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The continuous advancement in low-power electronics, wearable devices, and autonomous sensing
platforms has increased the demand for energy harvesting technologies capable of extracting power
from ambient energy sources. Among these sources, atmospheric humidity has recently emerged as
a promising source for micro-scale power generation, as ambient moisture gradients can drive ion
transport in hygroscopic materials to produce electrical output for low-power electronics and self-
powered sensors. Recently, the systems like moisture-enabled electric generators (MEGs), hygroelectric
converters, and evaporation-induced energy harvesters have shown the capability to transform water
vapor or humidity gradients into usable electrical energy, utilizing environmentally friendly materials and
via passive operation. This review presents a comprehensive overview of the fundamental mechanisms,
materials, and device architectures that define humidity-driven energy harvesting technologies. Current
methods are categorized according to their operational principles, such as ionic diffusion, surface charge
modulation, and evaporation-driven flow. Key material systems, including carbon-based films, hydrogels,
metal oxides, and bio-inspired composites, are examined for their performance, durability, and
scalability. The discussion also includes the integration of these harvesting systems with energy storage
components as a means to achieve fully autonomous and self-sufficient power platforms. This review
focuses on applications in wearable technology, environmental monitoring, and the Internet of Things

(IoT) to emphasize the potential impact of humidity-powered systems in practical situations. Finally, the
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Accepted 27th January 2026 current limitations in power output, environmental sensitivity, and fabrication complexity are critically

examined, and future research directions are suggested. This review aims to summarize emerging
DOI: 10.1039/d5se01325a knowledge in this field and promote the advancement of next-generation humidity-enabled energy

rsc.li/sustainable-energy technologies for decentralized and sustainable energies.

energy harvesting strategies that exploit natural energy flows
present in the environment, such as light, heat, mechanical

1. Introduction

The shift towards sustainable energy systems represents
a significant scientific and technological challenge of the 21st
century." The increasing prevalence of mobile, wearable, and
embedded electronic systems, particularly within healthcare,
environmental monitoring, and the internet of things (IoT), has
created a critical need for micro-scale energy solutions that are
autonomous and environmentally friendly.>* These emerging
applications frequently function in areas where conventional
power sources, such as batteries or grid connections, are
unfeasible, short-lived, or environmentally unsustainable.** As
a result, researchers are increasingly focusing on ambient
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vibrations, and humidity.®

Despite considerable scientific progress in solar, thermo-
electric, and piezoelectric energy harvesters, each has its
distinct limitations. Photovoltaics demonstrate remarkable
efficiency when exposed to optimal lighting conditions, but they
encounter challenges due to poor performance in indoor
settings, intermittent availability, and vulnerability to environ-
mental deterioration.” Thermoelectric generators require
a temperature gradient to operate efficiently, limiting their use
to specific applications such as industrial waste heat recovery.®
Similarly, piezoelectric and triboelectric systems rely on
dynamic mechanical motion and are often unsuitable for
stationary or passive situations.’ These limitations underscore
the necessity to investigate alternative ambient energy sources
that are more prevalent and more aligned with the require-
ments of low-power and distributed electronics.

Atmospheric moisture, a stable and abundant feature of
terrestrial environments, offers a relatively unknown but
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promising source of environmental energy.'® The Earth's
atmosphere holds a considerable amount of water vapor, aver-
aging about 12900 cubic kilometers globally, which corre-
sponds to roughly 0.001% of the planet's total water volume.
Interactions with functional materials can induce electro-
chemical and electrostatic phenomena, which may be har-
nessed for electricity generation."™"” Humidity exists in both
outdoor and indoor settings, encompassing shaded, enclosed,
or otherwise hard-to-reach areas where solar or thermal gradi-
ents are inadequate.”»' This makes humidity-driven energy
harvesting particularly suitable for powering distributed sensor
networks, low-power embedded systems, and other off-grid
technologies.

The origins of humidity-to-electricity conversion are traced
back to early electrostatic observations. In 1840, Lord William
Armstrong first elucidated a phenomenon in which steam jets
released from a boiler produced a significant electrostatic
charge, henceforth referred to as the Armstrong Effect.
Systematic studies into this effect were carried out by Michael
Faraday in 1843.'° He ascribed the electrification to the friction
between metal surfaces and condensed water droplets, which
allowed for the transfer of ions and the charging of the surfaces.
Foundational insights into moisture-induced charge generation
have established the basis for current humidity energy research.
Currently, advanced materials, including graphene oxide
membranes, hygroscopic polymers, and bioinspired films,
utilize humidity gradients and vapor absorption to generate
electricity efficiently. Recent improvements in nanomaterial
engineering and thin-film fabrication have enabled the precise
regulation of surface wettability, ion mobility, and charge
separation, thus enhancing the effectiveness and applicability
of humidity-driven energy systems.

Between the early electrostatic observations of the 19th
century and the recent proliferation of moisture-powered tech-
nologies, foundational theoretical and experimental studies
have laid crucial groundwork. In 2004, Bazant and Squires
presented the concept of induced-charge electrokinetic
phenomena, demonstrating that nonlinear flows adjacent to
polarized surfaces can result in streaming currents and elec-
trokinetic pumping when subjected to weak electric fields."” In
2010, Bocquet and Charlaix synthesized advances in nano-
fluidics, focusing on confined water transport and electroki-
netic coupling at solid-liquid interfaces.'® In 2012, Jouniaux
and Bordes conducted a review of frequency-dependent
streaming potentials in porous media, thereby expanding the
theoretical foundation for electrokinetic energy conversion.*
On the materials side, Ghosh and co-workers in 2003 demon-
strated that ionic fluid flow through carbon nanotubes gener-
ated measurable electrical signals, providing one of the earliest
indications that nanostructured channels could convert fluid
motion into electricity.” This was followed by Jung and co-
workers in 2008, who documented how exposure to water
vapor significantly alters the electrical conductivity of reduced
graphene oxide (rGO) sheets, with behavior explainable through
adsorption kinetics. They explicitly mention that these changes
are relevant for gas sensor applications.”* In 2015, Zhao et al.
demonstrated that moisture adsorption on graphene oxide
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layers could generate sustained voltage outputs.* In 2017, this
finding was further clarified by Chang and Baek in their study of
charge transport mechanisms in graphene oxide.”® In 2017, it
was revealed that porous carbon-black sheets produce contin-
uous voltage when subjected to evaporative flux, representing
a significant advancement in the development of hydrovoltaic
devices.”* In 2018, the term “hydrovoltaic effect” was officially
created to characterize electricity production resulting from the
interaction of water with nanostructured materials, therefore
consolidating this emerging field under a unifying concept.”
Together, these studies from the early 2000s to the late 2010s
formed the bridge between theoretical electrokinetics and
application-oriented humidity-harvesting systems, which have
rapidly expanded since 2022.

In recent years, a number of technologies have emerged that
can convert moisture into usable electrical energy. These
include moisture-enabled electric generators (MEGs), hygro-
electric ~ generators, and  evaporation-driven  energy
harvesters.”*® Although the mechanisms vary among these
systems, they are generally based on ion diffusion, surface
charge modulation, or evaporation flow through asymmetric
material structures.*?*° These systems are generally fabricated
from lightweight, low-cost, and often biodegradable materials,
including carbon-based films, hydrogels, or metal oxides.
Although these technologies are relatively new, they have
demonstrated the capability to produce continuous albeit low-
power, electrical outputs that are appropriate for powering
microscale devices.**™*

However, the progress of humidity-driven energy harvesting
systems is still in its initial phases. Many prototypes continue to
be restricted to laboratory-scale demonstrations, exhibiting
limited long-term stability, low energy conversion efficiency,
and narrow environmental adaptability. Additionally, the lack
of standard methods and benchmarking protocols makes it
difficult to compare device performance across studies.’*
Finally, several current systems function exclusively as energy
harvesters and do not possess energy storage capabilities,
limiting their effectiveness for practical applications that
require a reliable power supply.*

The growing interest in moisture-powered systems is also
reflected in emerging interdisciplinary research efforts that
integrate principles from materials science, surface chemistry,
electrokinetics, device engineering, and system design. A
distinct trend is emerging in the design of multifunctional
platforms that incorporate energy harvesting with additional
functionalities, including sensing, actuation, and wireless data
transmission.***® As the field continues to evolve, innovative
device designs are anticipated to provide superior energy output
with enhancements in mechanical flexibility, form factor,
environmental durability, and overall system integration. The
long-term vision encompasses the seamless integration of
humidity-responsive components into smart textiles, construc-
tion materials, and implantable devices, with an emphasis on
compactness and energy autonomy as critical factors.>**

This review aims to provide a comprehensive and insightful
overview of the present landscape of humidity-driven energy
harvesting technologies. This review begins by classifying and
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Fig. 1 Key milestones in the evolution of humidity-to-electricity
conversion: In 1840, Armstrong described the discovery of electro-
static charge from steam jets.”® In 1843, Faraday's experiments showed
steam-driven electricity.*® In 2003, electrical signals were detected
from ionic fluid flow through carbon nanotubes.?® In 2008, reduced
graphene oxide sheets were shown to exhibit humidity-dependent
conductivity.?* In 2010, theoretical advances in nanofluidics clarified
confined water transport and electrokinetic coupling.*® In 2015, gra-
phene oxide films were demonstrated to generate direct power from
moisture exposure.? In 2017, evaporation-induced electricity was
achieved in nanostructured carbon films.2* In 2018, the concept of
hydrovoltaic energy was formalized,?® and since 2022, rapid progress
has been made in moisture-enabled generators, hybrid devices, and
integrated storage systems.7172

elucidating the core principles that underpin various
approaches to moisture-enabled electricity generation. The
focus then shifts to the material systems employed in device
construction, emphasizing their significance in efficiency,
stability, and scalability. The integration of energy storage
components into humidity-harvesting devices is subsequently
discussed, highlighting their significance for fully autonomous
systems. This review ultimately delves into significant applica-
tions, highlights existing limitations, and presents future
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research avenues that may expedite the advancement of next-
generation self-powered systems.

This review provides a resource for scientists and engineers
involved in the development of sustainable, compact, humidity-
driven energy solutions for practical applications. This
approach consolidates multiple research strands into a cohe-
sive framework that fosters innovation in the field of study.

The advancement of humidity-driven energy harvesting has
markedly progressed over the last two centuries, transitioning
from fundamental electrostatic findings to contemporary
innovations in hybrid nanogenerators. A visual timeline of key
milestones (Fig. 1) showcases the significant advances that have
influenced the field, encompassing the discovery of graphene
oxide's humidity sensitivity, evaporation-driven processes,
wearable MEG systems, and hybrid devices with integrated
storage and communication capabilities.

