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Abstract: Harvesting electricity from atmospheric humidity represents a highly
promising pathway for clean energy conversion. However, conventional nanofiber-
based moisture-enabled electric generators mostly rely on vertical humidity
gradients to generate power, leaving horizontally structured moisture-enabled
electric generators relatively unexplored. Herein, we report a flexible moisture-
induced electricity generator based on an electrospun polyacrylonitrile (PAN)
nanofiber membrane, which achieves self-driven potential output through
horizontally asymmetric distribution of sodium dodecyl benzene sulfonate (SDBS).
Specifically, the nanofiber membrane was dip-coated with carbon nanotubes
(CNT/PAN), not only introducing multi-level porous nanochannels but also
endowing it with sensitive perception of ion migration. Subsequently, one half of
the CNT/PAN was immersed in an SDBS solution to construct an asymmetric
moisture-capturing structure, enabling the device to induce an ion concentration
gradient upon humidity exposure. The gradient drives ion migration, thereby
generating an ionic current. Under 93% relative humidity (RH), the device achieves
an open-circuit voltage of 60 mV and a short-circuit current of 3 pA. The designed
device can not only generate electricity but also function as a self-powered humidity
sensor for applications such as touch sensing. It delivers stable direct-current output
from ambient humidity without any external energy input, exhibiting good moisture
response and promising wearability. These findings may provide new insights into
the design and application of horizontally structured nanofiber-based moisture-
enable electric generators.
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1. Introduction

With the escalating global energy crisis and environmental pollution, the development of renewable and clean
energy conversion and harvesting technologies has become a central focus in energy science research. Compared
to traditional green energy sources—such as wind, solar, and thermal power [1-3], which are often constrained by
geographical and environmental limitations, moisture-enabled electric generators (MEGs) have gained significant
attention in recent years. In particular, MEGs stand out due to the ubiquitous nature of atmospheric humidity. To
date, extensive research and optimization have been conducted on various materials for this purpose, including
carbon-based materials [4-8], metal oxides [9,10], biomass [11-16], and polymers [17-20]. Among these, flexible
porous polymer membranes have become a research focus in moisture energy conversion, owing to their excellent
processability, tunable porosity, and designable interfacial properties, which enable precise regulation of ion
transport pathways [21-24]. Electrospinning, a widely used technique for producing nanofibers from polymer
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solutions, has been frequently employed to fabricate MEGs, as the resulting nanofibers possess abundant surface
functional groups and a high specific surface area [25-27].

Currently, most electrospun MEGs adopt a sandwich-like vertical configuration—typically comprising a top
electrode, a moisture-sensitive membrane, and a bottom electrode—where electricity is generated via ion transport
across the thickness direction. This vertical design often maximizes contact area and separation efficiency, thereby
delivering relatively high power output. For instance, Sun et al. developed a sandwich-structured MEG using a
pair of oppositely charged electrodes and an electrolyte-loaded electrospun nanofiber membrane [28]. The device
generates electrical signals through the differential attraction of cations and anions by the charged electrodes, a
mechanism attributed to capacitive effects. In another study, Wang et al. constructed a MEG based on an
electrospun membrane incorporating oxidized silk fibroin and silver nanoparticles (AgNPs) [21], also following a
sandwich architecture. Their device leverages the inherent humidity gradient between a porous top electrode and
a solid bottom electrode, combined with the negatively charged fiber backbone, to induce selective ion migration
and cation—anion separation, thereby producing electricity. In contrast, horizontally structured MEGs integrate all
functional components on the same plane or substrate. This monolithic design offers greater structural integrity,
mechanical stability, and enhanced resistance to bending, stretching, and impact, potentially leading to longer
device lifetimes. A comparison of the advantages and disadvantages between horizontal and vertical structures is
summarized in Table S1 (see Supplementary Materials). It can be concluded that horizontal MEGs offer distinct
advantages in terms of mechanical robustness, packaging reliability, and integration potential, as well as
adaptability to emerging energy harvesting modes such as droplet-based energy conversion. Nevertheless, research
on horizontally structured MEGs remains relatively limited [29].

