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Abstract

Moisture-enabled electricity generation (MEG) has emerged as a transformative paradigm for harvesting clean, sustainable energy from
ubiquitous atmospheric humidity. This paper provides a comprehensive examination of the physical principles governing water adsorption
energy harvesting, focusing on the fundamental mechanisms that convert molecular interactions between water and hygroscopic materials
into usable electrical power. Through systematic analysis of ion diffusion, streaming potential, and electric double layer dynamics, we
elucidate how functional group chemistry, nanoconfinement effects, and asymmetric material architectures govern charge separation and
transport. Recent breakthroughs demonstrating power densities exceeding 1.5 mW c¢m3, voltages above 1.0 V from single-cell devices, and
novel hybrid systems integrating moisture harvesting with triboelectric or photovoltaic mechanisms are critically evaluated. We examine
material innovations spanning carbon-based nanostructures, hydrogel-salt composites, metal-organic frameworks, and bioinspired systems
that achieve unprecedented hygroscopicity and ion selectivity. Additionally, we analyze emerging device architectures including Janus
structures, biomimetic aerogels, and self-adsorbing evaporative generators that address persistent challenges in continuous water supply and
sustained output. Finally, we identify critical knowledge gaps in thermodynamic modeling, long-term durability, and scalable manufacturing
while proposing future research directions including Al-assisted material discovery and hybrid energy systems. This review establishes that
moisture-powered electricity, grounded in rigorous adsorption physics, stands poised to enable self-powered microelectronics, distributed
sensing networks, and sustainable energy solutions independent of geographical constraints.

Keywords: Moisture-enabled electricity generation, Hydrovoltaic effect, Water adsorption physics, lon diffusion, Streaming potential,
Hygroscopic materials, Energy harvesting, Electric double layer, Nanoconfined transport, Sustainable energy

1. Introduction

The confluence of escalating global energy demand,
accelerating climate change, and the imperative to
decarbonize human civilization has catalyzed intensive
research into renewable energy technologies beyond
conventional solar, wind, and hydroelectric power. Among
emerging  paradigms,  moisture-enabled  electricity
generation (MEG) occupies a uniquely compelling position:
it harvests energy from the most abundant and
geographically ubiquitous resource on Earth-atmospheric
water vapor. The Earth's atmosphere contains approximately
12,900 cubic Kilometers of water, representing a thermal
energy reservoir of roughly 3 x 102 joules, yet this resource
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remains almost entirely untapped for direct electricity
generation.

The conceptual foundations of moisture-based electricity
generation trace back to 19th-century observations of
electrokinetic phenomena, particularly streaming potential,
wherein liquid flow through narrow capillaries under
pressure gradients generates measurable electrical currents.
However, the contemporary field of MEG crystallized
following two landmark discoveries. In 2015, Qu and
colleagues demonstrated that graphene oxide films with
asymmetric oxygen functional group distributions could
generate sustained voltage exceeding 0.1 V upon exposure
to humidity gradients. This work established that chemical
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asymmetry, rather than mechanical pressure, could drive
directed ion transport. Subsequently, Galembeck's group
revealed that ostensibly insulating materials including
cellulose, polymers, and even metals spontaneously acquire
excess surface charges under high relative humidity,
challenging long-held assumptions about charge neutrality
in humid environments.

The intervening decade has witnessed explosive growth in
MEG research, with annual publications increasing from
fewer than ten in 2016 to several hundred by 2025. This
acceleration reflects both fundamental scientific interest in
water-solid interfacial physics and pragmatic recognition

that MEG offers distinctive advantages: it operates
continuously without sunlight or wind, requires no
mechanical moving parts, functions across diverse

geographical and climatic conditions, and generates
electricity without harmful by products. Nevertheless,
significant challenges persist. Most MEG devices produce
power in the nanowatt to microwatt range-orders of
magnitude below practical requirements for most
applications. Device stability under fluctuating humidity,
long-term material degradation, and the absence of
standardized performance metrics impede technological
maturation.