2. Classification of humidity-driven
energy conversion mechanisms

Energy harvesting technologies driven by humidity can be
broadly categorized according to their fundamental physical
mechanisms. Although all systems depend on atmospheric
moisture as an energy source, the approach to extracting elec-
trical energy differs considerably among the various designs.
The variations originate from the materials employed, device
configurations, and the specific interactions occurring between
water molecules and functional surfaces. This section catego-
rizes humidity-based energy harvesting systems into four main
classes: (i) ionic diffusion and electrokinetic systems, (ii)
surface charge and hygroelectric effect-based systems, (iii)
evaporation-induced flow generators, and (iv) triboelectric
generators influenced by humidity. Each mechanism is exam-
ined with a focus on the physical principles, representative
materials, and performance characteristics. To provide a clear
visual comparison, Fig. 2 illustrates the four primary humidity-
driven electricity generation mechanisms. Each approach
reflects a distinct interaction pathway between water molecules
and functional surfaces, and collectively, they underpin the
diversity of moisture-enabled energy technologies.

It should be noted that the terminology in humidity-driven
energy harvesting literature has not yet been standardized.
Terms such as “moisture-enabled electric generator,” “hygro-
electric generator,” and “humidity-driven energy harvester” are
often used interchangeably, even when distinct physical
mechanisms are involved. In this review, classification is
therefore based strictly on the dominant energy conversion
mechanism rather than on the terminology adopted in the
original publications. In particular, systems relying on bulk
ionic diffusion, proton transport, or electrochemical concen-
tration gradients are distinguished from those governed
primarily by surface charge redistribution or dipole-induced
potential modulation. Transitional and hybrid cases are di-
scussed explicitly, where appropriate.

This journal is © The Royal Society of Chemistry 2026
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Fig.2 Schematic of the four primary mechanisms of humidity-driven electricity generation. (a) lonic diffusion and electrokinetic systems utilize
humidity-induced concentration gradients in hygroscopic media to drive ion migration and generate voltage. Key driving forces include
asymmetric humidity exposure, gradients in surface functional groups, wettability-induced moisture distribution, and built-in electrostatic fields.
Enhanced transport is further supported by the Grotthuss-type proton hopping, electric double layer formation, and ionic composite doping,
collectively enabling efficient charge flow and voltage generation. (b) Surface charge modulation (hygroelectric effect) arises from water
adsorption on polar or semiconducting surfaces, altering surface potential and inducing dipoles. (c) Evaporation-induced streaming and ther-
modiffusion-based systems convert capillary flow and evaporation into electric signals through streaming potentials and temperature gradients.
(d) TENGs are modulated by ambient humidity, which influences surface charge retention and electrostatic interactions during contact-sepa-
ration cycles. These diverse mechanisms underpin the versatility of moisture-enabled energy harvesting platforms.

2.1 Ionic diffusion and electrokinetic systems into contact with atmospheric moisture. In this review, such
systems are classified based on their dominant electrochemical
and electrokinetic mechanisms regardless of whether they are
labeled as “moisture-enabled electric generators” or “hygro-
electric devices” in the original literature. These systems
harness electrical energy when water molecules are absorbed by

Among the most researched humidity-based energy harvesting
systems are those that rely on bulk ionic transport processes,
primarily ion diffusion driven by concentration gradients and/
or the formation of electric double layers (EDL),

phenomena that take place when hygroscopic materials come

This journal is © The Royal Society of Chemistry 2026 Sustainable Energy Fuels, 2026, 10, 1382-1407 | 1385
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materials that contain functional groups like hydroxyl (-OH),
carboxyl (-COOH), or sulfonic acid (-SO3;H). Upon exposure to
humidity, these functional groups dissociate, releasing mobile
cations, mainly protons, which act as charge carriers.***

The presence of a concentration gradient of these ions across
the material triggers the ions to migrate in a direction, which in
turn creates an internal electrochemical potential difference
and produces a voltage between the two electrodes.

This process is referred to as gradient diffusion and can be
initiated through two main strategies. The first involves asym-
metric exposure to moisture, for instance, by positioning one
side of the device in a high-humidity environment while
keeping the other side under drier conditions. This results in
a localized rise in ion concentration on one side, leading to the
generation of a net diffusion current (Fig. 2a).**** The second
strategy is based on the structural asymmetry of surface func-
tional groups. In this context, areas with a higher density of
dissociable sites tend to release more ions when moisture is
absorbed, which facilitates the movement of ions toward
regions with fewer functional groups (Fig. 2a).*

In many reported devices, these processes are electrochem-
ically analogous to moisture-activated concentration cells,
where humidity regulates ionic activity and electrode potentials
rather than inducing purely electronic surface polarization.
This mechanism systematically converts the chemical potential
energy of adsorbed water molecules into electricity. Protons
often play a key role in this diffusion process, and their mobility
greatly affects the resulting electrical output. Improving
performance relies on optimizing the surface chemistry,
boosting the density and polarity of functional groups, and
engineering the material geometry to promote sustained
concentration gradients.

In some cases, a hydrophilic-hydrophobic gradient is created
along the length of the material to enhance directional ion flow
(Fig. 2a).** This gradient encourages asymmetric water absorp-
tion, resulting in improved ionic movement and stronger
concentration gradients. Polymeric systems, carbon-based
materials, and metal oxides, particularly when combined with
ionic electrolytes or surface-active salts, have been utilized to
enhance ionic conductivity and boost charge separation effi-
ciency via humidity-activated ion transport mechanisms
(Fig. 2a).***7%® These composite designs expand the range of
materials that can be utilized and provide flexibility in both
structure and performance.

Materials frequently used in these systems include graphene
oxide, cellulose-based films, carbon nanotubes, conducting
polymers, and metal oxide frameworks.?»****?* GO-ZnO
heterostructures, for instance, have demonstrated humidity-
driven voltage generation via proton-hopping transport facili-
tated by adsorbed water molecules. This transport process is
well-explained by the Grotthuss mechanism, in which protons
rapidly transfer along a hydrogen-bonded water network,
enhancing electrokinetic output through continuous ion
migration across functional surfaces (Fig. 2a).* Basically, this
process can be viewed as protons ‘passing along’ a chain of
water molecules rather than physically flowing across the entire
substance. As water molecules continuously form and break
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hydrogen bonds, the charge is transferred efficiently through
the network, allowing for electrical generation even with modest
bulk ion movement. Although open-circuit voltages of several
volts have been reported, the current density and power output
remain relatively modest, reflecting limitations in sustained ion
flux. Nevertheless, the straight-forward nature, environmental
compatibility, and scalability of these systems make them
attractive for autonomous and sensing
applications.

Beyond bulk ionic diffusion and proton hopping, recent
work has revealed that interfacial ion-electron conversion can
play a decisive role in enhancing moisture-enabled electricity
generation. A recent study demonstrated that rationally engi-
neered ion-electron conversion interfaces enable efficient
transduction of humidity-driven ionic flux into electronic
current, considerably improving power output and stability.
This mechanism bridges electrochemical ion transport and
electronic conduction, offering a new design paradigm for next-
generation MEGs with improved efficiency and interfacial
robustness.**

Overall, these systems operate through a range of interre-
lated mechanisms, including asymmetric humidity exposure,
surface chemical gradients, wettability-induced moisture
gradients, Grotthuss-type proton hopping, electrolyte-enhanced
conductivity, and bilayer electrostatic structures, all unified by
the fundamental principle of humidity-driven directional ionic
migration within the bulk or near-surface regions of functional
materials.

micro-energy

2.2 Surface charge modulation and hygroelectric effect-
based systems

A distinct class of humidity-driven energy conversion mecha-
nisms is based on surface-dominated charge modulation
processes in which electrical output arises primarily from
changes in surface potential induced by water molecule
adsorption. This phenomenon, commonly known as the
hygroelectric effect, which in this review is defined narrowly as
voltage generation dominated by surface charge redistribution
or dipole-induced potential modulation rather than bulk ionic
diffusion (Fig. 2b).>>*¢

Unlike gradient diffusion systems, which rely on ion trans-
port across a bulk material, surface charge modulation mech-
anisms operate mainly at the interface between the material
and the surrounding atmosphere. Polar water molecules
interact with surface functional groups, modifying the elec-
tronic structure and consequently influencing the surface work
function or inducing charge polarization. This results in the
development of a measurable voltage difference across the
material.

Semiconductor and dielectric materials, such as ZnO, TiO,,
graphitic carbon nitride (g-C3N,) and various biomolecular
films, have presented potential in hygroelectric systems.
Transparent and flexible ZnO nanofilms have proven their
capacity to produce a stable and measurable electric output by
exploiting moisture-induced surface charge modulation, even
in the presence of mechanical deformation and fluctuating

This journal is © The Royal Society of Chemistry 2026
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humidity levels.>” TiO,-based composites, especially when
combined with g-C;N,, show enhanced water adsorption and
charge separation under varying humidity.®® TiO, nano-
structures, such as superhydrophilic nanotube arrays, exhibit
consistent regulation of surface potential by moisture adsorp-
tion, functioning similarly to capacitive sensors.*® Furthermore,
hydrophobic-hydrophilic patterned g-C;N, films generate
distinct surface voltage signals (tens of millivolts) in response to
variations in relative humidity, demonstrating humidity-driven
surface potential modulation.®® Biomolecular films, particularly
those including bio-nano hybrids and electroactive bacteria,
like Geobacter sulfurreducens, within porous mesh electrodes,
enhance water adsorption and electron induction, hence
increasing hygroelectric performance through improved
hydrophilicity, ionization and pore architecture.®® Similarly,
bio-nano hybrid films, like those of G. sulfurreducens, coupled
with nitrogen-doped carbon (CN,) nanoparticles, form hetero-
junctions that are both moisture- and photo-sensitive,
achieving a power density of 122.9 mW m~? in hygroelectric-
photovoltaic coupling generators.”” These materials generally
have large surface areas and well-defined surface chemistries
that improve their sensitivity to moisture. In certain configu-
rations, the device operates similarly to a capacitive sensor,
where the humidity present in the air acts as a gate that alters
the surface potential.

