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Moisture-electric generators provide an innovative and sustainable method for harvesting
electricity directly from ambient atmospheric humidity through hygroscopic interactions
and ion transport processes. Among diverse architectures, those based on electrospun nano-
fibers are particularly promising due to their high surface area, superior breathability, me-
chanical flexibility, and seamless integration into wearable systems. This review provides
a comprehensive summary of recent advances in electrospun nanofiber moisture-electric
generators, with a focus on fabrication techniques via electrospinning, material optimiza-
tion through functional additives, device performance metrics, and emerging applications
in self-powered wearable electronics, sensors, and smart textiles. Significant improve-
ments in power output and durability have been reported in hybrid designs. Nonetheless,
challenges in long-term reliability, manufacturing scalability, and conversion efficiency
hinder widespread adoption. Future directions include multifunctional materials, asym-
metric device designs, and scalable production strategies to enable practical, battery-free
power sources for next-generation wearable technologies.

Keywords: Electrospun nanofibers; Moisture-electric generators; Functional nanomaterials; Self-powered sensors; Wearable power

sources

1. INTRODUCTION

The growing need for sustainable and decentralized en-
ergy sources is driven by the surge in portable electron-
ics, wearable devices, and remote monitoring systems [1].
Global energy consumption for such applications is pro-
jected to grow exponentially, exacerbating reliance on
conventional batteries that pose environmental concerns
due to limited lifespan, toxic components, and dispos-
al challenges. Traditional energy harvesting technolo-
gies [2-5]—such as photovoltaic, thermoelectric, piezo-
electric, and triboelectric—have improved significantly
but still face limitations: they often depend on sunlight or
movement, suffer from mechanical wear, or perform poor-
ly in everyday indoor conditions.

In this context, moisture-driven electricity generation,
also called moist-electric generation (MEG), emerges as a
highly promising solution [6-9]. This technology harness-
es water vapour that is always present in the air—even at

low relative humidity levels—to produce electrical power
passively and continuously, without the requiring of ex-
ternal mechanical input, light, or heat gradients [10]. By
exploiting the natural interaction between hygroscopic
materials and water vapor, MEG devices generate voltage
through ion dissociation, charge separation, and directed
ion transport, offering a truly “green” and widely available
energy option suitable for diverse environments, including
indoor settings and humid regions.

Among the diverse material platforms explored—in-
cluding hydrogels, carbon-based nanomaterials (e.g.,
graphene oxide, MXene), and metal-organic frame-
works—fibrous architectures based on electrospun nano-
fibers have become especially important. These nanofibers
offer unique advantages: high specific surface area (often
> 100 m?/g), interconnected porous networks for rapid
moisture diffusion, tunable hygroscopicity through chem-
ical functionalization, and inherent mechanical flexibility
and breathability ideal for wearable applications [11-14].
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Electrospun mats facilitate efficient water molecule ad-
sorption/desorption cycles, enhancing ion mobility and
sustaining charge gradients even at moderate RH [15].

The electrospinning technique plays a central role for
these advances. This versatile, industrially scalable meth-
od involves applying high voltage to a polymer solution
or melt, forming ultrafine fibers (diameters 50—1000 nm)
collected as non-woven mats [16]. Parameters such as
applied voltage, flow rate, collector distance, and en-
vironmental humidity allow precise control over fiber
morphology—ranging from aligned yarns to random
mats, bead-free structures, or core-shell configurations
via coaxial spinning. These features enable the creation
of advanced designs like Janus (asymmetric) membranes,
bilayer composites, and gradient-functionalized fibers,
which direct ion flow unidirectionally for enhanced volt-
age output [17,18].

Recent achievements illustrate the rapid progress of
electrospun nanofiber-based MEGs. For example, devic-
es with cellulose acetate and tree-like pores significant-
ly improve moisture transport; crosslinked PVA/sodium
alginate bilayers demonstrate enhanced long-term stabil-
ity; and fully electrospun Janus structures achieve oper-
ation longer than 600 hours with voltages around 1.0 V
and currents in the microampere range. Stretchable and
flame-resistant versions further expand applicability to
human-body-integrated electronics. Scanning electron
microscopy (SEM) images consistently reveal the highly
porous and connected nanofiber networks that are essen-
tial for good performance [11,19].

This review focuses specifically on electrospun nano-
fiber-based MEGs, highlighting their fabrication, material
optimization, working mechanisms, device performance,
and applications. We aim to provide a comprehensive
overview of recent progress while identifying key chal-
lenges and future directions for scalable, practical imple-
mentation.

2. MECHANISMS OF ELECTRICITY
GENERATION

In electrospun nanofiber-based moist-electric generators,
electricity generation depends on the interaction between
atmospheric moisture and the functional groups on the
nanofiber surfaces. Recent studies classify the main mech-
anisms into two primary categories: ion concentration
gradient (also known as ionic diffusion or concentration
gradient-driven) and streaming potential [8,20]. These
mechanisms frequently operate together in porous nanofi-
ber systems, creating synergistic effects that lead to higher
and more stable output performance.

The ion concentration gradient mechanism arises from
the creation of an uneven distribution of mobile ions, often
protons H* or other cations and anions, across the material

thickness. When moisture adsorbs onto the nanofiber sur-
faces, water molecules weaken bonds in oxygen-contain-
ing functional groups such as carboxyl (~COOH) or hy-
droxyl (-OH), leading to ion dissociation and the release
of free ions. These ions then diffuse from regions of high
concentration to low concentration, generating a potential
difference and driving current through the external circuit.

This gradient forms through several approaches in
nanofiber-based devices. In single-material systems,
asymmetrical treatment during fabrication creates a gra-
dient of functional groups, for example through controlled
functionalization or processes similar to moisture-electric
annealing adapted to nanofibers, resulting in one side hav-
ing higher density of hygroscopic groups and stronger ion
release on the moist-exposed side. Another way involves
asymmetrical moisture absorption, often achieved with
asymmetrical electrodes or uneven exposure, where one
side absorbs more water, causing uneven swelling and
enhanced ion mobility. In multilayer or composite sys-
tems, bilayer or Janus electrospun structures offer greater
design flexibility by the incorporation of different poly-
mers or additives on each layer, further strengthening the
gradient [21]. In nanofiber MEGs, porous and asymmet-
ric designs such as tree-like pores or Janus architectures
particularly reinforce this mechanism by the promotion of
directional ion diffusion and minimizing back-diffusion.

