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Atmospheric-moisture-driven evaporative cooling
and concurrent hydrovoltaic energy harvesting
in photovoltaic panels
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Moisture-driven hydrovoltaic devices (MHDs) are an emerging class of energy harvesters that convert
ambient moisture gradients into electricity, offering notable potential for decentralized power supply in
off-grid regions. However, their output performance is often limited by sluggish moisture sorption and
evaporation kinetics. Herein, we developed a high-performance cellulose-based MHD that is capable of
delivering a stable voltage of ~0.7 V and a power density of 20 mW m~2 for over 30 days under
ambient conditions (40%—-70% RH, ~20 °C). To overcome the intrinsic power limitations, we con-
structed a hybrid energy harvesting system by coupling the MHD with a photovoltaic (PV) panel using an
interfacial hydrogel cooling layer. This synergistic design enables the MHD to harness waste heat gener-
ated by the PV panel, boosting its power output by ~150%. At the same time, evaporative cooling low-
ers the PV panel temperature by up to 13.5 °C, increasing its power output by ~15%. The integrated
system can directly power various electronic devices and support energy storage, paving the way for
sustainable, self-powered Internet of Things (IoT) networks and net-zero energy buildings through
efficient utilization of ambient moisture and solar-induced thermal waste.

As global demand for renewable energy grows, the efficiency and durability of photovoltaic (PV) systems are increasingly constrained by heat accumulation,

which can cut electricity output by up to 20% in hot, arid regions. Passive cooling strategies, such as hydrogel-based evaporative cooling, partially mitigate this

challenge but still leave most absorbed solar energy dissipated as low-grade heat. In parallel, moisture-driven hydrovoltaic devices (MHDs) have emerged as a

novel technology capable of harvesting ambient moisture for decentralized power supply, yet their practical utility is hindered by sluggish moisture transport
and low power densities. By synergistically integrating these two technologies, it becomes possible not only to reclaim otherwise wasted heat to enhance MHD

output performance but also to suppress PV overheating and boost solar electricity output. Such a hybrid strategy addresses two long-standing

challenges—thermal losses in PV modules and kinetic bottlenecks in MHDs—while offering a scalable route to self-powered internet of things networks

and net-zero energy buildings. More broadly, this work illustrates how coupling ambient moisture harvesting with solar energy conversion can unlock new
pathways for sustainable, all-weather energy generation tailored to extreme climates.

Introduction

Rapidly increasing global energy demand, coupled with inten-
sifying climate pressures, is driving renewable energy systems
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to operate under increasingly extreme thermal conditions."?
Photovoltaics (PVs), although central to the clean-energy transi-
tion, are inherently limited by severe thermal inefficiencies.’
Typically, >70% of the solar energy incident on the PV module
is dissipated as heat,” raising its temperature by 20-30 °C above
the surrounding ambient temperature.”> Such overheating
reduces their power conversion efficiency by ~0.3%-0.5% for
each 1 °C increase in module temperature® and accelerates

This journal is © The Royal Society of Chemistry 2026
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material degradation,” ultimately shortening the operational
lifespan. These effects are particularly pronounced in the
Middle East and North Africa, where summertime ambient
temperatures often exceed 45 °C, causing PV surface tempera-
tures to reach 70-80 °C under direct sunlight and minimal
ventilation.® At these elevated temperatures, PV output can
decline by up to 20% relative to the performance under the
standard test condition of 25 °C,*° undermining the economic
and technical viability of solar deployment in arid climates.

To mitigate these thermal losses, passive cooling strategies
have been extensively investigated.'®"® Among them, evapora-
tive cooling using hygroscopic hydrogel layers is especially
promising due to its substantial cooling capacity."*™® For
example, a hydrogel composed of polyacrylamide, carbon nano-
tubes, and calcium chloride was employed as a passive water-
capturing layer for PV cooling, achieving a temperature
reduction exceeding 10 °C and a cooling power of 295 W m~>."*
More recently, we developed a durable, low-cost hydrogel cap-
able of maintenance-free atmospheric water-induced evaporative
cooling, sustaining continuous operation for over one week
under harsh environmental conditions in Saudi Arabia.”
Despite these advances, the majority of solar energy absorbed
by the PV-hydrogel system remains dissipated as low-grade
heat—an underutilized resource that could, in principle, be
reclaimed for secondary energy generation.