Although hygroelectric devices typically produce lower
voltage and current outputs than ion diffusion-based systems,
they provide rapid response times, such as 1.5 s from tungsten
trioxide (WO;3) nanowires®® or 30 ms for graphene films,*
reversible operation, and reduced structural complexity. They
are especially useful in humidity-sensing applications, flexible
electronics, and low-power signal triggering. Recent advance-
ments in nanostructured materials and surface patterning
continue to improve both their sensitivity and output stability,
such as self-powered cellulose films, which provide both flexi-
bility and environmental compatibility.*

2.3 Evaporation-induced flow and thermodiffusion-based
generators

In contrast to static systems that rely on moisture adsorption,
another category exploits dynamic transport phenomena
enabled by evaporation and capillary flow. A distinct class of
humidity-driven energy harvesting methods uses capillary-
induced water transport in conjunction with evaporation or
thermodiffusion, leading to the generation of streaming
currents, thermal gradients, or coupled thermoelectric conver-
sion. From a non-specialist perspective, these systems operate
similarly to water being drawn through a sponge; as liquid
continuously moves through tiny channels, it drags electrical
charges along with it. The combination of fluid motion and
surface charge interactions converts the physical movement of
water into a measurable electrical signal. In these systems,
water evaporates from one area of a porous medium, pulling
liquid from a wet reservoir through capillary flow, which
establishes a pressure difference across the system. The move-
ment of water transports dissolved ions and interacts with

This journal is © The Royal Society of Chemistry 2026
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charged surfaces through coulombic interactions, whereas ions
migrate through thermal diffusion under thermally asymmetric
conditions. These combined effects streamline the conversion
of fluid energy into electricity through streaming potentials,
evaporation-induced charge displacement, or thermoelectric
effects (Fig. 2¢).***

One of the pioneering works in this area is the use of porous
aluminum oxide (Al,O3) ceramic membranes, where capillary
rise in water and concurrent evaporation along nanochannels
generate sustained current and voltage output through liquid-
solid contact electrification and streaming potential.*® A similar
method employs carbonized polyacrylonitrile (PAN) nanofiber
mats, produced by electrospinning and subsequent oxygen
plasma treatment, in which evaporation-driven capillary flow
generates a streaming current, resulting in an area power
density of 83 nW cm > under ambient settings.”® A recent
innovation utilized porous polyvinyl alcohol (PVA) hydrogels in
conjunction with thermoelectric substrates (“evapolectrics”),
leveraging evaporation-induced cooling to generate tempera-
ture gradients and achieve outputs above 1 W m > under
ambient settings, much surpassing conventional hydrovoltaic
devices.® Likewise, a multilayer system integrating LiCl-loaded
hydrogel, anodized aluminum oxide (AAO), and a thermally
controlled environment exhibited stable directional ion flow
and improved voltage output via evaporation-induced thermo-
diffusion and capillary transport.”™

Biomimetic designs utilizing non-woven fabrics treated with
multi-component carbon materials have reached open-circuit
voltages of up to 0.65 V and short-circuit currents as high as
61 pA thanks to asymmetric wetting and capillary-driven evap-
oration, with stable performance maintained over extended
periods.” Theoretical and experimental frameworks have been
critically reviewed in recent studies of evaporation-driven elec-
trokinetic energy conversion, providing models that relate film
geometry, surface zeta potential, and pore hydrophilicity to
performance metrics.”

Although these generators offer continuous operation in
outdoor or humid environments, technical limitations remain.
Regulating evaporation rates and maintaining hydration is
difficult in arid conditions; likewise, conversion efficiency is
intrinsically limited by small thermodiffusion gradients. Recent
work emphasizes nanoengineering hydrogel structures to
enhance the surface-to-volume ratio and optimize pore size
distribution, hence improving ion mobility and energy density.

2.4 Triboelectric generators influenced by humidity

Triboelectric nanogenerators (TENGs) convert mechanical
energy into electrical energy by utilizing contact electrification
and electrostatic induction between two different materials
(Fig. 2d). Although not fundamentally reliant on humidity, the
performance of TENGS is notably affected by ambient moisture,
making their inclusion relevant in the context of humidity-
sensitive energy systems. Research indicates that in textile
TENGS, elevating the RH from 20 to 90% leads to a decrease in
voltage by approximately 89%, current by roughly 84%, and
charge density by more than 50%.7>7* This is because ambient
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moisture interferes with surface charge transfer during contact-
separation cycles. The presence of moisture in the atmosphere
adversely impacts charge transfer, resulting in a progressive
decrease in the amount of charge transferred as humidity levels
rise. Moreover, humidity alters the physical and dielectric
properties of natural or synthetic textile materials, which is re-
flected in the decline in electric output when these materials are
used as triboelectric layers. In contrast, composite TENGs that
incorporate hygroscopic materials like LiCl and two-
dimensional transition metal carbides, nitrides, and carboni-
trides (MXene) can enhance their output three times under
conditions of high relative humidity, demonstrating the dual
impact of moisture on triboelectric performance.” This
improvement is due to the rich hydroxyl groups in PVA, the
significant hygroscopic properties of LiCl, and the micro-
capacitor network formed by MXene nanosheets. Together,
these features enhance the water absorption capacity and
surface roughness, resulting in improved triboelectric
performance.

Furthermore, recent research has shown that graphene oxide
nanoribbons (GONRs) can markedly improve the self-powered
humidity sensing performance of GO-based TENGs.” Paper-
based TENGs fabricated with GO, GO + GONR, and GONR/GO
configurations achieved maximum voltage outputs above
300 V, with voltage response enhancements of up to 124%. The
rapid response (0.3 s) and recovery (0.5 s) characteristics were
ascribed to the elevated density of oxygenated functional groups
and edge defects in GONRs, which enhanced the diffusion of
bulk water molecules. This strategy shows promise for advanced
humidity-responsive TENG designs that are useful in both
sensing and energy applications.

Humidity affects the dielectric properties, surface conduc-
tivity, and charge retention of triboelectric materials. Increased
moisture generally leads to enhanced surface conductivity and
dielectric breakdown, which results in faster charge dissipation.
In environments with high humidity, adsorbed water molecules
modify surface states and facilitate the creation of conductive
water bridges, which enhance charge screening and decrease
net output.””””® Rather than being a limitation, humidity can be
strategically leveraged to enhance TENG performance. By
combining hydrophobic dielectric selection with surface charge
engineering, TENGs have maintained ~91% of their output at
90% RH, demonstrating the viability of humidity tuning as
a stabilization way.” Controlled humidity levels are utilized to
facilitate adaptive functionalities, including self-healing and
mechanical stretchability. A notable example is a hydrogel-
elastomer double-layer TENG, in which a carbon nanotube
(CNT)-doped hydrogel electrode and a soft Ecoflex elastomer
triboelectric layer allow conformal adhesion to skin, fast self-
repair within 5 minutes, and stable operation under variable
environmental conditions. The TENG shows an output voltage
of 180 V, a peak current of 0.8 pA, and a maximum power
density of 37.8 mW m 2. These values are sufficient for the
operation of small electronic devices, including LEDs and
stopwatches, highlighting their applicability in wearable and
self-sustaining sensing applications.*® Furthermore, advanced
hybrid architectures incorporating humidity-responsive
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materials, like metal-organic frameworks (MOFs) or PVA/LICl
films, offer self-regulated and multi-stimuli energy harvesting
capabilities.”” One such composite maintains stable output
even under harsh humidity and contamination conditions.

Building on these concepts, the recent hybridization of
MEGs and TENGs has effectively handled their traditionally
conflicting  humidity requirements. = Moisture-adaptive
cellulose/MXene aerogels with interconnected porous architec-
tures enable synergistic harvesting of moisture and triboelectric
energy across a wide humidity range (20-90% RH). By
combining the high current output of MEGs with the high
voltage output of TENGS, this hybrid device delivers a maximum
voltage of 106 V, an instantaneous current density of ~400 pA
ecm™?, and an ultrahigh power density of ~77 uW cm 2
surpassing most reported ambient energy harvesters.*

As a result, although conventional TENGs do not directly
convert humidity into electricity, it is essential to understand
and control the effects of environmental moisture for reliable
implementation. This category also presents emerging oppor-
tunities for humidity-mechanical hybrid systems, especially for
applications in wearable electronics and environmental
monitoring.

Table 1 shows a full comparison of the four humidity-driven
energy harvesting mechanisms discussed above. The table
summarizes the key working principles, representative mate-
rials, output characteristics, and practical advantages and
limitations of each class of devices. It further lists common
application scenarios informed by the energy generation profile
and the conditions of operation. This comparative overview
aims to assist readers in recognizing the most appropriate
mechanism for specific functional and environmental needs
while emphasizing the design trade-offs present in each
method.

3. Materials and architectures used

The performance of humidity-driven energy harvesting systems
is intrinsically linked to the selection of materials and the
architectural configuration of the device. The choice of material
affects water absorption, ion transport, charge separation, and
output stability, while the device design determines charge
collecting efficiency and environmental adaptability. This
section categorizes and examines the fundamental material
classes and structural designs employed in the four primary
processes of moisture-based energy harvesting, directing
readers to Table 2 for illustrative experimental specifics.

3.1 Carbon-based materials

Graphene oxide (GO), rGO, and CNTs are among the most
frequently used materials in moisture-enabled generators due
to their high surface area, tunable functional groups, and
excellent ionic conductivity.?** GO contains oxygen-rich func-
tional groups, like -OH, -COOH, and epoxy groups, which
dissociate in the presence of moisture to produce mobile ions.
The layered architecture of GO facilitates directional ion

Sustainable Energy Fuels, 2026, 10, 1382-1407 | 1389


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01325a

Open Access Article. Published on 20 Februar 2026. Downloaded on 10.04.26 21:28:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Sustainable Energy & Fuels Review
Table 2 Key materials and their configurations for humidity-driven energy harvesting systems
Material system Architecture/configuration ~ Mechanism Key performance metrics Ref.
GO/rGO/CNT Multilayer Ni/GO/GO-rGO/  Ion transport via Voc up to ~735 mV, Isc > 84
CNT/PET functional groups 140 pA @ 80% RH
and heterojunctions
CNT-functionalized fiber mats Electrospun PSF/PU + CNT  Capillary-driven ion Voc: 419 mV, Igc: 1.5 mA, 85
bilayers migration Pout: 320 nW
0-CNT + vermiculite Layered heterojunctions Proton transport via Voc up to 735 mV 86
nanochannels (35-90% RH)
CNT-coated carbon cloth Sandwich Zn plate/CNT- Evaporation-driven Current density > 1 mA; 88
CC/filter paper electron transport Pgens: 300 pW cm 2
Gelatin/MWCNT nanocomposite Electrospun EF + Proton conduction Voc: 0.95 V, Igc: 51.7 pA; 90
PEDOT:PSS via -COOH groups wearable demo (face mask)
Hydrogels (PAMPS-PAAm, LiCl) Crosslinked hydrogel thin Proton hopping + Voc: ~0.87 V; 42
films ionic diffusion long-term stability > 1400 h
Engineered PAM-AMPS-LiCl Stretchable hydrogel Proton conduction + Voc: 0.81 V, J: 480 pA cm™?; 96
hydrogel ion mobility 506% strain tolerance
P(AM-co-AA) hydrogel + MWCNT Sandwich structure Asymmetric EDL + Voc ~1.2 'V, Ic: 10 pA cm 2 97
ion migration
Metal oxides (ZnO, TiO,, SnO,) Nanowires, thin films Piezoelectric and Voc drops from 0.82 to 0.05 100
conductivity modulation V (15-60% RH)
by humidity
MoS,/GO composite Screen-printed films on Humidity-responsive Response time 1.3 s; 104
PET conductivity recovery 12 s (33-98% RH)
GO/polymer hybrids GO/PVA nanofibers, GO/ Directional ion transport 98.44% response at 80% RH; 105
cellulose stability 1 week; effective in
respiration monitoring
MXene-hydrogel hybrids Electrospun PVA/MXene Proton dissociation + ~40% response; fast response/ 106

nanofibers + MoSe,
piezoelectric NG

Ionic hydrogel/AAO Hydrogel + AAO

conductivity

Built-in E-field + proton

recovery (0.9/6.3 s);

self-powered via MoSe, PENG

(35 mV, 42 mW m?)