In this study, we fabricate a horizontal asymmetric moisture-enabled electric generator (HAMEG) based on
a PAN electrospun nanofiber membrane modified with carbon nanotubes (CNT) and featuring a horizontally
asymmetric SDBS distribution. First, the PAN membrane was repeatedly immersed in a CNT ethanol dispersion
and dried, forming a conductive network on the fiber surfaces that significantly enhances the membrane’s
responsiveness to ion migration signals. Subsequently, half of the membrane was selectively immersed in an SDBS
aqueous solution, creating a spatial asymmetry in the hygroscopic SDBS distribution. This structure establishes a
macroscopic ion gradient between the two lateral ends and, at the microscopic level, a stable ionic potential
difference within the fibrous channels. Upon exposure to humidity, the SDBS-rich side absorbs moisture and
dissociates, releasing Na* ions. Concurrently, the hydrolysis of the nitrile groups on the PAN fibers renders the
membrane surface negatively charged. As a result, cations migrate from the high-concentration side to the low-
concentration side under the combined influence of the concentration gradient and the electric double layer, leading
to spatial separation of cations and anions and the generation of an electrical potential. These mechanisms have
been verified through scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and
systematic electrical measurements.

Compared to conventional electrospun moisture-electric devices, the HAMEG exhibits the following
distinctive features: (1) The incorporation of CNTs yields a micro—nano hierarchical porous structure within the
nanofiber network, providing abundant ion transport channels and facilitating efficient ion conduction; (2) The
conductive pathways formed by CNT modification ensure stable signal transmission, which is essential for
electricity generation. Meanwhile, the asymmetric distribution of hygroscopic SDBS guarantees a humidity
gradient across the device and contributes to the formation of an ion concentration gradient, forming the
fundamental basis for moisture-enabled power generation. The device ultimately achieves an output of 60 mV and
3 pA. Moreover, this horizontally asymmetric generator highlights the critical role of conductive material coating
in such planar configurations and elucidates the energy conversion mechanism based on the synergy between ion
migration and the microstructure. The fabrication process is straightforward, requiring neither complex electrode
patterning nor high-temperature treatment, and the device exhibits excellent flexibility and scalability. Compared
with advanced patterning techniques such as 3D printing and inkjet printing, the electrospinning—impregnation
strategy offers higher material compatibility, intrinsic multiscale porosity, and facile scalability, making it
particularly suitable for flexible moisture-enabled energy harvesting devices [30—33]. This strategy offers a new
perspective for developing flexible moisture energy harvesters with controllable structures and high stability.

2. Method

2.1. The Manufacturing Process of Electrospun Films

A 10 wt% spinning solution was prepared by dissolving polyacrylonitrile (PAN, Mw = 45,000) in N, N-
dimethylformamide (DMF, 99%). The resulting PAN solution was loaded into a 30 mL syringe. Electrospinning
was carried out under the following conditions: an applied voltage of 17 kV, a collection distance of 15 cm, and a
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solution feed rate of 1 mL/h. The process was conducted at a temperature of 25 + 3 °C and a relative humidity of
30 + 5% RH. The as-prepared PAN nanofiber membrane was subsequently dried at 60 °C for 6 h to remove any
residual solvent. The detailed experimental procedure is schematically illustrated in Figure 1.

Injection pump Collector

High Voltage

Figure 1. Flowchart and scan electron microscope diagram of preparing nanofiber films by electrospinning.

2.2. The Manufacturing Process of Flexible Moisture-Based Generators

First, 100 mg of carbon nanotubes (CNTs) were dispersed in 300 mL of anhydrous ethanol and treated using
an ultrasonic cell crusher (Yilong 92-I1I, Shanghai Yilong Co., Ltd., Shanghai, China) for 0.5 h to form a uniformly
dispersed suspension for subsequent use. Subsequently, 1 g of sodium dodecyl benzene sulfonate (SDBS,
Mw~348.48) was dissolved in 30 mL of deionized water to form a clear solution.