For effective waste-heat reclamation, PV systems can be
coupled with moisture-driven hydrovoltaic devices (MHDs),
an emerging class of energy harvesters that convert ambient
moisture gradients into electricity."®° Over the past decade,
MHDs based on materials such as graphene oxide,?>** hydro-
gels,” polymers,** and composites®>*® have been explored for
sustainable, off-grid power generation, leveraging the ubiquity
of atmospheric moisture.”’*° However, their practical deploy-
ment is limited by the inherently low power densities of the
materials and system design, primarily due to slow moisture
kinetics.'®3"*? Consequently, water transport and the resulting
ion flux, which are critical for efficient energy conversion, are
suppressed.”’

These kinetic bottlenecks can be mitigated by strategically
repurposing the waste heat that otherwise reduces PV effi-
ciency. Most MHDs rely solely on ambient humidity gradients
for electricity generation; however, introducing controlled
thermal gradients can accelerate vapor diffusion and ion trans-
port, thereby enhancing MHD electrical output performance.****
Nevertheless, excessive or unregulated heating can rapidly deplete
internal moisture reserves, leading to sharp performance declines.
Under solar illumination, MHDs often exhibit an initial perfor-
mance surge due to accelerated evaporation, followed by a rapid
drop as the water content is exhausted. This instability remains a
major barrier to thermally enhanced MHD operation.* Conse-
quently, integrated system designs that balance thermal enhance-
ment with sustained moisture availability are essential.

To this end, we developed a PV-hydrovoltaic hybrid system
that integrates a cellulose-based MHD with a PV module via an
interfacial hydrogel cooling layer. This hydrogel serves a dual
role: (i) providing continuous daytime evaporative cooling to

This journal is © The Royal Society of Chemistry 2026
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reduce PV operating temperature, and (ii) acting as a stable, all-
day moisture reservoir that harnesses waste heat from the PV
module to enhance hydrovoltaic electricity generation. The
specially designed MHD converts ambient moisture and
solar-induced waste heat into electricity through thermally
assisted ion diffusion and thermogalvanic processes. Under
typical nighttime conditions (40%-70% RH, ~20 °C), the MHD
delivers a stable output of ~0.7 V with a power density of
20 mW m 2. Solar illumination further increases the power
output by ~150% through synergistic thermal-moisture cou-
pling. Simultaneously, evaporative cooling lowers the PV sur-
face temperature by up to 13.5 °C, improving PV electrical
output by ~15%. The modular MHD architecture supports
serial and parallel configurations, allowing adaptation to
diverse voltage and current requirements. This versatility is
demonstrated through capacitor charging and the operation of
low-consumption electronics. This integrated approach pro-
vides a scalable route toward sustainable, self-powered Internet
of Things (IoT) networks and net-zero energy buildings, parti-
cularly in arid, off-grid environments where efficient utilization
of ambient moisture and waste heat is crucial. By addressing
the dual challenges of PV thermal management and low-grade
heat recovery, this study establishes a blueprint for next-
generation autonomous energy systems with enhanced effi-
ciency, durability, and adaptability.

Results and discussion

Design and fabrication of a heat- and moisture-driven power
generation system

As shown in the left panel of Fig. 1, the integrated system
comprises a bilayer structure on the backside of a PV panel,
with a hygroscopic hydrogel as the upper layer and an MHD as
the lower layer. The hydrogel passively absorbs atmospheric
moisture during the nighttime and releases the stored moisture
via evaporation during the daytime. This process passively cools
the PV panel and supplies water vapor to the MHD, mitigating
MHD performance degradation caused by rapid evaporation
at elevated temperatures. The waste heat from the PV panel
establishes a temperature gradient across the MHD, enhancing
moisture-driven ion diffusion and driving the thermogalvanic
effect in the power-generating layer. Consequently, the MHD
benefits from dual enhancement: sustained moisture availability
and thermally boosted hydrovoltaic electrical output.