Voc 1.25 V, Isc 300 pA cm?, 70

heterojunction migration Pens 71 mW cm 2
PU®@PSS/PEDOT:PSS/ITO Nanoarchitected multilayer =~ Hygroscopic proton Current > 100 pA; 107
conduction respiration sensing

transport and is easily integrated into flexible thin films and
composite membranes.

As shown in Fig. 3a, a multilayer structure based on Ni/GO/
GO-rGO/CNT/PET has been developed to enhance moisture-
enabled energy harvesting performance.

Increasing the proportion of rGO in the composite leads to
improved output voltage and current caused by optimized
conductivity and ion mobility, with optimal performance noted
ata GO :rGO ratio of 10: 1. Fig. 3b and c illustrates that GO/rGO
heterojunctions yield a more stable voltage output and mark-
edly increased short-circuit currents (>140 pA at 80% RH) in
comparison to pure GO, highlighting the importance of
heterojunction engineering for robust long-term performance.®*
The addition of CNTs into polymeric substrates greatly
improves ionic conductivity by promoting aligned water-
mediated proton pathways and enhancing surface wettability.
A notable example is a CNT-functionalized electrospun
polysulfone/polyurethane (PSF/PU) mat, modified via oxygen
plasma and coated with alternating polyelectrolytes and CNT
bilayers. As illustrated in Fig. 3d-f, this stretchable moisture-
driven power generator (MPG) generated spontaneous direc-
tional ion migration along the CNT-coated fibers, achieving
a power output of 320 nW. These dynamic profiles demonstrate

1390 | Sustainable Energy Fuels, 2026, 10, 1382-1407

the significance of CNT heterostructures in sustaining high
output despite mechanical deformation.*

Strong heterojunctions that integrate oxidized CNTs (o-
CNTs) with vermiculite (VM) membranes exhibit stable perfor-
mance characteristics. In this system (Fig. 3g-i), VM nano-
channels provide proton-selective transport, while moisture-
driven cycles between o0-CNT/VM layers allow for voltage
production, even in overlapping topologies. Output voltage
increased from 492 to 735 mV as RH increased from 35 to 90%,
underscoring the humidity responsiveness of such
heterojunctions.®®

Carbon cloth (CC) and activated carbon fibers have wide
applications in MEGs and evaporation-induced energy systems.
Their primary functions include acting as current collectors and
providing porous scaffolds that improve moisture absorption,
ionic transport, and charge transfer efficiency. Their highly
porous structure and intrinsic conductivity make them ideal for
enhancing electrochemical interactions at the solid-vapor
interface, especially in humidity-powered devices.*”** In addi-
tion to their structural functionality, carbon-based materials are
preferred for their mechanical flexibility, chemical stability, and
compatibility with printing or coating processes.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Humidity-enabled energy harvesting based on carbon-based materials. (a) Schematic of a multilayer heterojunction device composed of
Ni/GO/GO-rGO/CNT/PET, showing the engineered layer-by-layer structure designed to optimize charge transport and moisture interaction. ©
2024 Wiley-VCH. Reproduced with permission from ref. 84. (b) Output voltage behavior of the pristine GO and GO/rGO hybrid devices under
high relative humidity, demonstrating improved stability and enhanced performance with the addition of rGO. © 2024 Wiley-VCH. Reproduced
with permission from ref. 84. (c) Short-circuit current as a function of relative humidity (RH), reaching over 140 pA at 80% RH, confirming the
moisture-sensitivity and strong enhancement of electric output in the GO/rGO-based devices. © 2024 Wiley-VCH. Reproduced with permission
from ref. 84. Layered GO/rGO heterojunctions significantly improve output stability and current generation by enhancing moisture-assisted ion
transport and interfacial charge collection. (d) Schematic of the CNT-based MPG operation showing water-driven capillary flow and ion
migration. © 2023 RSC. Reproduced with permission from ref. 85. (e) Electrospun PSF/PU fiber mats are plasma-treated, modified with bPEI, and
spray-coated layer-by-layer with PDDA/PSS and charged MWCNTSs. © 2023 RSC. Reproduced with permission from ref. 85. (f) Time-dependent
Voc. Isc, and power output of the MPG with 15 MWCNT bilayers. © 2023 RSC. Reproduced with permission from ref. 85. Hierarchically structured
CNT-based fiber generators leverage capillary-driven water transport to achieve stable, continuous power generation under humid conditions.
(g) Schematic of the o-CNT/vermiculite (VM) heterojunction device connected by copper wires and conductive silver paste. © 2024 Elsevier.
Reproduced with permission from ref. 86. (h) Moisture absorption by VM leads to —OH dissociation and proton release, while evaporation at the
0-CNT surface drives directional ion flow through VM nanochannels. © 2024 Elsevier. Reproduced with permission from.ref. 86. (i) Output
voltage increases from 492 mV to 735 mV as RH rises from 35 to 90%, confirming the moisture-responsive behavior of the device. © 2024
Elsevier. Reproduced with permission from ref. 86. Nanochannel-enabled ion transport in CNT—clay heterojunctions enables high humidity
sensitivity and scalable voltage output.

Carbon compounds are typically integrated with ionic poly- As shown in Fig. 4a, a CNT-coated CC hydroelectric generator
mers, gelatin, or conducting polymers to improve their perfor- functioned as a sandwich of Zn plate/CNT-CC/filter paper. The
mance in humid conditions. These combinations enhance ion  diaphragm functions to absorb and store water, thereby providing
mobility, hydrophilicity, and device stability in fluctuating a consistent moisture supply to the CC surface, which is critical for
environments. In some studies, CNT-functionalized CC was ongoing evaporation-driven operation. To optimize performance,
used in a hydroelectric generator, which significantly enhanced different CNT deposition configurations were evaluated. Opti-
evaporation-driven electron transport. The nanostructured CNT mized CNT deposition significantly increased current density (>1
coating promoted charge separation and considerably mA, Fig. 4b) though high ambient humidity suppressed evapora-
increased the evaporation surface area, consequently boosting  tion and reduced output (Fig. 4c). These results indicate that high
water transport and power output. levels of ambient humidity hinder water evaporation,

This journal is © The Royal Society of Chemistry 2026 Sustainable Energy Fuels, 2026, 10, 1382-1407 | 1391
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Fig. 4 Moisture-enabled energy harvesting based on evaporation-driven and proton-conducting architectures. (a) Schematic of a moisture-
enabled device with a sandwich structure composed of a zinc plate, CNT-coated carbon cloth (CC), and a hydrophilic filter paper diaphragm for
sustained water evaporation and charge separation. © 2024 The American Chemical Society. Reproduced with permission from ref. 88. (b)
Comparative current output of devices using original CC, bottom-CNT-coated CC, and top-CNT-coated CC, showing superior performance
when CNTs are added to the upper surface. © 2024 The American Chemical Society. Reproduced with permission from ref. 88. (c) Effect of
ambient humidity on current output at 20%, 50%, and 95% RH, indicating reduced performance at high humidity due to suppressed evaporation.
© 2024 The American Chemical Society. Reproduced with permission from ref. 88. These results highlight that evaporation-driven architectures
rely critically on interface positioning and ambient humidity to maximize moisture-induced charge separation and current output. (d) Schematic
of the MEG showing ion generation and migration via proton hopping and charge redistribution across the MG-EF/PEDOT:PSS structure. © 2022
Elsevier. Reproduced with permission from ref. 90. (e) Current—voltage characteristics of MEGs based on EF, M-EF, G-EF, and MG-EF under 90%
RH. © 2022 Elsevier. Reproduced with permission from ref. 90. (f) Electrical conductivity of the MG-EF nanocomposite increases with relative
humidity (10-90%). © 2022 Elsevier. Reproduced with permission from ref. 90. (g) A wearable KF94 face mask integrated with an MEG module
that harvests power from human breath moisture. © 2022 Elsevier. Reproduced with permission from ref. 90. This study demonstrates the
feasibility of integrating humidity-driven generators into wearable platforms, leveraging breath moisture for continuous, self-powered operation.

consequently limiting the device's power-generating capacity. The successfully harvested respiration moisture to power LEDs

optimized configuration attained a power density of 300 uW cm >
and generated currents reaching 4 mA, making it appropriate for
powering small electronic devices.*

Another hierarchical nanocomposite combined gelatin-coated
electrospun fibers with multi-walled carbon nanotubes
(MWCNTs) and a poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) layer. In this case, oxygen-rich groups
generated protons during hydration, while PEDOT:PSS improved
charge separation (Fig. 4d). The device exhibited an exceptional I-V
response (Fig. 4e) and a humidity-dependent conductivity that
escalated from 8.42 nS cm ™" at 10% RH to 2.55 mS cm™ " at 90%
RH (Fig. 4f). Integrated into a KF94 face mask, the module

1392 | Sustainable Energy Fuels, 2026, 10, 1382-1407

(Fig. 4g), maintaining performance over >10 000 bending cycles.*

These results highlight that designed carbon composites, via
heterojunctions, CNT integration, or polymer hybrids, attain
steady and flexible power production, which is particularly ideal
for wearable, printable, and adaptive devices (Table 2).