This paper provides a rigorous examination of the physical
principles  underlying  moisture-powered  electricity
generation. We adopt a hierarchical approach, beginning
with molecular-scale interactions between water molecules
and functional material surfaces, progressing to nanoscale
transport phenomena within confined geometries, and
culminating in macroscopic device architectures and
system-level performance. Our analysis integrates recent
breakthroughs in mechanistic understanding, material
innovation, and device engineering while critically
evaluating persistent knowledge gaps. By establishing clear
connections between fundamental adsorption physics and
observed electrical outputs, we aim to provide a conceptual
framework that guides rational design of next-generation
MEG systems.

2. Fundamental Physics of Water Adsorption and
Charge Generation

2.1 Water-Material Interactions at Molecular Scales

The genesis of moisture-induced electricity lies in the
spontaneous interaction between water molecules and solid
surfaces. Unlike conventional electrokinetic systems
requiring externally applied pressure gradients, MEG
devices exploit the inherent chemical potential difference
between dry and hydrated states of hygroscopic materials.
This potential difference originates from multiple
concurrent phenomena: proton dissociation from oxygen-
containing functional groups, preferential adsorption of ions
at solid-liquid interfaces, and the formation of electric
double layers (EDLs) within nanoconfined spaces.

When a hygroscopic surface bearing carboxyl (-COOH),
hydroxyl (-OH), or sulfonate (-SOsH) groups encounters
water vapor, adsorption proceeds through sequential stages.
At low relative humidity (RH < 20%), individual water
molecules hydrogen-bond to functional groups without
forming continuous water networks. As humidity increases,
adsorbed water clusters grow and coalesce, eventually
establishing percolated pathways that enable ion transport.
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Critically, the thermodynamics of this adsorption process
are governed by the chemical potential difference between
vapor-phase water and adsorbed water, described by the
Guggenheim-Anderson-de Boer (GAB) model or more
recent thermodynamic frameworks specifically developed
for hydrogel-salt composites.

The ionization of functional groups upon hydration provides
the primary charge carrier source in most MEG systems.
Carboxyl groups, with pKa values typically between 4-5,
dissociate to release protons (H') and form negatively
charged carboxylate (-COO") sites. Density functional
theory (DFT) calculations reveal that the proton dissociation
barrier for -COOH is substantially lower than for -OH,
explaining the superior performance of carboxyl-rich
materials. The equilibrium surface charge density o depends
on functional group surface density, dissociation constant,
and local proton concentration, which itself is modulated by
confinement and EDL formation.

2.2 lon Diffusion Mechanism

The ion diffusion mechanism, also termed the concentration
gradient mechanism, underlies the earliest MEG
demonstrations and remains the most widely implemented
approach. Consider a hygroscopic film with asymmetric
distribution of ionizable functional groups: one region (the
"source™) possesses high functional group density while the
opposite region (the "sink™) possesses low density. Upon
hydration, the source region generates substantially higher
mobile ion concentration than the sink region. This
concentration gradient drives diffusive ion flux from source
to sink according to Fick's first law:

J=-DVc

where Jis the ion flux vector, D the diffusion coefficient,
and Vc the concentration gradient. Because cations
(typically H*) and anions exhibit different mobilities or
because the material selectively permits cation transport,
charge separation emerges, establishing an electric field that
counterbalances diffusive flux at steady state.

The open-circuit voltage generated by this mechanism can
be approximated by a modified Nernst equation:

V_oc = (RT/F) In(c_high/c_low)

where R is the gas constant, T temperature, F Faraday's
constant, and c_high/c_low the ion concentration ratio
between source and sink. For typical functional group
concentration ratios of 10-100, this predicts V_oc of 60—
120 mV per cell, consistent with early graphene oxide
devices. However, contemporary devices achieve
substantially higher voltages through series integration of
multiple concentration gradients or through synergistic
combination with other mechanisms.

The rate-limiting step in diffusion-dominated MEG is
typically water adsorption Kinetics rather than ion transport.
Water molecules must first adsorb and diffuse to functional
groups to enable proton dissociation; this adsorption-
diffusion process exhibits characteristic timescales from
seconds to minutes depending on material porosity,
humidity, and temperature. Consequently, devices
optimized for rapid humidity response require high specific
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surface area and interconnected pore networks that facilitate
vapor transport.