The as-prepared CNT suspension was then applied to the PAN electrospun membrane via dip-coating, with
the number of dipping cycles used to control the loading amount. After each dip-coating step, the membrane was
dried in an oven at 80 °C for approximately 5 min. The same dip-coating and drying procedure was subsequently
performed using the SDBS solution on the resulting PAN/CNT membrane. The detailed fabrication process is
schematically illustrated in Figure 2.

Finally, carbon wires attached with conductive carbon tape were connected to both ends of the membrane to
serve as electrodes. The side of the membrane not treated with SDBS was sealed with adhesive tape.
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Figure 2. Flowchart for the production of HAMEG.
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2.3. Performance Measurement and Characterization

The electrical output performance, including open-circuit voltage (Voc) and short-circuit current (Isc), was
recorded in real-time using a digital source meter (Keithley 2450, Keithley Instruments, Solon, OH, USA). The
surface morphology and elemental distribution of the SDBS/CNT/PAN composite membrane were characterized
by scanning electron microscopy (SEM) (ZEISS Sigma 360, Carl Zeiss AG, Germany). Furthermore, the zeta
potentials of the SDBS solution and CNT suspension were measured with a high-sensitivity zeta potential and
particle size analyzer (Nano ZS, Malvern Instruments, Malvern, UK), while the surface zeta potential of the
pristine PAN nanofiber membrane was determined using a solid surface zeta potential analyzer (SurPASS 3, Anton
Paar, Graz, Austria). X-ray photoelectron spectroscopy (XPS) (ESCALAB QXi, Thermo Fisher Scientific, Brno,
Czech Republic) was employed to investigate the chemical structure of PAN nanofiber membranes after CNT
impregnation, while Fourier transform infrared spectroscopy (FT-IR) (Nicolet iS50, Thermo Fisher Scientific,
Waltham, MA, USA) was used to analyze and compare the chemical structures of pristine PAN membranes and
SDBS-impregnated PAN membranes.

3. Result

To construct a flexible substrate and establish initial ion transport channels, a PAN nanofiber membrane was
first prepared via electrospinning (details are provided in Figure S1). As shown in Figure 3a, the pristine PAN
nanofiber membrane exhibits a porous structure with large inter-fiber spaces. After three cycles of dip-coating in
a CNT ethanol dispersion followed by thorough drying, the CNTs uniformly filled the interstitial spaces between
the PAN fibers (see Figures S2 and S3), introducing nanoscale pores within the nanofiber membrane [34]. This
resulted in a hierarchical pore architecture that facilitates the rapid transport of water molecules and ions (Figure
3b). Subsequently, through three cycles of local impregnation and drying on one side of the membrane using an
SDBS aqueous solution, SDBS was successfully incorporated into the nanofibers (see Figure S4) and an
asymmetric moisture-absorbing structure was constructed (Figure 3c). As the PAN molecular chains contain —
C=N groups, which hydrolyze to release protons and leave a negatively charged backbone [35], and considering
the inherent electronegativity of CNTs, the overall membrane channels possess a negative surface charge. This
characteristic is essential for the selective migration of cations (Figure 3d). The overall schematic of the device is
shown in Figure 3¢, with the membrane size being 2 x 4 cm? in the study. The resulting membrane possesses multi-
scale channels spanning micro- and nano-dimensions, which not only provide hierarchical pathways for moisture
and ion transport but also promote ion migration rates [36]. Furthermore, the negative surface charge of the
membrane grants it cation selectivity, establishing a prerequisite for the directional transport of cations. When
combined with aluminum electrodes, the device generated a current output of 3 pA under a humid environment
(93% RH), as shown in Figure 3e. Under optimized conditions, a power density of 43.3 nW/cm? was obtained at
a load resistance of 10 kQ (see Figure S5). To evaluate the performance level of our device, we have summarized
the performance of recently reported MEGs in Table S2. As shown, while the output of the proposed HAMEG is
lower than that of some recent state-of-the-art MEGs, its performance nonetheless remains within the top tier
among electrospinning-based devices. While aluminum electrodes yield a higher apparent output, carbon
electrodes were utilized for quantitative characterization to suppress parasitic redox contributions from the
electrodes. This approach ensures a more accurate assessment of the intrinsic moisture-induced ion transport
mechanism. Saturated salt solutions were used throughout the experiments to maintain a stable humidity level.
The testing environment and the corresponding relative humidity levels achieved by different salt solutions are
provided in Figures S6 and S7.