The second major mechanism—streaming potential—
occurs when moisture flow or capillary action transports
ions through narrow channels in the nanofibers [7,8].
Charged functional groups on the nanofiber walls attract
counter-ions from the adsorbed water layer, forming an
electrical double layer (EDL) at the solid-liquid inter-
face. As moist air flow or pressure drives fluid movement
through the nanopores, these counter-ions are dragged
along, producing a streaming current and corresponding
voltage.

Several factors strongly influence the streaming po-
tential. Nanopore size relative to the Debye length (the
thickness of the EDL) plays a critical role: when the pore
diameter approaches or falls below the Debye length,
overlapping EDLs develop, enabling high ion selectivity
and a stronger potential. The overall porous structure of
electrospun nanofibers, with abundant nanochannels and
high porosity, significantly amplifies these streaming ef-
fects, especially in hierarchically porous or tree-like de-
signs. Experimental evidence demonstrates that voltage
can persist even after direct moisture flow stops, due to
residual contributions from the EDL and trapped ions.

In many electrospun nanofiber MEGs, both mecha-
nisms function simultaneously, resulting in synergistic en-
hancement where the ion concentration gradient initiates
diffusion and the streaming potential in nanopores boosts
overall output and long-term stability. This dual action
appears particularly clearly in functionalized composites,
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such as those based on PVA/phytic acid or cellulose, and
in asymmetric Janus structures, where the built-in gradient
prevents ion back-diffusion while the pores support robust
EDL formation [20,22,23].

3. ELECTROSPINNING PROCESS AND
OPTIMIZATION

Electrospinning serves as the primary fabrication tech-
nique for producing nanofibers in MEGs. Researchers
favor this method for its simplicity, versatility, and poten-
tial for industrial-scale production. It enables the creation
of non-woven mats featuring high porosity, large surface
area, and tunable chemical properties, all of which prove
essential for the effective moisture adsorption and for the
ion transport in MEG devices [24,25].

The electrospinning process (Fig. 1) works by apply-
ing a high electric field to a polymer solution or melt. A
typical setup includes three main parts: a high-voltage
power supply (usually 10-30 kV), a syringe pump to con-
trol the flow of the solution, a spinneret (often a metal nee-
dle), and a grounded collector (such as a flat plate, rotating
drum, or roller) [26].

The polymer solution is loaded into a syringe and
pushed out at a constant flow rate (typically 0.1-5.0 mL/h).
When high voltage is applied, electrostatic forces over-
come the surface tension of the droplet at the needle tip,
forming a Taylor cone. From this cone, a charged jet is
ejected. The jet undergoes whipping instability due to
electrostatic repulsion, stretching and thinning rapidly
while the solvent evaporates. Finally, solid nanofibers are
deposited on the collector as a random or aligned mat.

Several key parameters significantly affect fiber qual-
ity and morphology (Tables 1-3, [27]). Applied voltage
strengthens the electrostatic force, often resulting in thin-
ner fibers, though excessive levels can cause bead defects.
The distance from tip to collector, ideally 10-20 cm,
provides sufficient time for solvent evaporation and jet
stretching; shorter distances yield wet fibers, while longer

Syringe

Polymer solution Taylor cone

Spinneret

High-voltage
power supply

.

#—Collector

Nanofibers

Fig. 1. Electrospinning setup.

ones reduce efficiency. Flow rate influences uniformity,
with lower rates promoting smooth fibers and higher rates
leading to thicker diameters or beads.

Solvent characteristics, including volatility, conduc-
tivity, and viscosity, determine jet stability—for instance,
mixtures like dimethylformamide, acetone, or water/eth-
anol suit hygroscopic polymers such as PVA or cellulose
acetate. Environmental conditions, particularly humidity
and temperature, regulate evaporation; elevated humidity
during spinning can induce porous surfaces on individual
fibers [28].

These parameters directly shape nanofiber structure in
ways critical for MEG performance. Fiber diameter gener-
ally spans 50 nm to 1.0 um, decreasing with higher voltage
or lower solution concentration due to enhanced stretching,
which in turn increases surface area for moisture interac-
tion. Porosity develops through controlled evaporation or
ambient humidity, producing nanopores on fiber surfac-
es and interconnected voids within the mat that improve
moisture diffusion and ion pathways. Collectors influence

Table 1. Technological parameters and their influence on the process and fiber morphology. Reproduced with permission from Ref. [27],

© 2024 John Wiley and Sons.

Parameter Increase 1

Decrease |

Applied voltage

result in the formation of beads

Flow rate Thicker fibers, larger pores

Excessive flow rate causes a bloated Taylor cone

and wet fibers

Tip-to-collector

distance (TCD) resulting in thicker fibers

A large TCD may not be suitable for solvents with

fast evaporation

Smaller Taylor cone, thinner fibers, smaller pores
Very high voltage causes multiple jets and may

Causes an effective decrease in electrical density,

Larger Taylor cone, thicker fibers, larger pores
Voltage below spinning threshold stops jet forma-
tion

Thinner fibers, smaller pores
Too little causes the Taylor cone to retreat into the
nozzle

Decrease in TCD causes an effective increase in
electrical density

A minimum distance is required for the formation
of fibers
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Table 2. Solvent characteristics and their influence on the process and fiber morphology. Reproduced with permission from Ref. [27],

© 2024 John Wiley and Sons.