3.2 Polymeric and hydrogel systems

Polymers offer remarkable adaptability in humidity-responsive
energy systems thanks to their tunable chemistry, mechanical
flexibility, and capacity to hold significant amounts of water.
Commonly used polymers include polyvinyl alcohol (PVA),
polyaniline (PANI), polypyrrole (PPy), and polyacrylamide

This journal is © The Royal Society of Chemistry 2026
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(MEH) integrating PAM, AMPS, and LiCl for enhanced ion generation and transport via sulfonic acid groups and lithium ions. © 2023, Wiley-VCH.
Reproduced with permission from ref. 96. (f) Output characteristics of MEH-MEG under various humidity levels, showing optimal performance
across 30-90% RH with a decline at 100% RH due to gradient loss. © 2023, Wiley-VCH. Reproduced with permission from ref. 96. (g)
Demonstration of MEH-MEG integrated into a face mask for real-time respiration monitoring. © 2023, Wiley-VCH. Reproduced with permission
from ref. 96. (h) Practical application of MEH-MEGs in smart wearable systems, such as protective helmets and medical suits, powered by
humidity from human breath. © 2023, Wiley-VCH. Reproduced with permission from ref. 96. These results highlight the importance of
molecular-level hydrogel design in balancing ion mobility and humidity gradients for reliable wearable energy harvesting. (i) Schematic of
a sandwich-structured MEG integrating Li*-doped MWCNT electrodes and P(AM-co-AA) hydrogel, leveraging asymmetric EDLs and humidity
gradients. © 2025, Elsevier. Reproduced with permission from ref. 97 (j) Output performance under varying RH, showing peak voltage (1.2 V) and
current (10 pA cm™) at 85% RH, with performance decline beyond 95% RH. © 2025, Elsevier. Reproduced with permission from ref. 97. (k)
Demonstration of 12 MEG units in a series powering a calculator and an LED. © 2025, Elsevier. Reproduced with permission from ref. 97. This
work demonstrates scalable voltage amplification and practical load powering through the modular integration of hydrogel-based MEGs.
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Fig. 6 Metal oxides and semiconductors for humidity-responsive energy harvesting. (a) Schematic of a self-powered humidity sensor based on
Al-doped ZnO nanowires (Al-ZnO NWs) grown on a Ti foil, featuring a sandwich structure with an Al counter electrode and Kapton supports. ©
2014, The Royal Society of Chemistry. Reproduced with permission from ref. 100. (b) Piezoelectric output voltage under different relative
humidity levels (15-60% RH), highlighting the humidity-sensitive nature of Al-ZnO NWs. © 2014, The Royal Society of Chemistry. Reproduced
with permission from ref. 100. (c) Moisture adsorption and the Grotthuss-type proton hopping mechanism that leads to the screening of
polarization charges, thereby reducing output voltage. © 2014, The Royal Society of Chemistry. Reproduced with permission from ref. 100. This
study reveals that humidity-induced proton transport can modulate piezoelectric polarization in ZnO nanostructures, enabling self-powered
humidity sensing and imposing intrinsic output limitations at high moisture levels. (d) Schematic of the MoS,/GO composite structure, high-
lighting water molecule diffusion dynamics. © 2024, The Royal Society of Chemistry. Reproduced with permission from ref. 104. (e) Fabrication
of a flexible PET-based humidity sensor using screen-printed interdigital electrodes and layer-by-layer drop coating of MoS,/GO dispersion. ©
2024, The Royal Society of Chemistry. Reproduced with permission from ref. 104. (f) Stepwise humidity sensing response showing high
reversibility and rapid absorption—desorption between 33% and 98% RH. © 2024, The Royal Society of Chemistry. Reproduced with permission
from ref. 104. This work demonstrates that 2D semiconductor—oxide composites can deliver fast, reversible, and mechanically flexible humidity-
responsive electrical signals suitable for wearable and distributed sensing platforms.

(PAAm), as well as biopolymers like cellulose and chitosan.
Hydrogels, including crosslinked polymer networks capable of
absorbing and retaining substantial quantities of water, are
particularly efficient in energy production powered by
humidity.”*** The porous framework of the hydrogel enables
effective capillary-driven water transport, while embedded
sulfonic acid groups and LiCl improve ion dissociation and
mobility in humid environments. Fig. 5a-d shows a poly(2-
acrylamido-2-methyl-propane-sulfonic acid-co-acrylamide)
(PAMPS-PAAmM) hydrogel SHMEG device that demonstrated I
increasing from 0.05 to 69.4 pA as RH increased from 10 to 90%,
sustained ~0.867 V output for over 1400 h in fluctuating RH,

1394 | Sustainable Energy Fuels, 2026, 10, 1382-1407

and enabled scalable integration into textiles for moisture
harvesting from sweat to power chargers.*

Very recently, rechargeable moisture-enabled electricity cells
employing dual functional layers and redox-assisted self-repair
mechanisms have demonstrated stable power generation for
over 2080 h, with an output voltage near 1.08 V and a peak
power density of ~5.83 uW cm™>. This record performance
suggests that active regeneration strategies may be key to
overcoming intrinsic lifetime limitations in moisture-driven
energy harvesters and moving toward practical long-life
applications.*®

This journal is © The Royal Society of Chemistry 2026
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Molecular engineering strategies have enabled the design of
highly stretchable and flexible MEGs by integrating sulfonic
acid-functionalized hydrogels with lithium ions. Fig. 5e and f
illustrates that molecular-engineered hydrogel (MEH) devices
made from  polyacrylamide (PAM), 2-acrylamido-2-
methylpropane sulfonic acid (AMPS), and LiCl produced
0.81 V and 480 pA cm 2. These devices maintained functionality
under 506% strain and demonstrated efficient operation across
an RH range of 30-100%, with only a slight performance decline
at full humidity. Their adaptability facilitated integration into
wearable systems, where integration into masks and protective
equipment permitted respiration-driven energy harvesting
(Fig. 5g and h).*® Similarly, the optimization of the hydrogel-
electrode interface using Li'-doped MWCNT/P(AM-co-AA)
(acrylamide-co-acrylic acid copolymer) sandwich structures

Ga In alloy
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improved asymmetric EDL effects and humidity-driven ion
transport, resulting in 1.2 V and 10 pA cm™> at 85% RH, with
consistent performance spanning 45-85% RH (Fig. 5i and j).
Although outputs declined at >95% RH, 12 devices in series
powered LEDs and calculators (Fig. 5k).°” Other ionic hydrogels,
such as PVA-phytic acid-glycerol, maintained continuous
operation (~1000 h) and enabled scalable assemblies reaching
210 V.28

Recent hydrogel-based MEG designs have demonstrated
substantially enhanced output performance, addressing the
long-standing limitation of low power density in polymeric
systems. A high-power hydrogel-based moisture-electric gener-
ator incorporating rGO nanosheet channels and LiCl hygro-
scopic components achieved an open-circuit voltage of
approximately 0.6 V and a short-circuit current density of ~0.58
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Fig. 7 Composite and hybrid structures for humidity-responsive energy harvesting. (a) Schematic of the ionic hydrogel/AAO-based moisture-
enabled power generator composed of a PAM/AMPS/LICl hydrogel, AAO film, carbon black top electrode, and gallium—-indium alloy bottom
electrode. © 2023, The Royal Society of Chemistry. Reproduced with permission from ref. 70. (b) Electrical output performance under different
humidity levels, achieving 1.25 V and 300 pA cm™2 at 93% RH. © 2023, The Royal Society of Chemistry. Reproduced with permission from ref. 70.
(c) Demonstration of real-world applications, including powering a decorative light, refrigerator thermometer, and electronic watch. © 2023, The
Royal Society of Chemistry. Reproduced with permission from ref. 70. This work demonstrates that combining ionic hydrogels with ordered
nanoporous AAO supports can yield high-output, scalable humidity-driven generators capable of directly powering small electronic devices. (d)
Schematic of the MEG design using a porous PU@PSS composite layer, PEDOT:PSS ion interception layer, and gridded AV/ITO electrodes
enabling directional ion diffusion and DC generation. © 2024, Elsevier. Reproduced with permission from ref. 107. (e) Temperature-enhanced
output under thermal radiation (>100 pA) due to increased ion mobility. © 2024, Elsevier. Reproduced with permission from ref. 107. (f) Self-
powered respiration monitoring with distinguishable electrical signals from mouth vs. nasal breathing, highlighting application in wearable health
sensors. © 2024, Elsevier. Reproduced with permission from ref. 107. This study highlights how multilayer ion-interception designs and thermal
coupling can enable multifunctional MEGs that simultaneously harvest environmental moisture and physiological signals.
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mA cm 2 at 80% RH. Notably, this output level surpasses that of
many previous hydrogel MEGs, which regularly rely on large-
area devices or extensive series/parallel configurations to
reach comparable current levels. These results demonstrate
that rational ion-transport network design and water-retention
engineering can substantially elevate the power density of
hydrogel MEGs, expanding their applicability to flexible and
high-performance energy harvesting systems.

Polymeric and hydrogel systems together offer scalable,
stretchable, and wearable platforms, revealing resilience and
adaptability in various settings (Table 2). This section focuses
on polymeric and hydrogel systems from functional and
performance-oriented perspectives. Bioinspired and biomass-
derived polymers are discussed separately in Subsection 3.6 to
highlight sustainability considerations.

3.3 Metal oxides and semiconductors

Semiconducting and dielectric metal oxides, such as ZnO, TiO,,
Sn0O,, and MoS,, exhibit promise in hygroelectric systems
thanks to their sensitivity to the surface adsorption of water
molecules. These materials change their surface potential and
electrical conductivity based on humidity, allowing for the
direct modulation of electrical signals by ambient moisture.

Fig. 6a-c demonstrates that Al-doped ZnO nanowire gener-
ators possess significant humidity sensitivity, as evidenced by
a reduction in output voltage from about 0.82 V at 15% RH to
around 0.05 V at 60% RH, owing to water adsorption and ion-
mediated screening of polarization charges.'*® Cd- and Co-
doped ZnO nanowires confirmed similar humidity-induced
suppression of piezoelectric performance.'®>'** These systems
demonstrate the way the structural and dopant engineering of
ZnO influences its surface states when exposed to moisture.
TiO, and SnO, films exhibit reversible conductivity alterations
following water adsorption, as supported by self-consistent
charge density-functional tight-binding (SCC-DFTB) simula-
tions.'” These effects are exploited in moisture-sensitive power
generators or self-powered sensors using thin TiO, or SnO,
films, where moisture alters electronic conductivity at the
surface layer. Layered MoS,/GO composites further combine
high surface area and hydrophilicity, enabling rapid response
(1.3 s), recovery (12 s), and stability across 33-98% RH on flex-
ible PET substrates (Fig. 6d-f).***

Overall, semiconductors and oxides function not only as
humidity-sensitive active layers but also as interfacial electro-
lytes or charge-modulating coatings in hybrid MEGs (Table 2).