2.3 Streaming Potential in Nanoconfined Channels

The streaming potential mechanism operates through
fundamentally different physics. When an electrolyte
solution flows through a charged capillary under pressure-
driven flow, the mobile counterions in the diffuse layer are
advected downstream, producing a streaming current.
Charge accumulation at the downstream end generates an
electric field that drives a conduction current opposite to the
flow direction; at steady state, the streaming current equals
the conduction current, establishing a measurable streaming
potential.

In conventional microfluidics, streaming potentials reach
millivolt scales. However, when channel dimensions
approach the Debye length A D (typically 1-100 nm for
aqueous electrolytes), EDL overlap occurs, dramatically
enhancing charge selectivity and streaming potential
magnitude. This nanoconfinement effect is central to MEG
devices employing porous carbon, nanocellulose networks,
or metal-organic frameworks (MOFs). The Debye length is
given by:

A_D = V(eRT / 2F2)

where ¢ is dielectric constant, €0 vacuum permittivity, and I
ionic  strength. In  low-ionic-strength  conditions
characteristic of adsorbed water films, A_D expands to tens
of nano-meters, enabling EDL overlap even in moderately
porous materials.

The streaming current 1_s for a single cylindrical channel
under pressure gradient AP is:

I s=(eelAP /ML) x A

where ( is zeta potential, 1 dynamic viscosity, L channel
length, and A cross-sectional area. Unlike diffusion-driven
MEG, streaming potential devices require sustained fluid
flow. In traditional implementations, this necessitates
external water reservoirs and pressure sources. However,
recent innovations exploit capillary pressure generated by
evaporation from porous materials: as water evaporates
from channel outlets, capillary tension draws continuous
flow from humid regions, creating self-sustaining
circulation without mechanical pumps.

2.4 Electric Double Layer Dynamics and Capacitive
Effects

Both ion diffusion and streaming potential mechanisms
involve EDL formation and evolution, yet the EDL itself
contributes directly to electricity generation through an
additional mechanism: charged surface potential variation.
When two electrodes contact a hygroscopic material with
asymmetric water content, the EDL capacitance differs
between wet and dry regions, producing potential
differences that charge and discharge external circuits.

The EDL capacitance C_EDL comprises Stern layer
capacitance C_S in series with diffuse layer capacitance
C_D. For planar electrodes, C_D is given by the Gouy-
Chapman model:
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C_D = (eeo/A_D) cosh(zFy/2RT)

where y is potential at the Stern plane. In nanoconfined
systems with EDL overlap, this continuum model breaks
down, requiring molecular dynamics simulations or
modified Poisson-Nernst-Planck  frameworks. Recent
capacitor-based MEG devices exploit this mechanism to
achieve high current densities, albeit typically with pulsed
rather than continuous output.

3. Materials Engineering for Enhanced Adsorption and
lon Transport

3.1 Carbon-Based Materials

Graphene oxide (GO) remains the most extensively studied
MEG material due to its tunable oxygen functional group
chemistry, solution processability, and high specific surface
area. The canonical GO MEG device employs a film with
oxygen functional group gradient established through
electric field-induced migration of charged GO sheets or
through controlled reduction techniques. Maximum power
densities for pristine GO devices typically range from 0.1-
10 uW cm™, constrained by limited ion mobility within the
interlayer spacing.

Recent advances address these limitations through three
strategies.  First, expanded interlayer spacing via
intercalation of polymers or nanoparticles accelerates water
and ion transport. Second, heteroatom doping (nitrogen,
sulfur, phosphorus) modifies electronic structure and
enhances proton dissociation. Third, three-dimensional
porous architectures-including GO sponges, aerogels, and
foams-dramatically increase accessible surface area while
reducing tortuosity. These approaches have collectively
elevated power densities beyond 70 pW cm™ in optimized
configurations.

Carbon nanotubes (CNTs) and carbon black offer
alternatives to GO with distinct advantages: higher electrical
conductivity, well-defined pore structures, and absence of
insulating oxidized regions that impede charge transport in
GO. However, pristine CNTs lack sufficient functional
groups for proton generation, necessitating surface
functionalization through acid treatment, plasma processing,
or polymer coating. Cellulose-derived carbon materials have
gained attention as sustainable, low-cost alternatives,
achieving power densities comparable to GO while offering
biodegradability.