Parameter Increase 1 Decrease |

Polymer Thicker fibers, larger pores Thinner fibers, smaller pores

concentration Very high concentration stops electrospinning Very low concentration results in the formation of
A medium concentration gives a combination of beads
beads and fibers If the polymer is sufficiently conductive, electrospray-

ing is possible at fairly low concentrations

Electrical Thinner fibers, smaller pores Thicker fibers, larger pores produced

conductivity Solutions with extremely high conductivities may A minimum conductivity is required for electrospin-
be unstable during electrospinning and are likely to  ning
produce multiple jets

Viscosity Thicker fibers, larger pores Thinner fibers, smaller pores

Extremely viscous solutions cannot be electrospun

Surface tension
bility of jets

Makes it harder to electrospun and results in insta-

Very low viscosity causes the formation of beads

Very low surface tension increases the tendency of jet
breakage and results in drops

Solutions with very high surface tension cannot be

electrospun

Molecular weight

Beads reduced if any, thicker fibers produced

Fiber thickness decreases
Very low molecular weight forms beads

Table 3. Environmental conditions and their influence on the process and fiber morphology. Reproduced with permission from

Ref. [27], © 2024 John Wiley and Sons.

Parameter Increase 1

Decrease |

Temperature Fiber diameter decreases

Relative humidity
solvent evaporation

Higher humidity causes thinner fibers due to slower

Fiber diameter increases

Lower humidity allows for better and faster solvent
evaporation, resulting in thicker fibers

Increases the incidence and size of circular pores on

fibers

No useable fibers produced over a critical limit

orientation, with static ones yielding random mats and
rotating or patterned ones creating aligned fibers that can
support directional ion movement. For MEG applications,
the optimization focuses on achieving porosity above 80%,
specific surface area exceeding 100 m%/g, and consistent
mat thickness to ensure reliable electricity generation.
Advanced variants of electrospinning allow for sophis-
ticated structures and enhanced functionalization suited to
MEG requirements. Coaxial electrospinning employs con-
centric needles to process two solutions at once, yielding
core-shell fibers that encapsulate hygroscopic additives or
create asymmetric surface chemistry for better ion disso-
ciation and durability [29]. Multi-needle configurations
boost productivity and enable polymer blending within a
single mat, producing composites with superior conductiv-
ity or moisture affinity [30]. Needleless approaches utilize
rotating spinners, wires, or gas bubbles to initiate multiple
jets simultaneously, facilitating large-scale output of uni-
form thick mats [31]. Researchers frequently apply these
modifications to build asymmetry, including Janus struc-
tures with contrasting hydrophilicity on opposing sides.

Electrospun nanofiber mats are particularly effective
for moisture-electric generation due to their ultraporous,
nonwoven architecture composed of nanoscale fibers. Fi-
bers with diameters around 100 nm can provide surface
areas approaching ~ 1000 m*/g, while typical electrospun
mats exhibit porosity above 90% [32]. This structure ex-
poses a high density of polar functional groups (e.g., —-OH,
—COOH), enabling rapid moisture adsorption and ioniza-
tion. Interconnected nanochannels promote overlapping
electrical double layers and support efficient proton (H,0%)
diffusion and streaming-charge transport [33].

As a result, electrospun MEGs can simultaneously
operate via concentration-gradient diffusion and stream-
ing-current mechanisms. For example, Sun et al. [33]
demonstrated that an electrospun polyacrylonitrile fabric
generated an open-circuit voltage of 0.83 V, which at the
time exceeded all reported polymer-based MEGs.

In addition to high electrical output, electrospun nano-
fiber mats are mechanically soft, bendable, and breathable,
allowing air and moisture transport without blocking ion
flow. These properties make them well suited for wearable
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and textile-integrated devices, as they conform to curved
surfaces and remain comfortable during use [34].

Moreover, directional (Janus or multilayer) architec-
tures are easy to implement by sequential electrospin-
ning: a hydrophilic side can continuously absorb mois-
ture and a hydrophobic side can promote evaporation.
This built-in asymmetry drives unidirectional ion flow
and long-lasting output. In one all-electrospun Janus
film (PVA/LiClI layer vs. a PVDF/PVB layer), the MEG
produced ~ 0.60 V and ~ 44 nA/cm’ (at 95% RH) contin-
uously for over 30 days [17].

Finally, electrospinning is a mature, scalable process:
it can process a wide range of polymers into continuous
nanofibers and easily produce large-area mats. In sum-
mary, electrospun mats combine high porosity and sur-
face area, tunable asymmetry, and mechanical flexibility/
breathability, making them especially effective and practi-
cal for durable MEGs.

4. COMPARISON WITH OTHER MEG
PLATFORMS

Several other MEG material platforms have been explored,
each with distinct strengths and weaknesses relative to
nanofiber devices. Hydrogel-based MEGs (HMEGs), for
instance, use thick polymer gels (e.g. PVA—alginate, poly-
acrylamide) that swell with moisture. These hydrogels can
absorb very large amounts of water and form continuous
ion-conducting networks. Indeed, advanced hydrogels have
achieved record currents: Yang et al. reported a PVA—algi-
nate supramolecular gel that produced 1.30 V and an ex-
ceptionally high short-circuit current of 1.31 mA-cm~ [35].
Such high currents (milliamp scale) far exceed those of typ-
ical fibrous MEGs (usually microampere-scale). However,
hydrogel devices are bulky and often require ionic dopants
or high salt content to achieve performance. They also lose
flexibility and breathability when swollen. In contrast, elec-
trospun fiber mats remain air-permeable and lighter. Indeed,
hydrogels must rely on techniques like protonation doping
to boost output, whereas nanofiber platforms can achieve
large voltages with less material [36].

Carbon- and inorganic-based MEGs form anoth-
er category. Graphene oxide (GO) films and graphene
networks were among the first MEGs studied. While a
GO film with an oxygen gradient can convert moisture
into electricity (even at = 62% energy conversion effi-
ciency [37]), such devices typically deliver only inter-
mittent voltage spikes under strong humidity gradients.
Integration of graphene or graphene oxide into three-di-
mensional porous carbon networks has been reported to
improve moisture adsorption and ion transport pathways,
leading to open-circuit voltages typically on the order of
several hundred millivolts (= 0.3-0.4 V) [20]. Inorgan-
ic nanowires (e.g. TiO,) have also been tested: Shen et

al. [38] developed a TiO, nanowire MEG with a power
density up to ~47 uW-cm™. These rigid nanostructures
can be efficient under ideal conditions, but they lack the
open, moisture-permeable porosity of fiber mats. Car-
bon nanotube (CNT)-coated fabrics are a hybrid exam-
ple: Faramarzi et al. [39] showed that coating a stretch-
able nanofiber mat with CNTs produced up to ~0.8 V
and 13 pA (= 10 pW) of power when wetted. While this
boosted conductivity and stretchability, the device still
relied on an electrospun fiber scaffold.

