that the mechanism of the S-ENG is water-evaporation- 

induced electricity generation rather than the primary battery ef

fect. In addition, we further explore the influence of water evapo

ration in the S-ENG. Figure 3C shows the output voltage declining 

rapidly, nearly to 0 V, which results from the sealed sink increasing 

the inner humidity and inhibiting the water evaporation. The output 

voltage immediately rises to 0.3 V as the sealed film is removed. 

Commonly, wind airflow will facilitate water evaporation. The 

output voltage increases from 0.3 to 0.42 V when 0.1 m s− 1 

wind airflow is applied to the S-ENG and recovers to its initial value 

when the wind is off (Figure 3D). The sealed and wind-on/off ex

periments also demonstrate the water-evaporation-induced elec

tricity generation mechanism of the S-ENG.

DISCUSSION

Electricity optimization

The material proportion and structural dimensions of S-ENG are 

further optimized to enhance output performance. According to 

the working principle, the zeta potential and the hydrophilicity of 

the materials are crucial to the output voltage, while the conduc

tivity affects the output current (Equation S1).20 Figures 4A–4C 

show the test results of the as-fabricated S-ENGs with different 

material concentrations of gelatin (0.08:0.02:0.26 g mL− 1), Al2O3 

(0.04:0.04:0.40 g mL− 1), and NaCl (0.00:0.05:0.45 g mL− 1) under 

the same structure size (80 × 30 × 3 mm3), temperature (25◦C), 

and humidity (60%) conditions. The lower-concentration gelatin 

of S-ENG has fewer gelatin chains participating in interactions 

with water molecules and Al2O3, resulting in lower conductiv

ity.44 Therefore, the output performance is enhanced with the 

increase of gelatin concentration within an appropriate range, 

and the optimized gelatin concentration is 0.20 g mL− 1. Addition

ally, the Al2O3 concentration decides the zeta potential and con

ductivity of the gelatin/Al2O3/NaCl film.45,46 The S-ENG has a 

maximal experimental output performance under an Al2O3 con

centration of 0.24 g mL− 1. S-ENG is fabricated as the its film’s 

multi-porous hydrophilic structure by washing out the NaCl par

ticles.47 The optimized NaCl concentration of the S-ENG film 

achieves a minimal internal resistance of 5.18 kΩ, which im

proves the output current. In addition, higher-concentration 

NaCl will reduce the zeta potential.48

As for structure dimensions, the width, thickness, and height 

of the S-ENG film impact the water evaporation velocity. As 

shown in Figure 4D, the evaporation area and the length of the 

nanochannels expand as the height increases, which signifi

cantly enhances both the output current and voltage. Further, 

lengthening the height reduces ion transport and the output 

voltage due to the insufficient capillary force driving the water 

flow. Widening the S-ENG film enhances the evaporation area 

and the total water flow volume, thereby improving the output 

Figure 4. Effects of material concentrations and structural dimensions on the output performance of the gelatin/Al2O3/NaCl film 

(A) Different gelatin concentrations (Al2O3: 0.20 g mL− 1, NaCl: 0.20 g mL− 1). 

(B) Different Al2O3 concentrations (gelatin: 0.14 g mL− 1, NaCl: 0.20 g mL− 1 

(C) Different NaCl concentrations (gelatin: 0.14 g mL− 1, Al2O3: 0.20 g mL− 1). Inset: the resistance of S-ENG varies with NaCl concentration. 

(D) Different heights between two electrodes (width: 3 cm, thickness: 2 mm). 

(E) Different widths (height: 8 cm, thickness: 2 mm). 

(F) Different thicknesses (height: 8 cm, width: 3 cm).
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current, as expressed in Equation S2 and shown in Figure 4E. 

The voltage remains almost invariable owing to the vertical par

allel nanochannels (Equation S2). It limits the amount of water 

flow and evaporation if the film is too thin, which declines the 

output performance (Figure 4F).20

Application

Enhancing the total output performance of a power supply is 

crucial for its applications. The power supply capacity can be 

improved by connecting multiple units in series or parallel. 

Figures 5A and 5B show the experimental results that the voltage 

has been boosted nearly triple by connecting the three S-ENGs 

in series, as well as the current in paralleling connection. The 

optimized single S-ENG achieves a maximal output power den

sity of 0.55 mW m− 2 with a maximal output current of 32 μA 

(Figure 5C). Five series S-ENGs enable charging different capac

itors (10, 100, and 470 μF) up to 1.5 V quickly (Figure 5D).

Based on the remarkable power supply capacity, we further 

explore the potential applications of the stretchable evapora

tion-induced electricity nanogenerator. Figures 6A and 6B 

show that the series connection of eight S-ENGs enables the 

continuous powering of an electronic calculator with a sustained 

and stable output voltage of about 1.5 V (Video S1; supplemental 

information). Easily, the strong power supply ability of S-ENGs 

permanently lights a commercial light-emitting diode (LED) 

and a thermohygrometer via 4,700 μF capacitors without power

ing voltage decline (Video S2; supplemental information; 

Figures 6C–6F). We also explore the novel application of driving 

a boat using our as-fabricated S-ENGs. Figures 6G and 6H 

demonstrate that 30 S-ENGs in series/parallel can power a mo

tor to drive a foam boat 5.1 cm (Video S3; supplemental 

information). The above experiments indicate that the developed 

S-ENG achieves stable direct-current electricity generation and 

enables powering micro-electronic devices or systems.

METHODS

Materials: gelatin and NaCl were purchased from Aladdin 

(Shanghai, China). EGDE was purchased from Kuer Bioengi

neering (Hefei, China). Al2O3 was purchased from Macklin (China).

Characterization of S-ENGs: the morphologies of the S-ENG 

were characterized by scanning electron microscopy (ZEISS 

Sigma 300). The Fourier transform infrared spectra (FTIR 

spectra) of the S-ENG were characterized by an FTIR spectrom

eter (VERTEX 70). Static contact angle tests were performed us

ing an optical contact angle measuring system (PZ-200SD). 

Figure 5. Output performance of S-ENGs 

(A and B) Voltage (A) and current (B) of an individual sample and three samples in series or parallel. 

(C) Output voltage, current, and power density of the S-ENG with different load resistances. 

(D) The S-ENGs charging capacitors of 470, 100, and 10 μF. Inset: circuit diagram.
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Output voltage and current were recorded by a Keithley 6514 

and Keithley 6500, with data transmitted to a laptop for real- 

time analysis. A Testo 605i humidity and temperature meter 

and a Testo 405-V1 anemometer were used to measure relative 

humidity, temperature, and air flow velocity, respectively.
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