3.2 Hygroscopic Polymers and Hydrogels

Polyelectrolyte films represent the most successful polymer-
based MEG platform. In 2021, Qu's group demonstrated that
bilayer polyelectrolyte films comprising oppositely charged
polymers could generate integrated voltages up to 1000 V
through serial connection of multiple cells. The mechanism
exploits fixed charge groups within polymer matrices that
immobilize counterions while permitting co-ion transport,
creating efficient ion-selective membranes.

Hydrogel-salt composites have emerged as particularly
promising materials due to their extreme hygroscopicity,
high water capacity, and tunable mechanical properties.
Diaz-Marin's thesis work at MIT established comprehensive
thermodynamic and transport frameworks for hydrogel-salt
composites, demonstrating  that  lithium  chloride-
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impregnated poly(acrylamide)  hydrogels  achieve
equilibrium water uptake of 1.8 kg/kg at 30% RH-exceeding
all previously reported sorbents. Critically, this work
elucidated the relationship between polymer crosslink
density, salt concentration, and water activity, enabling
predictive design rather than empirical optimization.

The application of hydrogel-salt composites to MEG was
demonstrated by Yang et al. (2022) *Y and subsequently
refined by Lin's group, whose hygroscopic-evaporative
generator (HEG) employing lithium-cellulose composites
achieved 1.506 mW cm™ power density-among the highest
reported values. The mobile Li* ions dissociated from LiCl
serve as charge carriers, while the cellulose matrix provides
mechanical integrity and directed water transport channels.
Unlike GO-based devices requiring chemical asymmetry,
these systems generate electricity through spontaneous
water adsorption at one device face and evaporation at the
opposite face, establishing continuous ion flow.

3.3 Emerging Material Platforms

Metal-organic frameworks (MOFs) offer unparalleled
design versatility for MEG applications. Their crystalline
structures with atomic-level pore size control, enormous
surface areas (up to 7000 m? g!), and tunable functionality
enable systematic investigation of confinement effects on
water adsorption and ion transport. Wang et al.
demonstrated that Cu(BDC-OH) MOFs with hierarchical
oriented structures and controlled surface charge density
generate substantial output voltages, with performance
scaling directly with zeta potential magnitude.

Biomimetic and bio-derived materials represent another
fertile frontier. Protein nanowires harvested from Geobacter
sulfurreducens sustain stable voltage output (0.4-0.6 V) for
over two months, leveraging the microbe's natural electron
transport proteins. Cellulose/MXene aerogels mimicking
wood's aligned porous microstructure achieve simultaneous
moisture adsorption and mechanical resilience, enabling
hybrid MEG-triboelectric devices. These bioinspired
systems demonstrate that evolutionary optimization over
millions of years provides valuable design principles for
synthetic MEG materials.

4. Device Architectures and System Integration

4.1 Asymmetric and Gradient Structures

The earliest MEG devices relied on macroscopic gradients
in functional group concentration, oxygen content, or
hydrophilicity. Contemporary designs implement more
sophisticated asymmetry strategies. Janus structures-
materials with opposing faces exhibiting contrasting
properties-have proven particularly effective. Liu et al.'s
self-adsorption Janus generator employs CaCl.-modified
hydrophilic regions for moisture capture and unmodified
hydrophobic regions for evaporation control, achieving
continuous 0.67 V output from centimeter-scale devices
without external water reservoirs.

The physical principle underlying Janus MEG devices is the
maintenance of sustained chemical potential difference
across the material. The hydrophilic face maintains low
water chemical potential (high binding energy),
continuously adsorbing vapor, while the hydrophobic face
maintains higher chemical potential, promoting desorption
or evaporation. This adsorption-evaporation cycle drives
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perpetual water flux through the device, sustaining ion
advection and streaming potential indefinitely.

4.2 Hybrid Energy Harvesters

Recognizing that individual energy harvesting modalities
possess complementary strengths and weaknesses, several
groups have developed hybrid devices integrating MEG
with triboelectric nanogenerators (TENG) or photovoltaic
cells. The central challenge lies in reconciling conflicting
moisture requirements: MEG demands high humidity for
optimal performance, whereas TENG output typically
degrades at high humidity due to charge dissipation and
surface conduction.