Subsequent tests were conducted using carbon electrodes to better investigate the operational mechanisms
and influencing factors of the electricity generation. First, the influence of nanofiber membrane thickness on the
output performance was examined. The electrospinning duration determines the membrane thickness, which
increases with increasing spinning time. Figure 4a shows the short-circuit current characteristics of devices
fabricated with different electrospinning times (with both CNT and SDBS dip-coating repeated three times). The
performance initially increased and then decreased with increasing thickness, reaching an optimum at a spinning
time of 6 h. Excessively short spinning times (e.g., 2 h) resulted in poor film formation, making it difficult to
support the attachment of CNT and SDBS; therefore, such samples were excluded from further testing. Overly
long spinning times (e.g., 8 h) led to excessive membrane thickness, hindering the transport of ions and water
molecules and consequently reducing the output signal, indicating that overly thick nanofiber membranes are
unfavorable for ion and water migration. Therefore, nanofiber membranes spun for 6 h were selected for
subsequent experiments. In addition, the influence of the film length and width on the device performance was
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also discussed (see Figures S8 and S9). For the subsequent experiments, a film length of 4 cm and width of 2 cm
were selected.
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Figure 3. Relevant characterization and schematic diagram of flexible HAMEG. (a) The SEM image of the initial
PAN nanofiber film. (b) SEM image of CNT/ PAN nanofiber film. (¢) SEM images of SDBS/CNT/PAN nanofiber
films. (d) Zeta potential of PAN nanofiber films and CNT suspensions. (e) Schematic diagram of flexible moisture-
based generator and related performance of using aluminum electrodes.
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Figure 4. Parameters affecting the performance of flexible HAMEG. (a). Short-circuit current output of devices
with different film thicknesses. (b) Short-circuit current output under different SDBS dip-coating times. (¢) Short-
circuit current output under different CNT dip-coating times. (d) Short-circuit current output under different
humidity conditions. (e) Short-circuit current output under sudden changes in humidity from 15% to 93%. The
illustration is a partial enlargement of Figure 4e from 3000 to 3400 s. (f) Performance output of the device after
using different electrodes.

The number of SDBS dip-coating cycles was also identified as a key factor affecting the output performance.
Figure 4b displays the variation in short-circuit current with different numbers of SDBS dip-coating cycles (with
the CNT coating fixed at three cycles). The short-circuit current of the HAMEGs gradually increased with the
number of SDBS coatings and stabilized after the fourth cycle. This suggests that increased SDBS loading
enhances the membrane’s hygroscopicity, enabling the adsorption of more moisture and the release of more
cations, thereby strengthening the ion concentration gradient and improving the device performance. In the absence
of SDBS coating, no significant electrical signal was observed, highlighting its crucial role in moisture-induced
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electricity generation. Considering both experimental efficiency and performance, three cycles of SDBS coating
were selected for subsequent experiments.

The number of CNT dip-coating cycles also significantly influenced the output signal (Figure 4c). As the
number of CNT coatings increased, the device resistance gradually decreased (see Figure S10), and the current
correspondingly strengthened. With no or only one CNT coating, the device exhibited almost no output, likely due
to an unoptimized pore structure and high internal resistance (>60 MQ), which slowed ion migration and hindered
the effective collection of the ionic current. This result indicates that optimizing internal resistance is essential for
generating detectable electrical signals in horizontally structured electrospun MEGs. A significant current increase
was observed when the number of coatings reached five. Considering the balance between performance and
structural integrity, three cycles of CNT coating were chosen for further study.