Two-dimensional materials and hybrids, such as
MXenes and composite films, have shown promising
high outputs. For instance, Wang et al. [40] integrat-
ed conductive MXene nanosheets into a moisture-gen-
erator design, achieving a volumetric power density of
3.47 mW-cm~—about 2.2 times higher than previous re-
cords. This MXene-based MEG could be printed onto tex-
tile and powered wearable electronics. Likewise, bilayers
combining bacterial cellulose and reduced graphene ox-
ide produced ~ 1.1 V and 53 pA on a 1.0 cm® device [41].
These composite films can exploit synergistic hygroscop-
ic/carbon interfaces but tend to be thicker and less breath-
able than nanofiber meshes. Polyelectrolyte film devices
are another competing platform: for example, a precisely
engineered bilayer of oppositely charged polymer films
delivered ~ 0.95-1.38 V per unit (depending on humid-
ity) and could be stacked into kilovolt-scale arrays [42].
However, such devices usually generate very low cur-
rents and require complex multilayer integration for the
practical power output.

Finally, textile and biopolymer MEGs (e.g., cot-
ton cloth, cellulose membranes, protein nanowires) of-
fer natural fiber platforms. An “all-fabric” MEG made
from breathable cloth was recently demonstrated, high-
lighting comfort for wearable use [34]. Cellulose-based
MEGs (sometimes doped with salts or combined with
graphene) can produce steady voltages around 1.0 V and
show excellent stability in variable weather. Bacterial
protein nanowires have even been used as a thin active
layer, reaching ~ 0.5 V and 200 nA [43]. These biologi-
cally inspired materials are biodegradable and low-cost,
but typically require sophisticated processing and provide
only moderate output.

In summary, each platform has trade-offs. Hydrogels
excel in ionic conduction; rigid carbon/ceramic devices
can achieve high power under gradients; engineered poly-
mer films yield large voltage; natural fibers are eco-friend-
ly and robust. Electrospun nanofibers uniquely combine
many advantages: they are lightweight and stretchable
like fabrics, have hydration channels like gels, and when
doped can approach voltages of engineered films. This
combination of high output, continuous operation, and
wearable form-factor sets electrospun nanofiber MEGs
apart from other systems.
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5. MATERIALS AND FUNCTIONALIZATION

The choice of polymer and its additives is critical for
electrospun MEGs. A base polymer must be highly hygro-
scopic, mechanically robust, and electrospinnable. Com-
mon choices include:

* Polyvinyl alcohol (PVA): Rich in —OH groups, PVA
is extremely hygroscopic and easily crosslinked to provide
the stability. Electrospun PVA fibers are flexible, biocom-
patible and form uniform mats (diameters ~ 100—500 nm).
They strongly adsorb moisture and release protons, boost-
ing output.

* Cellulose acetate (CA): A biopolymer derived from
cellulose, CA is biodegradable and naturally porous. Elec-
trospun CA often forms hierarchical/tree-like fiber net-
works that channel moisture deeply. Partially regenerat-
ed cellulose (by the deacetylation) has even more —OH
groups, further improving water uptake. Annealing CA
mats to tune pore size has been shown to raise an open
circuit voltage from 0.08 to 0.30 V, illustrating the impact
of porous structure [44].

* Polyacrylonitrile (PAN): PAN yields very strong,
smooth nanofibers and is thermally stable. It is often car-
bonized after the spinning to make conductive mats (as in
water-evaporation devices). Pure PAN fibers provide a ro-
bust scaffold; after the carbonization they retain high po-
rosity and can yield stable open circuit voltage (~ 0.5 V)
and pA currents without structural loss [18].

* Polyvinylidene fluoride (PVDF): PVDF is hydro-
phobic and ferroelectric. In MEGs it is usually paired with
hydrophilic layers (Janus design) or blended, contributing
piezoelectric effects and directing evaporation. A PVDF
layer can help to maintain a moisture gradient.

* Polyethylene oxide (PEO): PEO has mobile polymer
chains and readily solvates ions. It can swell with water
and enhance proton mobility, often used in blends (e.g.,
PVA/PEO) to improve ionic conductivity.

Combinations (e.g., PVA/PEO, PVA/CA) are also
common to balance flexibility and hygroscopicity. In all
cases the electrospinning process itself is compatible with
the addition of various functional agents. Key functional
additives include:

» Salts (e.g., tetrabutylammonium bromide, LiCl):
These dissolve in the adsorbed water, providing extra mo-
bile ions. For example, a PVA/LiCl fiber layer supplies
abundant H*/CI~ under humidity. More ions amplify the
streaming potential.

* Acids (e.g., phytic acid): Organic acids like phyt-
ic acid (a phosphorous-rich natural molecule) graft pro-
ton-donating groups (—PO,H) onto the fiber. MEG, dop-
ing PVA fibers with phytic acid raised output (0.81V,
~3.1 pA on 2 cm®) by promoting proton hopping [11].

* Nanoparticles and nanocarbon materials, includ-
ing carbon nanotubes, graphene oxide, silica, and metal

oxides, are widely incorporated into electrospun nanofi-
bers to enhance surface charge density, ion—water inter-
actions, and moisture transport pathways. Xu et al. [45]
demonstrated that oxidized carbon nanotubes integrated
onto polyacrylonitrile (PAN) nanofibers via a synergistic
electrospinning—electrospraying process provide abun-
dant oxygen-containing functional groups that electro-
statically interact with protons and metal ions, while the
three-dimensional porous fiber network facilitates effi-
cient water transport, leading to stable electricity gener-
ation in evaporation-induced devices. In a related study,
Tabrizizadeh et al. [18] reported that carbonized electro-
spun PAN nanofiber mats used as porous scaffolds for
water-evaporation-induced generators achieved an areal
power density of approximately 83 nW-cm ?, nearly an
order of magnitude higher than some previously reported
porous materials.