Zhang et al. resolved this conflict through moisture-adaptive
cellulose/MXene aerogels with highly aligned through-hole
structures. This biomimetic architecture enables efficient
moisture transport through interior channels while
maintaining  surface  hydrophobicity that preserves
triboelectric charge. The resulting hybrid device achieves
maximum voltage of 106 V, current density of 400 pA cm ™2,
and power density of 77 uW cm2-surpassing standalone
MEG or TENG devices across all metrics.

Similarly, Wang and Zhong's moisture-light harvesting
enhanced generator (MLEG) integrates polyelectrolyte ;2
networks with photoresponsive MoS: nanosheets. Light
irradiation drives water oxidation at the photoanode,
generating additional protons that augment the moisture-
induced ion current. This synergistic enhancement increases
power density by 60.98% compared to dark conditions,
reaching 117.11 pW cm™ at 75% RH.

4.3 Flexible, Wearable, and Deployable Systems

The intrinsic compatibility of MEG with ambient humidity-
requiring neither direct sunlight nor mechanical input-makes
it exceptionally well-suited for wearable and distributed
sensing applications. Paper-based MEG devices leveraging
bacterial spores or asymmetric carbon electrodes achieve
operation even at low humidity while maintaining flexibility
and low cost. Textile-integrated MEG systems printed onto
fabric substrates demonstrate stable output during
mechanical deformation, enabling self-powered
physiological monitoring.

Perhaps most remarkably, Lin's hygroscopic-evaporative
generator harvests biomoisture from fruit respiration,
generating 1.2-1.4 V continuously while simultaneously
extending fruit shelf life through humidity regulation. This
application exemplifies MEG's potential for distributed,
low-power energy harvesting in contexts where
conventional batteries are impractical or environmentally
problematic.

5. Critical Analysis of Persistent Challenges

5.1 Power Density and Scaling Limitations

Despite substantial progress, MEG power densities remain
orders of magnitude below those of photovoltaic or
thermoelectric technologies. The fundamental constraint is
thermodynamic: the maximum extractable work from
humidity-driven adsorption/desorption cycles is limited by
the Gibbs free energy change of water transfer between
vapor and adsorbed phases. For typical atmospheric
conditions (25 °C, 50% RH), this free energy change is
approximately 0.5-1.0 kJ per mole of water transferred,
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corresponding to maximum theoretical power densities on
the order of 10* uyW cm™ for optimally designed systems.
Current devices achieve only 0.01-1% of this theoretical
limit, indicating substantial room for improvement through
reduced internal resistance, enhanced ion selectivity, and
minimized parasitic losses.

5.2 Environmental Stability and Durability
Long-term operational stability remains
characterized. Hydrogel-salt composites, despite their
exceptional  hygroscopicity, undergo  metal-mediated
degradation that progressively reduces water uptake
capacity. Diaz-Marin demonstrated that stainless steel mesh
current collectors catalyze oxidative degradation of polymer
networks, reducing equilibrium uptake by >50% over six
months; simple strategies including gold coating or polymer
encapsulation effectively suppress this degradation.
However, systematic studies of failure modes across
material classes-carbon oxidation, polymer hydrolysis,
electrode corrosion-are largely absent from the literature.

inadequately

5.3 Humidity Dependence and Geographic Variability
Most MEG demonstrations employ controlled laboratory
humidity (typically 60-85% RH) that substantially exceeds
ambient conditions in many inhabited regions. Device
performance typically decays exponentially with decreasing
humidity, reflecting the humidity dependence of adsorbed
water content and ion mobility. At RH < 30%, most current
MEG materials generate negligible power. This humidity
threshold excludes MEG deployment in arid and semi-arid
regions comprising approximately 30% of Earth's land area.
Recent advances in super-hygroscopic hydrogels and MOFs
achieving significant water uptake even at 15-20% RH offer
potential solutions, but integration with MEG devices
remains nascent.