The output performance was also closely related to the ambient humidity (Figure 4d). The HAMEG showed
almost no response at low humidity (15% RH). A measurable current began to be generated when the humidity
increased to 43% RH and rose continuously with increasing humidity, reaching a maximum at 93% RH,
demonstrating the device’s excellent humidity response. Moreover, the output signal changed rapidly in response
to humidity variation (Figure 4e), further confirming the significant influence of ambient humidity and the device’s
high sensitivity. The effect of temperature on the output performance of HAMEG was also preliminarily examined
(see Figure S11). Additionally, different electrode materials were found to affect the output performance (Figure 4f).

Based on the experimental results, the working mechanism of the device is proposed as follows: When
exposed to a humid environment, the SDBS side absorbs moisture and dissociates, releasing cations such as Na*
and H*, thereby establishing an ion concentration gradient across the device [28]. Simultaneously, an electric
double layer forms at the negatively charged solid-liquid interface of the membrane, promoting the directional
migration of cations and generating an electrical signal. A schematic of this mechanism is shown in Figure Sa:
Under the combined action of CNTs and SDBS, the membrane structure becomes more compact, and the channels
are negatively charged. Due to the asymmetric structure, a significant difference in hygroscopicity exists between
the two sides. Upon exposure to a humid environment, the SDBS-modified side preferentially absorbs moisture
and undergoes ionization, thereby establishing a macroscopic ion concentration gradient across the device. Ions
migrate together with water diffusion, generating the output electrical signal. This is corroborated by the observation
that the device performance decreases rapidly when the SDBS side was shielded from moisture but gradually recovers
when it is re-exposed (see Figure S12), confirming the critical role of SDBS in humidity response.
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Figure 5. Mechanism and verification of HAMEG. (a) Speculation on the mechanism of HAMEG. (b) The EDS
images of sodium element distribution in the device before and after testing in a humid environment. (¢) Short-
circuit output current of devices under different SDBS coverage areas. (d) Polarity test of HAMEG.

To verify this hypothesis, EDS characterization was performed on the device before and after exposure to
humidity, as shown in Figure 5b. The corresponding SEM images are shown in Figure S13. The results indicated
a significantly higher Na* content on the SDBS-loaded side before humidity exposure than that observed after
exposure, confirming the migration of sodium ions. Concurrently, EDS analysis on the side without SDBS showed
a higher sodium ion content after humidity exposure than before. Therefore, the EDS results confirm that the
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electrical signal generation is attributed to the directional migration of cations such as Na*. Specifically, SDBS
determines ion generation and the driving force, while CNTs determine the effective collection and amplification
of ion signals. Together, they form a complete moisture-induced power generation chain of “ion generation—
directional migration—electron output”. This collaborative mechanism is the key for HAMEG to achieve stable
moisture-enabled electrical output. It is worth noting that SDBS and CNTs cannot function independently in the
HAMEG system (Figure 4b,c). As the primary humidity-responsive ion source, SDBS establishes an asymmetric
ion gradient, while CNTs construct a continuous conductive pathway and optimize the pore structure, effectively
converting ion migration into stable electronic output. Therefore, the synergy between SDBS and carbon nanotubes
is crucial for achieving reliable moisture-induced power generation.

To further validate the mechanism, the coverage ratio of SDBS was changed. As shown in Figure 5c, the
output current was minimal when the SDBS coverage was 1/4, likely due to low SDBS loading, insufficient
dissociated ion concentration, and an increased transport distance, leading to a reduced electrical signal. When the
coverage was 3/4, although the SDBS content increased, the shortened ion migration distance resulted in a smaller
final ion concentration difference, thereby also causing signal attenuation. When the entire membrane was covered
with SDBS, the ion concentration gradient was eliminated, resulting in negligible directional ion migration and
thus an electrical signal close to zero. The optimal performance was achieved with a 1/2 SDBS coverage ratio,
where the ion concentration difference was maximized, and the transport distance was appropriate. This result
confirms the importance of SDBS distribution for the power generation of the device.