3.4 Composite and hybrid structures

To overcome the limitations of single-component systems,
composite and hybrid materials have gained increasing atten-
tion in humidity-enabled energy harvesting. These materials
integrate the advantages of various components to improve
charge generation, ion mobility, and structural durability. One
such approach involves combining GO with polymers, like PVA
or cellulose, which significantly improves both mechanical
integrity and humidity responsiveness. GO/PVA nanofiber
composites developed through electrospinning show notable
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sensitivity at 80% relative humidity, providing stable perfor-
mance over long durations thanks to improved water absorp-
tion and directional ion transport facilitated by the layered
structure of GO.'”*

The integration of metal oxides, such as TizC,T, MXenes,
into polymeric hydrogels has resulted in the creation of multi-
functional hybrids that function through both piezoelectric and
hygroelectric mechanisms. These systems leverage the hydro-
philic properties of hydrogels and the superior electrical
conductivity of the included nanosheets, facilitating rapid and
reproducible power generation under humid conditions.'*®
More complex designs include hydrogel/AAO heterojunctions
(Fig. 7a—c), where built-in fields enhance proton migration to
deliver 1.25 V and 71 mW cm ™ peak power.” Likewise, nano-
architected PU@PSS/PEDOT:PSS/ITO multilayers (Fig. 7d-f)
combined porous PU and sulfonic acid groups to boost ion
mobility, yielding >100 pA under humid or thermally stimulated
conditions and functioning as a self-powered respiration sensor
with signal ranges from tens of nA to nearly 1 pA.**”

Recent advances have investigated bioinspired and ion-
enhanced composites, including salt-hydrogel hybrids and
leaf-like moisture channel designs. These systems use hygro-
scopic salts or ionic liquids to improve moisture adsorption and
ion conductivity while mimicking natural fluid pathways to
facilitate directional charge movement and maintain stable
power output. These solutions have shown efficacy in
enhancing energy density and reliability across diverse envi-
ronmental factors.”

Beyond material-level design, system-level architectural
innovation has enabled multistage and modular moisture-
enabled generators with customizable electrical outputs. A
representative multistage water-enabled electric generator
integrates liquid flow and moisture diffusion layers within
a single device, achieving a maximum power density of ~92 mW
m~? (~11 W m™>). Through series and parallel integration,
output voltages greater than 10 V and currents exceeding
roughly 280 pA have been demonstrated under real outdoor
conditions, highlighting the scalability and versatility of
multistage water-based energy harvesting systems.**®

Overall, composite and hybrid structures enable precise
control over moisture diffusion, charge separation, and inter-
facial transport using approaches such as layer-by-layer
assembly, core-shell morphology, and functional gradient
design. These innovations play a vital role in enhancing high-
performance, durable, and miniaturized humidity-responsive
energy harvesting systems that are suitable for practical
applications.

A summary and comparison of the representative materials
and device architectures for humidity-driven energy harvesting
systems are listed in Table 2.

3.5 Conflicting results and challenges in scaling

Although rapid progress has been achieved, the literature also
contains contradictory findings and reports of failures to scale.
For example, graphene oxide-based films have been reported
with open-circuit voltages as low as tens of millivolts®* and as

This journal is © The Royal Society of Chemistry 2026
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high as several volts,**® even under nominally similar humidity
conditions. This spread suggests a strong dependence on
uncontrolled factors such as residual oxygen functional groups,
electrode configuration, and ambient cycling.

A major source of inconsistency in reported humidity-driven
electrical outputs arises from electrode-induced artifacts.
Recent studies have shown that the use of dissimilar electrodes
can introduce voltage contributions originating from differ-
ences in standard electrode potentials, galvanic effects, or
contact potential differences, which may be mistakenly attrib-
uted to humidity-driven mechanisms. Zheng et al. systemati-
cally showed that electrode material selection alone can
dominate the observed output in so-called hydrovoltaic
systems, even in the absence of active moisture-induced ion
transport.'® Similarly, Yan et al. discovered that non-noble-
metal electrodes can generate spurious voltage signals under
humid conditions due to electrochemical reactions rather than
intrinsic moisture-material interactions.’® These findings
highlight the necessity of rigorous control experiments,
including the use of symmetric electrodes, inert electrode
materials, and humidity-independent baseline measurements,
to ensure that the measured output genuinely originates from
humidity-driven processes rather than electrode chemistry.

Hydrogels illustrate another inconsistency: although
sulfonated PAMPS-based systems have demonstrated contin-
uous operation for over 1400 h,** many ionic gels and hydrogel
composites dry out within 12-24 h under low humidity.”***
Similarly, textile-based carbon cloth devices and stacked
hydrogel modules show promising integration,®*** but their
areal power densities typically fall one to two orders of magni-
tude below lab-scale prototypes. Hybrid and composite designs
provide synergistic perspectives: GO-hydrogel heterostructures
augment proton conduction and output,** while CNT-polymer
scaffolds promote flexibility and charge transport.*® Neverthe-
less, despite these promising advancements, many physically
intricate systems demonstrate heightened resistance or incon-
sistent drying, which diminishes overall efficiency.'** Across all
material classes, comparisons are further complicated by the
lack of standardized test protocols—device area, RH, airflow,
and temperature are reported inconsistently, hindering repro-
ducibility. These conflicting outcomes highlight the urgent
need for benchmarking protocols, long-term durability testing,
and transparent reporting of both successes and failures to
guide the practical scaling of moisture- and evaporation-driven
electricity generation.

3.6 Bioinspired and sustainable materials

In addition to synthetic polymers and inorganic nanomaterials,
bioinspired and biomass-derived materials are becoming an
essential type of functional components for humidity-driven
energy harvesting systems. These materials are focused on
being sustainable, biodegradable, and compatible with the
environment. Natural polymers, including chitosan, cellulose,
alginate, silk fibroin, and lignocellulosic composites, contain
numerous hydrophilic functional groups (e.g., -OH, -NH,, and
—-COOH) that enhance water adsorption and proton transport,

This journal is © The Royal Society of Chemistry 2026
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rendering them inherently appropriate for humidity-driven ion
migration mechanisms.*

Chitosan-based hydrogels exhibit stable moisture-induced
voltage generation via proton conduction along hydrogen-
bonded networks while providing benefits such as biocompat-
ibility, low toxicity, and renewability."* Similarly, films derived
from cellulose and nanofibrillated cellulose composites exhibit
remarkable humidity absorption and directed ion transport,
attributed to their hierarchical porosity and surface chem-
istry."? Lignocellulosic materials provide mechanical strength
and scalability processing capabilities, allowing large-area or
flexible device architectures.***'**

From an environmental perspective, these bioinspired
systems offer clear benefits compared to traditional synthetic
materials, including reduced life-cycle environmental impact,
biodegradability, and compatibility with sustainable produc-
tion processes.'*>''® However, performance trade-offs are still
obvious. Biomass-derived materials generally exhibit lower
electrical conductivity, reduced long-term stability under
extreme humidity cycling, and narrower operating voltage
ranges compared to optimized synthetic polymers or inorganic
nanostructures."'’” Strategies such as bio-inorganic hybridiza-
tion, crosslinking, surface functionalization, and incorporation
of benign ionic additives have therefore been explored to bridge
the performance gap while retaining sustainability
advantages.”

In general, bioinspired and biodegradable materials repre-
sent a promising pathway for the development of environ-
mentally sustainable humidity-driven energy harvesters. This is
particularly applicable to transient electronics, wearable
systems, and distributed sensing platforms, where sustain-
ability and end-of-life issues are very important.

3.7 Device architectures and electrode design

Humidity-driven devices utilize several structural configura-
tions to optimize moisture interaction and charge transport.
Sandwich-type architectures commonly position a hygroscopic
active layer between two electrodes, a format that supports
directional ion transport and efficient charge collection. The
high-output device mentioned in Fig. 7d-f utilizing a PU@PSS
composite with a gridded aluminum electrode and PEDOT:PSS
interlayer serves as a notable example of the effectiveness of this
configuration.'” Planar devices, such as inkjet-printed
humidity sensors with interdigitated silver electrodes, utilize
hydrophilic substrates and printed electrode designs to enable
cost-effective, large-area production and rapid response times.
These systems exhibit effective self-powered operation and
maintain performance despite repeated mechanical deforma-
tion, which is well-suited to flexible and wearable applications.
Recent work developed a fully printed, flexible, and self-
powered humidity sensor based on paper substrates and
screen-printed electrodes, demonstrating the feasibility of low-
cost, customizable 2D layouts with excellent mechanical flexi-
bility and high voltage output (up to 1.03 V) across a wide
humidity range (11-95% RH)."®* Another work used a nano-
fibrillated cellulose/GO aerogel over patterned electrodes. It
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showed ultra-high capacitance sensitivity (~6576 pF/% RH),
a rapid response time of 57 s, a recovery time of 2 s, and great
flexibility and reproducibility.'*® Fiber-based or textile-
integrated formats, including MWCNT/PEDOT:PSS-coated
cotton fabrics, improve mechanical flexibility and enable
stable energy output under deformation."’

Electrode materials and geometries are crucial to device
performance. Common materials include gold, silver, ITO,
carbon paper, and conductive textiles. Interdigitated and
asymmetric electrode configurations, commonly produced via
inkjet, screen, or roll-to-roll printing, enhance active surface
area, diminish internal resistance, and influence electric field
distribution.” A design employing carbon ink on filter paper
operated as a self-powered humidity-sensitive electrode,
producing 0.19 V while staying flexible after more than 1000
bends.”” In an alternative design, screen-printed BC/AC/
MgClyelectrodes on polyimide (PI) substrates were fabricated
using syringe-assisted direct writing, enabling fine control of
electrode spacing and moisture diffusion pathways.'**

These device structures are compatible with scalable
manufacturing techniques, including solution casting, electro-
spinning, vacuum filtration, and inkjet or screen printing,
which enable cost-effective and flexible production methods."*
Such scalable fabrication methods, when integrated with opti-
mized architectures and electrode designs, establish a viable
basis for real-world humidity energy harvesting technologies.

3.7.1 Scalable manufacturing and large-area fabrication
strategies. The effective implementation of humidity-driven
energy harvesters, based on the device architectures and elec-
trode designs outlined in Subsection 3.7, is fundamentally
contingent upon their alignment with scalable, economical,
and environmentally sustainable manufacturing techniques.
Recent studies have demonstrated that many humidity-
responsive materials and device architectures are inherently
compatible with solution-based and printing-enabled fabrica-
tion methods, offering a realistic pathway from laboratory-scale
demonstrations to  large-area and  high-throughput
production.*

Scalable manufacturing approaches, such as roll-to-roll
processing, spray coating, inkjet printing, screen printing, and
electrospinning, have been widely adopted in the fabrication of
moisture- and ion-driven energy devices. Inkjet- and screen-
printed electrode patterns on paper, polymer, and textile
substrates enable rapid, low-cost fabrication of planar and
interdigitated architectures while preserving mechanical flexi-
bility and reproducibility.*** Paper- and textile-based platforms
further provide intrinsic porosity and moisture permeability,
which are advantageous for maintaining humidity gradients
across extended areas. Roll-to-roll-compatible coating and
printing techniques enable continuous production over meter-
scale substrates, a key requirement for commercialization.