5.4 Mechanistic Ambiguity and Diagnostic Challenges

A persistent challenge in MEG research is unambiguous
identification of dominant operating mechanisms in specific
devices. lon diffusion, streaming potential, and capacitive
charging often coexist and interact nonlinearly,
complicating rational optimization. Moreover, the absence
of standardized measurement protocols impedes cross-study
comparison; reported power densities employ disparate
device areas, electrode configurations, and humidity
conditions. Development of diagnostic methodologies-
including controlled isotope exchange, spatially resolved
potential mapping, and impedance spectroscopy under
precisely controlled humidity-would substantially advance
mechanistic understanding.

6. Future Directions and Outlook

6.1 Al-Assisted Material Discovery

The MEG materials design space-encompassing chemical
composition, pore architecture, functional group density,
and mechanical properties-vastly exceeds human
experimental capacity. Machine learning approaches,
particularly those integrating high-throughput
experimentation with active learning algorithms, offer
accelerated pathways to optimal materials. Graph neural
networks trained on metal-organic framework databases
successfully predict water adsorption isotherms with density
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functional theory accuracy at negligible computational cost;
extension to predict ion mobility, zeta potential, and MEG
power output represents a tractable near-term goal.

6.2 Multiphysics Modeling and Simulation

Predictive modeling of complete MEG devices requires
simultaneous solution of coupled heat transfer, mass
transport, electrostatics, and chemical reaction equations
across multiple length scales. Current models either simplify
pore-scale physics to achieve system-level tractability or
resolve atomic-scale interactions at the expense of practical
device dimensions. Emerging multiscale frameworks
bridging quantum mechanical calculations of functional
group dissociation, classical molecular dynamics of
confined water transport, and continuum finite-element
simulations of device-scale current-voltage characteristics
promise to unify these approaches.

6.3 Hybridization and System Integration

The most compelling near-term MEG applications likely lie
not in competition with established renewable technologies
but in synergistic combination with them. MEG's
continuous, all-weather operation complements solar
photovoltaics' daytime-only generation and wind power's
intermittency. Integrated water-energy systems could
simultaneously harvest atmospheric water for drinking and
generate electricity from the sorption/desorption cycle.
Building-integrated MEG facades could scavenge humidity
gradients between indoor conditioned spaces and outdoor
ambient air. These system-level opportunities require
interdisciplinary collaboration spanning materials science,
mechanical engineering, architecture, and environmental
science.

6.4 Addressing Fundamental Knowledge Gaps

Several fundamental questions remain inadequately
addressed. What is the maximum achievable charge carrier
concentration from functional group dissociation under
realistic humidity conditions? How do nanoconfinement and
EDL overlap modify proton hopping kinetics compared to
bulk water? What determines the long-term (>1 year)
stability of hygroscopic materials under cyclic adsorption-
desorption? Can we achieve true thermodynamic
reversibility in moisture-electric conversion, or are
irreversible processes inherent to the mechanism?
Resolution of these questions will transform MEG from an
empirical craft to a predictive engineering science.

7. Conclusion

Moisture-powered electricity generation represents a
fundamentally new paradigm for harvesting renewable
energy, distinguished by its reliance on the most ubiquitous
substance on Earth's surface and its independence from
geographical or climatic constraints. The physics underlying
this  technology-water  adsorption  thermodynamics,
functional group dissociation, electric double layer
formation, and electrokinetic transport in nanoconfined
geometries-constitutes a rich interdisciplinary domain at the
intersection of surface science, soft matter physics, and
electrochemistry.

The past decade has witnessed remarkable progress: power
densities have increased by four orders of magnitude,
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operating mechanisms have been elucidated with increasing
precision, and proof-of-concept applications spanning self-
powered wearables to distributed environmental sensors
have been demonstrated. Yet substantial challenges remain
before MEG transitions from laboratory curiosity to
practical technology. Power densities must increase further,
humidity thresholds must decrease, long-term stability must
be validated, and manufacturing processes must be scaled.
Critically, these challenges are not insurmountable. The
theoretical efficiency limits of moisture-electric conversion
substantially exceed current achievements, and the material
design space remains largely unexplored. With continued
investment in fundamental mechanistic research, advanced
characterization, and computational materials discovery,
moisture-enabled electricity generation is poised to emerge
as a viable contributor to the decentralized, sustainable
energy infrastructure of the future.
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