* Polyelectrolytes and hydrogels: Incorporating ionic
polymers (e.g. alginate, poly(acrylic acid), or supramolec-
ular networks) can enhance water retention and provide
internal ion reservoirs. Such networks can swell and grad-
ually release ions under humidity, smoothing out the out-
put over time.

By tuning these additives (typically 1.0-20 wt.% in
solution), researchers can greatly increase conductivity
and charge carrier density. Crucially, electrospinning is a
“top-down” process that easily accommodates these dop-
ants during the fiber formation.

Finally, structural design is used to sustain ion gradi-
ents and reduce back-diffusion:

 Janus bilayers: Two layers with opposite affinities
(one hygroscopic, one moisture-repellent) drive ions
unidirectionally. For example, in Janus nanofiber film,
the PVA/LiCl side absorbed moisture and generated H",
while a PVDF/PVB side drove evaporation. This archi-
tecture gave ~0.60 V and 44 pA/cm? continuously for
>30 days [17].

» Sandwich/multilayer stacks: The modulation of the
moisture uptake and the protection of active fibers may
be achieved by the addition of one or more intermediate
or protective layers (e.g., a wettable polymer sandwiched
between porous electrodes).

* Gradients: Fiber mats can be made with gradually
varying composition or porosity (via sequential electro-
spinning or coaxial spinning). For instance, core—shell fi-
bers with an inner charged core (fixed potential) and outer
ion-rich shell have been shown to yield exceptional out-
puts (0.8 V,> 1 mA/cm®) because of built-in electric fields
and local ion concentration.

* Yarn or network shapes: Aligning fibers or twisting
them into yarns can create continuous flow channels for
water, enhancing streaming effects. Such macroscopic or-
ganization can also improve the mechanical strength and
the handling.
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Overall, careful material selection and functionaliza-
tion allow electrospun MEGs to achieve balanced hygro-
scopicity, ion mobility, and durability. Advanced elec-
trospun designs regularly reach open-circuit voltages in
the 0.5-1.0 V range and currents from pA up to mA per
cm’ (under ambient RH). These devices can sustain op-
eration for days to weeks. In practice, electrospun MEGs
have powered small sensors and wearable electronics by
harvesting only humidity.

6. APPLICATIONS

Moist-electric generators (MEGs) are being actively ex-
plored as sustainable power sources for wearable and
portable devices. For example, Sun et al. [33] developed
an electrospun nanofiber fabric MEG that successful-
ly powered self-powered respiratory monitoring, wind-
speed detection, and touch sensing. Likewise, Zhao and
Tang [34] noted that MEGs “are a fascinating and prom-
ising candidate to supply renewable and clean power for
next-generation portable electronics,” highlighting recent
demonstrations of breathable, all-fabric MEGs for smart
clothing. In a recent advance, Chen et al. [17] fabricated
an all-electrospun nanofiber “Janus” MEG that was inte-
grated into self-powered circuits for the breath detection.
These works illustrate how electrospun nanofiber MEGs
can be woven into textiles or incorporated into conformal
wearables, enabling self-powered wearable electronics.

Electrospun MEGs have also been used directly for the
physiological monitoring. Sun et al. [33] used their breath-
able MEG to track the breathing patterns, and Chen et
al. [17] achieved self-powered sensing of exhaled breath
on a nanofiber device. In the related work, Wu et al. [46]
engineered a bilayer nanofiber membrane MEG with en-
hanced stability; they emphasized that “electrospinning
nanofiber membranes, favored for their large surface
area, micro-nano channel networks, and facile fabrica-
tion, serve as ideal platforms for MEGs”. In this study the
MEG enabled “multifunctional integration for real-time
moisture detection, respiratory health monitoring, activity
tracking, and energy harvesting in self-powered wearable
systems”. Thus, electrospun MEGs have been tailored to
sense subtle physiological humidity changes (e.g. respira-
tion, sweat), opening the applications in health monitoring
and human—machine interfaces [47].

Beyond wearables, electrospun MEGs are proposed for
environmental sensing and distributed IoT power. Kwon et
al. [48] review evaporation-driven nanofiber MEGs and
note that such devices have potential uses in humidity sen-
sors, portable monitoring, and even desalination. Because
moisture is ubiquitous (indoor air, environment), MEGs
can serve as self-powered environmental monitors. For in-
stance, Sun et al. [33] demonstrated wind-speed sensing as
one application of their MEG. Importantly, Yang et al. [35]

showed that the integrated banks of MEGs can directly
drive real electronics: a 9 cm® MEG unit produced enough
current (~ 65 mA in parallel) to charge a smartwatch, light
a bulb, and run a clock continuously, showcasing feasibil-
ity for Internet-of-Things (IoT) devices. They explicitly
remark that high-power, scalable MEGs “chart the course
towards ... broad [oTs applications and wearable applica-
tions”. Feng and Xia [49] similarly emphasized that MEGs
“may become an energy source that can be utilized in daily
life”, suggesting broad deployment (from smart homes to
sensors in remote locations).

Electrospun MEGs have been increasingly explored
for integration into biomedical systems for specific sens-
ing and stimulation tasks. Wu et al. [46] highlighted that
biocompatible nanofibrous MEGs are well suited for ap-
plications such as real-time moisture detection and respira-
tory health monitoring in wearable health patches, owing
to their flexibility, breathability, and sensitivity to humid-
ity variations. In a related demonstration, Gao et al. [50]
reported a paper-based moist-electric generator that ex-
ploits moisture gradients within a nanoporous cellulose
substrate to produce sustained electrical output under am-
bient conditions. The flexible, lightweight, and disposable
nature of this paper-like MEG suggests its potential use in
wearable medical sensing platforms and other body-worn
or skin-conformal electronic systems. Proposed applica-
tions also extend to building-integrated sensors and smart
textiles; for example, Zhao and Tang [34] pointed out that
MEGs embedded in fabrics could enable smart clothing
capable of harvesting electricity from human breath and
perspiration to support on-body power supply.