Several humidity-driven energy harvesting systems have
successfully demonstrated scaling from millimeter-scale labo-
ratory prototypes to centimeter-scale devices using printing-
and coating-based approaches. Graphene oxide-based,
hydrogel-based, and MOF-derived humidity harvesters fabri-
cated via spray coating, vacuum filtration, and printing have
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achieved active areas ranging from several cm” to tens of cm?
while maintaining stable voltage output under ambient condi-
tions. These experiments confirm the viability of advancing
humidity-driven energy harvesting from proof-of-concept
devices to practically applicable form factors; however,
enlarging the area presents issues concerning humidity
gradient uniformity and electrical interconnection.

Electrospinning, vacuum filtering, and continuous coating
can produce porous nanofiber membranes and aerogel-like
films with a high surface area, variable thickness, and inter-
connected pore networks. Water adsorption, ion transport, and
electrical output depend on such microstructures. Notably,
electrospinning has already achieved industrial-scale imple-
mentation for filtration, energy storage, and sensing applica-
tions, thereby highlighting its potential for humidity-driven
energy harvesting devices.'>>'?¢

Ink formulation and rheological control represent additional
bottlenecks in large-area manufacturing. Humidity-responsive
materials must be processed into stable inks with controlled
viscosity, surface tension, and drying kinetics to avoid coffee-
ring effects, pore collapse, or phase segregation during
printing. Water-based and low-toxicity solvent systems are
particularly attractive for scalable and sustainable processing
although they impose stricter constraints on film uniformity
and mechanical robustness."*

Process-induced microstructural variations present further
challenges during scale-up. Large-area fabrication can alter
pore size distribution, interfacial adhesion, and electrode
continuity relative to laboratory-scale casting, directly affecting
moisture adsorption gradients and ionic transport pathways.
Consequently, scalable humidity-driven devices must tolerate
thickness nonuniformities and environmental fluctuations
without catastrophic loss of performance.">”***

At the system level, large-area deployment introduces chal-
lenges related to electrical interconnection, impedance match-
ing, and encapsulation.”>**'** Efficient series-parallel
integration is required to translate material-level power
density into usable voltage and current outputs.’*® Encapsula-
tion strategies must balance environmental protection with
controlled water vapor permeability, as excessive sealing
suppresses device operation while insufficient protection
accelerates degradation.*®* This trade-off is unique to humidity-
driven energy harvesting and remains a key challenge for long-
term operation.

Finally, scalability must be evaluated from techno-economic
and sustainability perspectives. Several high-performance
laboratory demonstrations depend on hydrated hydrogels,
noble metals, or precisely regulated humidity conditions, which
are unsuitable for large-scale production due to financial and
practical limitations. Future scalable systems must emphasize
the use of earth-abundant materials, low-temperature process-
ing, reduced chemical complexity, and alignment with circular
manufacturing principles to meet feasible costs, durability, and
environmental targets.

This journal is © The Royal Society of Chemistry 2026
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4. Integration with energy storage

Although humidity-driven energy harvesting devices show
promise in turning ambient moisture into electrical energy, the
intermittent and low-density characteristics of the harvested
energy restrict their practical application. Most humidity-based
harvesters generate power in response to changing environ-
mental conditions, including variations in humidity, tempera-
ture, and airflow. As a result, without a stable means of energy
storage, these systems cannot reliably power electronic devices
with continuous or burst energy demands. Integrating energy
storage components into humidity-driven systems is therefore
essential for realizing self-sustained and autonomous power
platforms.

Hybrid harvesting platforms that integrate moisture-driven
hydrovoltaic generators with photovoltaics are an efficient
approach to improving total energy availability and system
stability. A recent study demonstrated a cellulose-based
moisture-driven hydrovoltaic device (MHD) integrated with
a photovoltaic (PV) panel through an interfacial hydrogel layer
that simultaneously enables evaporative cooling and hydro-
voltaic energy generation. This configuration delivered a stable
voltage of approximately 0.7 V and a power density of ~20 mW
m™ 2 over continuous operation for 30 days while increasing the
hydrovoltaic output by ~150% and improving PV efficiency by
up to ~15% through thermal regulation and waste-heat utili-
zation. Such hybrid moisture-solar systems can directly support
energy storage modules and autonomous operation of low-
power electronics, illustrating the potential of multi-source
integration in self-powered platforms.*?

This section explores the latest methodologies for inte-
grating energy storage, particularly supercapacitors and
microbatteries, into humidity-responsive harvesters. Focus is
directed towards the compatibility of materials, the integration
of structures, and the synergistic performance between the
energy generation and storage modules.

4.1 Supercapacitor integration

Supercapacitors, or electrochemical capacitors, are ideally
compatible with humidity harvesters due to their higher power
density, rapid charge and discharge capabilities, and extended
cycle life. They store energy via electric double-layer capacitance
or pseudocapacitance from rapid surface redox processes. In
integrated energy systems, materials like GO, CNTs, or con-
ducting polymers, which are utilized for harvesting moisture-
induced charges, can also act as one of the electrodes in
supercapacitors. GO films, which generate mobile ions from
water vapor, can simultaneously serve as high-surface-area
charge storage media. This dual functionality simplifies
device architecture, diminishes system size, and facilitates
autonomous self-charging energy storage.

Most implemented systems utilize solid-state or gel electro-
lytes, such as PVA-H;PO, or ionic hydrogels, to maintain
mechanical flexibility, ionic conductivity, and water reten-
tion.”**"* Layouts generally follow sandwich or in-plane
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architectures, with humidity-responsive electrodes that are
aligned and enclosed for durability under ambient settings.

A recent study revealed a versatile moisture-powered super-
capacitor (mp-SC) that utilizes moisture-induced ion diffusion
from a polyelectrolyte generator and stores charge in GO-based
electrodes, attaining an area capacitance of 138.3 mF cm ™2 and
maintaining stable voltage retention (~96.6%) over 120 h.
When connected in series, packs of 72 of these units produced
60 V in air, which directly powered commercial electronics. This
demonstrated a practical, self-sustaining operation without the
need for external charging sources.’® Complementing this,
a graphene-carbon black/PVC composite film was utilized to
concurrently harvest energy from rain and store it through
interfacial pseudocapacitance. This approach showed durable
and repeatable charge-discharge behavior under continuous
water exposure.'*® Furthermore, an MEG inspired by capacitors
was developed using paired charged electrodes and a nanofiber
film loaded with electrolytes, taking advantage of electric
double-layer capacitor (EDLC) mechanisms. The device
produced an output of 0.7 V and 3 pA over 120 hours, operating
well across a relative humidity range of 35-95%, underscoring
the promise of capacitive topologies for improving the long-
term stability of humidity-driven energy systems.**”

Integrated devices like these showcase self-charging super-
capacitor systems that collect moisture-generated ions and
store them for external use, with fast charging, meaningful
energy retention, and extended operational lifetimes. Inte-
grated designs have also explored coupling moisture/light
hybrid generators with storage elements. A light-moisture
coupling power system successfully charged an energy storage
capacitor, indicating the feasibility of hybrid humidity har-
vesting with on-board storage for autonomous micro-power
applications."*® However, challenges remain in improving the
interface between harvesting and storage materials, reducing
internal resistance, and keeping performance stable over time
under changing moisture conditions.

4.2 Microbattery and hybrid storage systems

Microbatteries, including thin-film solid-state and flexible
types, offer ideal energy density in tiny configurations, making
them perfect candidates for integrated self-powered devices.
Although their integration with humidity harvesters is still in
the preliminary stages compared to supercapacitors, recent
advances in functional materials have opened the door to novel
hybrid architectures. Materials such as MoS,, MXenes, and
MOFs have significant promise for dual functionality owing to
their elevated surface area, adjustable conductivity, and suit-
ability for humid conditions. Although current research
predominantly explores these materials either for energy
storage or humidity sensing independently, their properties
suggest that they could be engineered in future devices to serve
as both harvesting and storage materials within compact hybrid
platforms.*?***?

In addition to storage-oriented hybrids, complementary
multi-modal energy harvesting methods have also been inves-
tigated. The integration of moisture harvesting with light-
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responsive materials has been applied to improve hydrovoltaic
performance when exposed to light. In one such system,
a moisture-light harvesting electric generator constructed from
hygroscopic polymers and light-responsive BiOBr nanosheets
increased power output under simultaneous humidity and light
exposure, demonstrating the efficacy of coupling water
adsorption with light-induced charge dynamics for dual-modal
environmental energy conversion.*** In parallel, deformable
hybrid energy harvesters incorporating MEGs and TENGs with
MXene-coated foams and ionic hydrogels illustrate the practi-
cality and performance benefits of multifunctional and hybrid
platforms.**®

Extending these concepts toward broader environmental
adaptability, all-weather hybrid energy harvesters have been
developed that integrate hydrovoltaic and photovoltaic conver-
sion processes within a single platform. All-biobased
hydrovoltaic-photovoltaic power generators allow the use of
both ambient moisture and solar energy at the same time. This
makes them more flexible and improves energy availability in
different settings. Such systems illustrate viable strategies for
coupling distinct harvesting mechanisms to achieve more
continuous and reliable power generation."*

Hybrid systems, despite their potential, encounter signifi-
cant limits, including the need for moisture-stable electrolytes,
slower charging rates under ambient humidity, and the
requirement to minimize internal resistance to ensure sus-
tained long-term operation.

4.3 Design strategies for Co-integration

The integration of humidity harvesters and storage components is
fundamentally dependent on the compatibility of materials and
architectural design. Monolithic integration is an ambitious
architectural goal, wherein a singular active material or layered
structure simultaneously harvests moisture-induced ions and
functions as an energy storage electrode, effectively merging the
capabilities of moisture energy harvesting and supercapacitor
technology into a unified compact unit. Substrates such as GO
films or polyaniline-coated materials provide advantageous plat-
forms for attaining dual functionality owing to their intrinsic
conductivity, ion transport characteristics, and capacity to engage
with ambient moisture.’**' Similar concepts have been realized
in other energy domains, such as photosupercapacitors and
MXene-based on-chip micro-supercapacitors, but the literature
currently lacks any successful implementations of monolithic
harvest-storage integration, specifically for humidity-driven
systems.">'** This research gap offers a considerable opportunity
for future advancement because the achievement of a genuine
MEG-supercapacitor monolithic device will considerably simplify
device architecture, decrease volume, and perhaps improve reli-
ability in self-powered applications.