Furthermore, a polarity test was conducted on the HAMEG to verify that the electrical signal originates from
the directional migration of cations such as Na‘. As shown in Figure 5d, when the positive terminal of the
measuring equipment was connected to the side of the HAMEG opposite the SDBS-modified region, a positive
current signal was recorded, indicating the migration of cations from the SDBS side to the opposite side within the
device. Conversely, reversing the connection, with the positive terminal connected to the SDBS side, yielded a
negative current signal, further confirming that the electricity generation is caused by the directional migration of
cations across the asymmetric membrane.

Based on the working mechanism of this HAMEG, its practical applications can be further extended. The
device can be integrated into a commercial mask (Figure 6a) to harvest energy from the wearer’s exhalation. The
device demonstrated repeatable responses to exhalation signals, showing potential for energy harvesting and
storage to power low-consumption wearable devices. Additionally, the device responded effectively to human
touch signals (Figure 6b). Meanwhile, this device can also detect the speed of breathing; at different breathing
frequencies, the short-circuit output current of the device varies (see Figure S14). Upon finger contact with the
membrane surface, the output signal responded rapidly, making it highly suitable for applications such as touch
switches, tactile sensors, and human-machine interaction. With future large-area fabrication and integration, this
device could significantly enhance its application value and broaden its prospects.
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Figure 6. Application prospects of HAMEG. (a) Transforming the wearer’s exhalation behavior into electrical
signals. (b) Detect the contact of fingers.
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4. Conclusions

In this study, we present a horizontally structured, moisture-enable electric generator based on a carbon
nanotube-decorated polyacrylonitrile electrospun nanofiber membrane. In this system, PAN nanofibers provide a
negatively charged porous framework for ion-selective transport, CNTs construct efficient conductive pathways,
and the asymmetrically distributed SDBS serves as a moisture-responsive ion source. The synergistic interaction
among these components enables stable and directional moisture-sensing electrical output. Through appropriate
characterization and experiments, the working mechanism is demonstrated as follows: in a humid environment,
SDBS absorbs moisture and dissociates Na* and H' ions. Driven by the resulting ion concentration gradient and
electric double layer effects, these cations migrate directionally, generating an electrical output of approximately
60 mV and 3 pA at 93% RH. Compared to traditional vertical moisture-enabled generators, this horizontal
configuration offers superior mechanical stability and flexible integration potential. The device functions not only
as a power generator but also as an effective touch sensor, demonstrating practical versatility. Moreover, the
electrospinning-impregnation approach avoids stringent ink formulation requirements of printing-based
techniques (e.g., 3D/inkjet printing), enabling direct fabrication of flexible membranes with intrinsic multiscale
porosity—ideal for moisture-enabled ion transport while allowing facile scaling and low-cost production. This work
provides valuable insights into the design of horizontally structured, nanofiber-based moisture-electric devices.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/26011209
52067315/LDM-25100125-SM-FC-done.pdf. Figure S1: PAN nanofiber film. The film is flexible and can be bent
and folded at will. Figure S2: SEM image of CNT distribution on the surface of PAN nanofiber films. Figure S3:
XPS diagram of PAN nanofiber film impregnated with CNT. Figure S4: FTIR results of the original PAN
nanofiber film and the PAN nanofiber film with SDBS. Figure S5: Power density with variable external resistance.
Figure S6: On-site testing equipment. Figure S7: Humidity test environment. Figure S8: Short-circuit current
output of HAMEG under different film lengths. Figure S9: Short-circuit current output of HAMEG under different
film width. Figure S10: Thin-film resistors under different CNT impregnation times. Figure S11: Short-circuit
current output of HAMEG under different temperature. Figure S12: The short-circuit current signal changes before
and after being covered at the impregnated SDBS of the device. Figure S13: SEM image at the EDS scanning
point. Figure S14: Short-circuit current output of HAMEG at different respiratory rates. Table S1: The contrast
between horizontal structure and vertical structure. Table S2: A comparison of representative MEGs reported in
the literature in recent years. References [11,12,17,27-29,37-42] are cited in Supplementary Materials.
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