In summary, recent experimental studies illustrate the
versatility of electrospun nanofiber MEGs. Demonstrated
applications include self-powered respiratory monitors, hu-
midity and airflow sensors, wearable touch detectors, and
even self-powered transistors. Theoretical proposals extend
to powering distributed IoT networks and environmental
monitors (e.g. soil moisture or greenhouse sensors), as well
as the integration into medical devices. These advances are
enabled by the unique properties of electrospun nanofibers
— high porosity, large surface area, and tunable chemistry
— which facilitate moisture—ion interactions for sustained
power. As noted by Yang et al. [35], scaling up MEG sys-
tems to practical IoT and wearable systems is a key goal,
and first demonstrations (charging watches, running elec-
tronics) show this path is viable. Overall, electrospun nano-
fiber MEGs are emerging as flexible, lightweight harvesters
for low-power electronics across wearables, healthcare,
environmental sensing, and [oT applications [33,35,46,49].

7. CHALLENGES AND OUTLOOK

Electrospun nanofiber MEGs have shown remarkable
proof-of-concept performance, but several fundamental
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limitations remain difficult to solve. In particular, these
devices tend to produce very low power and current den-
sities. For example, Yang et al. [35] explicitly noted that
“majority of MEGs suffer from very low current density
and ungratified power density”. In practice, most report-
ed electrospun MEGs generate only microampere-level
currents per square centimeter, and power densities of
order 10 *~10"' mW-cm *—far below what is needed for
practical electronics. Even when open-circuit voltages
are high, sustaining a continuous high short-circuit cur-
rent is difficult. Chen et al. [17] observed that although
many MEGs achieve steady voltages, “it has been proven
to be a challenge to maintain a continuous relatively high
short-circuit current”. This intrinsic low output constrains
applications to only ultra-low power sensors or requires
very large-area devices.

Another inherent challenge is the strong depen-
dence on ambient humidity. MEGs harvest energy from
moisture gradients, so their output typically rises sharp-
ly with humidity. In one study, output current increased
monotonically as RH rose from 10% to 80% [35]. Below
about 20% RH, currents become very small (often below
0.1 mA-cm™?) and the devices essentially stop working.
Many designs therefore only function well in high—hu-
midity conditions (e.g., above 60-70% RH) and produce
negligible power in arid or fluctuating environments. Per-
formance also tends to plateau or even decrease if RH
becomes too high (> 90%), as the driving ionic gradients
vanish. Thus, MEGs generally require a moist environ-
ment to operate, which limits their reliability outdoors or
in dry climates.

Long-term stability and durability pose additional dif-
ficulties. In the lab, MEGs are usually tested over minutes
to days, but real-world deployment would demand years
of operation under cycling humidity, temperature changes,
and mechanical wear. For hydrogel-based MEGs (common
in nanofiber systems), drying out or freezing causes loss
of performance. Repeated moisture cycles can degrade the
polymer matrix or leach ions. Even dry, electrospun fiber
mats have limited mechanical robustness: Kwon et al. [48]
found that a thin PAN nanofiber mat was durable under a
static load, but “its ability to retain shape may not be guar-
anteed when... fully covered with moisture™. In practice,
wet fibers can swell, deform, or crack unless supported
on rigid substrates. Metal electrodes in contact with wa-
ter can undergo corrosion, which significantly influences
the performance and stability of moist-electric generators.
Pi et al. [51] investigated hydrogel-based MEGs with po-
rous carbon and metallic electrodes and found that corro-
sion reactions occurring at the metal—electrolyte interface
play a critical role in enhancing the instantaneous voltage
and current output, while also introducing instability over
prolonged operation. Their corrosion tests showed that
electrochemical degradation of the electrodes can contrib-

ute to electrical signals but ultimately undermines long-
term durability. Therefore, ensuring stable output over
months or years —resistant to drying, temperature swings,
and electrode degradation—remains an open challenge in
MEG design.

Finally, scalability and integration are major practical
barriers. Most reported MEGs are laboratory-scale (cm®);
scaling to meter-scale sheets or clothing is nontrivi-
al. Electrospinning itself is inherently slow (typically
~0.01-1.0 g of fiber per hour) [52], so mass production
requires advanced multi-jet or roll-to-roll systems, which
are only now emerging. Even if large-area fiber mats are
fabricated, maintaining uniform porosity, moisture up-
take, and electrode contact over a big area is challeng-
ing. Device integration also meets the difficulties: early
MEGs used sandwich structures with the separate elec-
trodes, but these are bulky. Efforts toward fully printed
or planar configurations encounter mechanical-mismatch
issues: differences in stiffness and thermal expansion be-
tween electrodes and wet fibers can cause cracking or
delamination. As Li et al. [53] pointed out, the translat-
ing single MEG units into a compact array or system will
require new architectures (for example origami-folded or
packed layouts) to minimize the internal resistance and
maintain the robust interconnections. In summary, at the
present the manufacturing and integration technology
for large-scale, reliable electrospun MEGs is immature,
which hinders their practical deployment.

Despite these hurdles, a number of forward-looking
strategies are under active exploration. A major focus is on
new materials and chemical designs. Researchers are de-
veloping novel polymers, composites and dopants to en-
hance ion transport and water affinity. For instance, doping
PVA fibers with strong acids or salts can dramatically boost
proton conductivity. Zhang et al. [36] reviewed polymer
engineering strategies in hydrogel-based moisture-electric
generators, including the incorporation of proton-donating
acids such as phytic acid, hygroscopic salts (e.g., LiCl),
or sulfonic-acid monomers into polymer networks to en-
hance ionic conductivity and water uptake. These dopants
significantly improve electrical output by increasing the
supply of mobile ions, and in some supramolecular hy-
drogel systems—such as PVA blended with sodium algi-
nate—current densities approaching or exceeding the mil-
liampere per square centimeter (1.0 mA-cm ) level have
been reported under optimized humidity conditions. In
electrospun membranes, controlling microstructure is key:
Lyu et al. [15] showed that optimizing pore size and po-
rosity in cellulose acetate nanofibers led to higher moist-
electric output. Likewise, introducing inorganic fillers or
nanochannels (e.g., carbonized polymer dots, liquid-metal
networks, or 3D scaffolds) has been proposed to improve
scalability and enable higher voltages. Overall, material
innovation—from ionic liquids and nanofillers to flexible
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electrode inks—aims to raise the intrinsic energy conver-
sion of MEG materials.