Layered architectures represent an alternative strategy that
facilitates the independent optimization of harvesting and
storage layers. This configuration consists of hydrophilic
moisture-harvesting layers positioned above storage layers
made of high surface area CC, conductive polymers, or ionic

This journal is © The Royal Society of Chemistry 2026
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hydrogels. This vertical or thin-film design enables precise
modulation of humidity sensitivity and charge retention.***

Interdigitated electrode patterns are especially useful in
planar designs. Inkjet, screen printing, or photolithography
enable side-by-side harvesting and storage regions on a single
substrate, eliminating complex wiring and facilitating trans-
parent, lightweight, or flexible device formats. Interdigitated
supercapacitors using double-layer active materials indicate
potential in flexible hybrid platforms.*>**>*

Flexible and stretchable substrates, such as poly-
dimethylsiloxane (PDMS), polyethylene terephthalate (PET),
and thermoplastic polyurethane (TPU), have significantly
enhanced integration possibilities. ~Hybrid platforms
combining hygroscopic harvesting layers and stretchable
storage modules are now viable for wearable electronics, soft
robotics, and implantable devices.*>%**”

The selection of a co-integration strategy ultimately hinges on
various factors, including power requirements, desired form
factor, operating environment, and mechanical constraints.
Progress in materials science and microfabrication is anticipated
to produce more intricate integration schemes, facilitating
compact, self-powered, and robust humidity energy systems.

To provide a comparative overview of current integration
strategies between humidity-driven energy harvesters and storage
systems, Table 3 summarizes recent advancements, including the
types of energy storage used, materials employed, structural
configurations, electrolytes, performance metrics, potential appli-
cations, and key integration challenges. This comparative table
outlines the adaptability and constraints of current systems while
highlighting essential design factors for future advancements.

4.4 Toward self-powered systems

The integration of humidity-driven energy harvesters with on-
board storage represents an essential advancement in achieving
self-powered electronic systems. Such systems can operate inde-
pendently of external power sources, diminish maintenance
requirements (e.g:, battery replacement), and facilitate installation
in remote or resource-limited environments.

Although most current prototypes demonstrate limited
energy output and storage capacity, continued advancements in
material design, multifunctional architectures, and energy
management circuits are expected to enhance the feasibility of
commercial applications. Future directions may encompass the
use of smart packaging, bio-integrated energy systems, and
adaptive harvesting circuits that responsively adjust to envi-
ronmental stimuli to enhance both generation and storage.

Although current demonstrations remain at the proof-of-
concept level, MEG-supercapacitor and MEG-battery hybrids
represent a promising pathway toward self-powered systems,
warranting further exploration of scalable integration strategies.

5. Applications, challenges, and
concluding outlook

Humidity-driven energy harvesting technology shows great
promise in addressing the increasing demand for self-powered
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Fig. 8 Conceptual illustration of a fully integrated MEG operating within a hybrid renewable energy network. The proposed MEG harvests
ambient moisture to generate electricity and works in synchrony with other renewable energy harvesting technologies such as photovoltaics and
wind turbines. An advanced power management unit regulates the combined outputs, ensuring stable delivery to the electrical grid while
optimizing efficiency and resilience under variable environmental conditions.

and compact systems. Their capacity to operate under ambient
environmental conditions without reliance on solar, thermal, or
mechanical inputs makes them attractive for new applications.
However, converting laboratory-scale prototypes into practical
applications is a complex challenge. This section outlines the
principal application domains, specifies the fundamental
technical and system-level challenges, and emphasizes strategic
directions for future research and commercialization.

5.1 Application domains

A primary area of significance is wearable and textile electronics.
Humidity-harvesting materials such as graphene oxide films,
carbon-based fabrics, and moisture-sensitive polymers/hydrogels
can be integrated directly into garments or skin-interfaced
patches. These devices utilize moisture from human perspira-
tion or ambient air to generate power for biosignal monitors,
activity trackers, or low-energy wireless modules, thereby obvi-
ating the necessity for traditional batteries.****

Beyond wearables, humidity-responsive harvesters have
shown promise in remote and off-grid sensing applications,
especially in agriculture, infrastructure inspection, and
ecological monitoring. In environments where sunlight is
obstructed and thermal gradients are minimal, ambient
humidity offers a continuous and renewable power source.
Devices applied to soil moisture sensing, structural health
monitoring, and environmental stations in forests or wetlands
can operate autonomously under such conditions.

New ideas are also being used in biomedical and implant-

160-163

able systems, where soft and biocompatible materials, like
cellulose, chitosan, and ionic conductive hydrogels, are
employed for energy harvesting driven by humidity. These
materials facilitate integration into skin-attached patches or
subdermal platforms, with the potential to power bioelectronic

1402 | Sustainable Energy Fuels, 2026, 10, 1382-1407

sensors utilizing moisture generated by the body. This field is in
its early stages; however, these methodologies have the poten-
tial to facilitate the development of next-generation medical
implants that utilize in situ biological moisture.'®**%

Additionally, humidity-harvesting technologies are being
explored for incorporation into smart infrastructure and
building environments. Incorporating moisture-responsive
films or hydrogels into walls, window coatings, or heating,
ventilation, and air conditioning (HVAC) surfaces can allow self-
powered enclosures that monitor air quality, ventilation effi-
ciency, or structural stress in real time, particularly in indoor
environments where lighting conditions limit the effectiveness
of photovoltaic systems. One investigation showcased wall-
integrated hygro-thermoelectric paper panels that utilize
indoor humidity gradients and temperature variations to
continuously produce electricity, indicating potential uses in
wall cladding for residential and commercial spaces.*® Another
report described a coupling system that integrates photovoltaic
cells with hygroelectric generators. This hybrid setup enhances
power generation and reliability in indoor IoT sensors and can
be seamlessly embedded into building systems.'®®

5.2 Current technical challenges

Despite increasing interest and prospective applications,
humidity-driven energy systems encounter several unresolved
technical challenges that restrict their widespread adoption. A key
restriction is their relatively low power output and energy density.
Although optimized devices can provide voltages greater than 1V,
the current densities generally remain within the microampere or
even nanoampere range, limiting their applicability to ultra-low-
power electronic devices. This performance bottleneck stems
from inefficiencies in charge-carrier generation, slow ion trans-
port within the hygroscopic layers, and poor electrode-electrolyte

This journal is © The Royal Society of Chemistry 2026
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interfacial characteristics, all of which are active areas of material
research and device engineering.>**¢71%

Besides power limitations, humidity-responsive electronics
are intrinsically susceptible to ambient environmental condi-
tions. Fluctuating RH can lead to considerable variations in
output performance, complicating steady functioning in prac-
tical environments. Standardization also presents another crit-
ical limitation. There is currently a lack of unified testing
protocols and performance benchmarks for humidity-powered
systems. Different studies often report device outputs under
varying relative humidity levels, temperatures, and time inter-
vals, which makes it difficult to compare materials and archi-
tectures across the literature in a meaningful way.>**¢”

The integration of humidity harvesters with storage parts
such as supercapacitors or microbatteries adds further
complexity. Differences in material compatibility, mechanical
properties, or geometries can result in increased internal
resistance and decreased energy transfer efficiency, particularly
in flexible or conformal devices.*®

Finally, durability and long-term stability are crucial
concerns, especially for devices functioning in fluctuating
humidity or outdoor environments. Moisture-sensitive mate-
rials such as graphene oxide, cellulose-based films, and
hydrogels are prone to swelling, delamination, and loss of
performance after prolonged exposure.'*'”* This degradation
highlights the importance of developing strong encapsulation
methods and chemically stable interfacial materials that can
maintain performance throughout prolonged operational life-
times. Emerging evaluations suggest that overcoming these
technical challenges through advancements in materials
science, microfabrication, device standardization, and system-
level integration strategies will be necessary to realize self-
powered devices based on humidity harvesting.

5.3 Future opportunities and concluding perspectives

In the future, various strategic directions offer significant potential
for tackling existing challenges in humidity-driven energy har-
vesting systems. Advancements in materials science are essential
to this progression. The development of novel 2D hetero-
structures, polyelectrolytes with tunable functional groups, and
bioinspired nanocomposites is anticipated to substantially
improve energy conversion efficiency, ion transport dynamics, and
operational longevity. In parallel, advancements in scalable
fabrication methods, such as inkjet printing, 3D microfabrication,
and roll-to-roll processing, will facilitate the shift from laboratory
prototypes to commercially viable devices, which are characterized
by broad area coverage and decreased production costs. Together,
these advances will lay the groundwork for multifunctional and
scalable architectures that can serve both small-scale electronics
and large-scale renewable integration.

Another notable developing area is the investigation of
multifunctional designs, particularly those facilitating the co-
integration of energy harvesting, storage, sensing, and data
transmission. Examples include monolithic layers that can
perform both ion generation and charge storage, along with
interdigitated configurations that combine generation, signal

This journal is © The Royal Society of Chemistry 2026
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processing, and wireless communication in a cohesive design.
Fig. 8 illustrates a conceptual depiction of a fully integrated
MEG operating within a renewable energy network. The
proposed system positions the MEG alongside solar panels and
wind turbines, including a modular architecture consisting of
stacked panels, each containing several MEG cells arranged in
series and parallel configurations. The three-dimensional,
layered MEG design improves spatial efficiency, resulting in
higher power density per footprint compared to PV modules
that require significant surface area. Furthermore, MEGs can
operate continuously in ambient humidity, allowing constant
power generation, which presents a significant advantage over
solar and wind systems that are fundamentally intermittent.
Integrated with advanced power management electronics, the
MEG's humidity-dependent output can be aligned with
complementary renewable sources, guaranteeing stable and
reliable electricity delivery to the grid. This vision highlights the
potential of MEGs to enhance the dependability of forthcoming
renewable infrastructures at the grid level.

Beyond grid-level deployment, these innovations also open
opportunities at the device scale, particularly for wearable,
implantable, or distributed electronics. Hybrid systems integrating
humidity harvesters with supercapacitors, microbatteries, or
triboelectric generators can increase the operational versatility of
small-scale devices. At the device level, hybridization enhances
robustness in fluctuating environments, providing a continuous
and reliable power supply for sensors and microelectronics. In
order to develop autonomous self-powered devices, adaptive
electronics and intelligent power management circuits, including
ultra-low-power microcontrollers and wireless transceivers, are
indispensable. Future prototypes may also integrate real-time
feedback control systems to stabilize performance under fluctu-
ating humidity, thus improving reliability in portable and IoT
applications.

As these system concepts progress towards real imple-
mentations, emphasis must increasingly shift to scalability,
reproducibility, and sustainability. Life-cycle assessments of
materials and manufacturing processes are necessary to ensure
environmental responsibility and regulatory compliance, espe-
cially for applications in biomedical and consumer technolo-
gies. Eco-friendly synthesis techniques, biodegradable
materials, and enduring biocompatibility will be critical factors
in future designs. Ultimately, with continued interdisciplinary
collaboration among materials scientists, surface chemists,
device engineers, system designers, and regulatory experts,
humidity-driven energy harvesting technologies are positioned
to become foundational components in the production of
compact, resilient, and autonomous electronic systems across
various sectors, including healthcare, infrastructure, environ-
mental monitoring, and wearable technology.

Humidity-driven energy systems thus represent a paradigm
shift in ambient energy technology, providing novel opportu-
nities for autonomous electronics and redefining strategies for
passive energy harvesting in many real-world settings.
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