Complementing materials research, there is growing
interest in computational design and machine learning. As
Li et al. [53] note, Al techniques could greatly accelerate
MEG development: machine-learning models might ana-
lyze published data to identify the most effective material
combinations or fiber geometries. In principle, one could
train models on existing MEG outputs versus humidity/
temperature and use them to predict which polymer blends
or nanostructures maximize ion gradients. Reinforcement
learning could even incorporate weather forecasts, de-
termining optimal operating schedules or the best times
for device regeneration to maximize energy harvested.
Though still nascent, these data-driven approaches offer a
path to optimize MEGs without exhaustive trial-and-error.

Another direction is hybrid energy systems. By pair-
ing MEGs with other harvesters, one can mitigate the
weaknesses of each technology. For example, a recent
device integrated a moist-electric generator with a tri-
boelectric nanogenerator: a porous PTFE layer allowed
simultaneous harvesting of water-droplet triboelectricity
and moisture-driven ionic currents. Under periodic water
impacts this hybrid generator produced both AC and DC
outputs ~ 0.55V and 120 pA from the MEG component
plus higher voltage AC from the water-based triboelectric
generator (TEG) [54]. Such MEG-TEG hybrids can de-
liver more stable power, using the moisture channel for
DC steady output and the TEG for bursts from raindrops
or fluid motion. In principle, MEGs could also be com-
bined with solar or thermoelectric elements: for example,
moisture—photovoltaic hybrids (using humidity-respon-
sive materials under sunlight) have been demonstrated
on a building scale [55]. Although these concepts are at
an early stage, they illustrate how multi-source harvesters
could extend running time and improve total energy yield
under variable conditions.

Finally, commercialization potential and barriers
should be considered. MEGs have attractive features (they
harvest ubiquitous, “free” energy and can operate in dark-
ness), suggesting potential in remote sensors, wearable
electronics, or [oT nodes. Some prototype demonstrations
are encouraging: for instance, a scaled array of supramo-
lecular hydrogel MEGs recently powered a 2.5 W light
bulb and continuously charged a smartwatch from ambi-
ent humidity [35]. Nonetheless, the gap to market remains
large. Typical household devices require on the order of
10-100 W, whereas even the most advanced MEG units
today yield milliwatts. As Li et al. [53] emphasize, closing
this gap will require robust power management systems,
reliable long-term performance under realistic environ-
ments, and sustainable fabrication processes. Cost and
material biocompatibility are also concerns if MEGs are
to be widely deployed (for example, safe skin-contact ma-

terials for wearables). Thus, while the concept of mois-
ture-powered electronics is compelling, practical adoption
will depend on demonstrating consistent, large-area ener-
gy harvesting at competitive cost and integrating MEGs
seamlessly into end-user devices.

In summary, electrospun nanofiber MEGs face inter-
twined challenges of low output, environmental sensitivity,
and scaling, but current literature data also point to prom-
ising research directions. Advances in functional materials
(ionic polymers, nanocomposites), data-driven design, and
hybrid device architectures are steadily improving perfor-
mance [36]. With sustained effort, the community aims to
bridge the remaining gaps between laboratory prototypes
and real-world applications. For example, Li et al. [53]
predicted that integrating MEGs with flexible electronics
and sustainable design practices will be key to “market-de-
mand-oriented development”. Ultimately, a balanced ap-
proach that continues to address fundamental limitations
while exploring new design paradigms will be essential to
realizing the potential of MEGs as green power sources.

8. CONCLUSION

In conclusion, electrospun nanofiber-based moisture-elec-
tric generators (MEGs) have emerged as a highly promis-
ing class of energy-harvesting devices that convert ubiqui-
tous atmospheric moisture into usable electricity through
sustainable, green mechanisms. This review systemati-
cally examined the key aspects of these systems, includ-
ing advanced fabrication techniques via electrospinning,
strategic material optimization (such as functionalization
with CNTs, MXene, reduced graphene oxide, and bacte-
rial cellulose), underlying working mechanisms (primar-
ily ion gradient-driven diffusion, streaming potentials,
and hygroscopic effects), performance metrics (including
output voltage, power density, and responsiveness), and
diverse applications in wearable electronics, self-powered
sensors, and textile-integrated power sources.

Significant progress has been achieved in recent years,
with devices demonstrating enhanced power output (reach-
ing hundreds of microwatts per square centimeter in some
cases), improved mechanical flexibility, breathability, and
environmental stability. These advancements have posi-
tioned electrospun nanofiber-based MEGs as ideal candi-
dates for powering next-generation portable and IoT devic-
es without the reliance on traditional batteries.

Nevertheless, several critical challenges remain to
be addressed for scalable and practical implementation.
These include limited long-term stability under fluctuating
humidity conditions, relatively modest power densities
for high-demand applications, complexities in large-scale
manufacturing, and the need for better integration with
existing textile and electronic systems while maintaining
cost-effectiveness and environmental benignity.
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Looking ahead, future research should prioritize the
development of hybrid multifunctional materials, intelli-
gent device architectures (e.g., multilayer or asymmetric
designs), and scalable roll-to-roll electrospinning pro-
cesses. Additionally, in-depth mechanistic studies using
advanced characterization techniques, combined with re-
al-world field testing and standardization efforts, will be
essential to bridge the gap between laboratory prototypes
and commercial viability. With continued innovation, elec-
trospun nanofiber-based MEGs hold tremendous potential
to contribute meaningfully to sustainable energy solutions,
enabling a new era of autonomous, moisture-powered
wearable technologies.
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I'eHepaTopsbl JJIeKTPUYECTBA U3 ATMOC(EPHOU BJIard HA OCHOBE
3JIEKTPO(POPMOBAHHBIX BOJIOKOH

A.B. Pui0anka, ILII. CuerkoB, U.I. CmupnoBa, C.H. Mopo3kuna

MHCTUTYT NepCcneKTUBHBIX CUCTEM Iiepenaun AaHHbiX, YHusepcurer MTMO, Kponsepkckuit npocrnexr, a. 49, nmuT. A.,
Cankr-IletepOypr, Poccus, 197101

AHHOTanms1. [eHepaTopbl AEKTPUIECKOH IHEPTUU U3 aTMOC(HEPHON BIIary MPE/ICTABIISIOT COO0M NEePCHEKTUBHBIN M IKOJIOTHYECKUI
TIO/IXO/1 K IIPSIMOMY ITPEe00Pa30BaHHIO YHEPTUH OKPYIKAIOLIEH Cpe/ibl 38 CUET TUTPOCKOIMYECKUX B3aNMOJICHCTBHUIT M TPOLIECCOB HOHHOTO
Tpancnopra. Cpe pa3IMYHbIX apXUTEKTYP 0COObIN HHTEPEC BHI3BIBAIOT YCTPOHCTBA HA OCHOBE HAHOBOJIOKOH, ITOJTYUSHHBIX METO0M
aneKTpodopMoBaHHsl, Oi1arofapsi UX BBHICOKOH Y/ICIBHOM IMMOBEPXHOCTH, BEICOKOH BO3MYXOIPOHHUI[AEMOCTH, MEXaHNYECKOH THOKOCTH
1 BO3MO)KHOCTH MHTETPAlMK B IIEPEHOCHBIC JIEKTPOHHBIE ycTpolcTBa. B HacrosmeM 0030pe cHCTeMaTH3HPOBAaHBI COBPEMEHHBIE
JOCTI)KEHHUSI B 00JIACTH TEHEPaTOPOB ISKTPUIECTBA U3 BJIard Ha OCHOBE AIEKTPOPOPMOBAHHBIX HAHOBOJIIOKOH. PaccMOTpeHbI METOIbI
HX TIOJYYCHHUS] C HCIOIB30BAaHMEM O3JICKTPOCHMHHUHIA, MOAXOIbI K ONTHMHU3ALUH MaTepUajioB C BBEICHHUEM (YHKIIMOHAIBHBIX
J00aBOK, TaKUX KaK yIIepoJHble HaHOTPYOkH, MXene, BOCCTaHOBIICHHBII OKcUL TpadeHa U OakTepHalbHas LEJUI0I03a, a TAKKe
OCHOBHBIE (hPM3MYECKHE MEXaHU3MBI TeHEpaliK IEKTPHUECKOr0 OTKIIMKA, BKIoYas 1U(Gdy3n0 HOHOB B IpaJIeHTe KOHIIEHTPAIHH,
BO3HMKHOBEHHE CTPUMHHIOBOTO OTEHIINAJIA M HOHU3ALMIO IIOBEPXHOCTHBIX (QyHKIIMOHAIBHBIX IpyNIL. [IpoaHani3upoBaHbl KIIFOYEBbIE
9KCILTyaTal[MOHHBIE XapaKTEPUCTHKU YCTPOMCTB, TaKMe KaK BBIXOJHOE HANpPsDKEHHE, INIOTHOCTh MOIIHOCTH U JOJITOBPEMEHHAs
CTaOMJIBHOCTD, @ TAKKe MX HPHMEHEHHE B aBTOHOMHBIX IIE€PEHOCHMBIX YCTPOMCTBaX, CEHCOPHBIX CHUCTEMaX M TEKCTHIBHOMN
anexkrpoHuke. [Toka3aHo, YTO MCIOJIb30BAHHE TMOPHIHBIX apXUTEKTYp MO3BOJISET CYLIECTBEHHO ITOBBICUTH BBIXOJHYIO MOIIHOCTH
U JIOITOBEYHOCTh YCTPOMCTB. BmecTe ¢ TeM ocTaloTcsi HepeHIEHHBIMH INPOOJIEMBI, CBSI3aHHbIE ¢ O0ECIICYEHHEM JO0JIrOCPOYHOI
HaJI&KHOCTH, MAcIITabMPYeMOCTH TEXHOJIOTHYECKUX MPOIECCOB UM IOBBIIICHHEM 3(QEKTHBHOCTH IpeoOpa3oBaHUs SHEPrHH,
YTO B HACTOSIIEE BPEMsI OTPAaHUYMBACT IIUPOKOE MPAKTUYECKOE BHEAPEHHE MaHHBIX CHUCTeM. [IepCrieKTMBHBIMHU HalpaBICHUSIMU
JaJbHEHIINX MCCIICIOBAHUH SIBISIIOTCST pa3padoTka MHOTO(YHKIIMOHAIBHBIX MaTepHaIoB, aCHMMETPHYHBIX apXUTEKTYp YCTPOICTB
1 MacIITabupyeMbIX TEXHOJIOTHIl TPOU3BOCTBA, HAIIPABICHHBIX HAa CO3JaHHE MPAKTHYECKUX aBTOHOMHBIX MCTOYHHKOB TIUTAHUS JUIS
TEXHOJIOTUI1 CJIEIYIOIIErO TOKOICHHSI.

Knrouessie crosa: HAaHOBOJIOKHA, MOJIYYYE€HHBIE METOIOM 3J'IeKTp0(1)OpMOBaHl/15[; FeHEPATOPLI JJICKTPUICCTBA U3 aTMOC(bepHOﬁ BJIaru,
(l)yHKLlI/lOHaIlebIe HaHOMaTepurabl, aBTOHOMHBIE CEHCOPbI; HCTOYHUKU IMMUTAHUS I HOCHUMOM DJIEKTPOHUKH
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