This integrated system enables synergistic coupling among
three key physical effects (right panel in Fig. 1): (i) the PV effect:
solar energy is converted into electricity, while excess heat is
offloaded via evaporative cooling, improving the system’s
energy conversion efficiency; (ii) evaporative cooling: hydrogel-
mediated water evaporation lowers the PV module’s operating
temperature and supplies sufficient moisture to the MHD; and
(iii) the hydrovoltaic effect: moisture and waste heat synergistically
promote ion diffusion and trigger thermogalvanic processes in
the MHD, leading to enhanced electrical output. This cooperative
interaction among solar power generation, waste heat harvesting,

Energy Environ. Sci., 2026, 19, 1124-1136 | 1125
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Fig. 1 Schematic of an integrated photovoltaic (PV)-hydrovoltaic hybrid energy harvesting system. The system comprises a bilayer structure with a
hygroscopic hydrogel and a moisture-driven hydrovoltaic device (MHD), mounted beneath a PV panel. The hydrogel absorbs ambient moisture during
the nighttime and removes waste heat from the PV panel via evaporative cooling during the daytime. The MHD continuously harvests ambient moisture
to generate electricity and further benefits from the waste heat generated by the PV panel during the daytime to enhance its performance using the
hydrogel. These coupled effects (PV effect, hydrovoltaic effect, and evaporative cooling) in the integrated system enhance its energy conversion, thermal
regulation, and longevity—collectively enabling efficient, sustainable, and multifunctional energy harvesting.

and thermal regulation creates a multifunctional, self-sustained
energy platform. By integrating these processes, the system
addresses key challenges of PV overheating and hydrovoltaic
inefficiency, offering a scalable and practical solution for contin-
uous off-grid power generation and smart energy infrastructure.

An MHD capable of continuous and stable operation
is essential to realize the proposed hybrid energy system.
As shown in Fig. 2a, the design is inspired by persistent water
transport in plants, where capillary action and evaporation
drive directional water flow through the xylem microchannels.
The persistent capillary flow within these microchannels
induces directional ionic movement that establishes a stream-
ing potential;*® this mechanism underpins evaporation- or
moisture-driven hydrovoltaic power generation.'® Natural
wood microchannels consist of cellulose chains rich in hydroxyl
groups (-OH), which undergo deprotonation, electrically charg-
ing the channel surface and forming an electrical double layer,*”
accounting for the streaming potential generated within the
channel."*%®

Mimicking this natural mechanism, we developed a
cellulose-based MHD derived from natural wood. The power-
generating layer is composed of cellulose modified with poly(4-
styrenesulfonic acid) (PSSA), sulfuric acid (H,SO,), poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS),
and a redox couple comprising potassium ferricyanide (Ks[Fe-
(CN)e]) and potassium hexacyanoferrate (K4[Fe(CN)g]). In this
multifunctional composite, cellulose serves as the structural
framework. The acidic components, PSSA and H,SO,, contain
numerous sulfonic acid groups that provide a large reservoir
of dissociable protons (Fig. S1), thereby facilitating ion
transport.>* PEDOT : PSS and the K;[Fe(CN)g]/K,[Fe(CN)s] redox
couple contribute to lowering internal resistance and improv-
ing the device’s electrical conductivity (Fig. $2).** Moreover,

126 | Energy Environ. Sci., 2026, 19, 1124-1136

PEDOT: PSS and K;[Fe(CN)4]/K4[Fe(CN),] enable conversion of
thermal energy into electrical energy via thermal ion diffusion*’
and thermogalvanic redox reactions,*" thereby synergistically
enhancing the electrical output of the MHD. The device archi-
tecture consists of a porous gold top electrode, the multifunc-
tional power-generating layer, and a planar graphite bottom
electrode (Fig. S3). The porous gold electrode facilitates con-
tinuous moisture adsorption from the ambient environment,
and the planar graphite electrode efficiently and stably collects
electrons.

The MHD structure was systematically characterized. Scan-
ning electron microscopy (SEM) images revealed a highly
porous and interconnected morphology (Fig. 2b) derived from
the native cellulose framework. Energy-dispersive X-ray spectro-
scopy confirmed the uniform distribution of key elements—
including C, O, S, N, and K—across the power-generating layer
(Fig. 2¢), indicating successful incorporation of H,SO,, PEDOT:
PSS, and K;[Fe(CN)s]/K4[Fe(CN)e]. The MHD also exhibits
excellent hydrophilicity (Fig. S4), beneficial for continuous
moisture uptake from the ambient environment.

Electrical output performance of the MHD

The electrical output of the MHD was systematically evaluated
under varying environmental conditions. The output current
markedly increased with increasing RH, indicating the critical
role of ambient moisture in driving ionic transport and sustain-
ing electricity generation (Fig. 3a). The output voltage also
exhibited a similar dependence (Fig. S5), further confirming
the moisture-governed nature of the device. To examine the
influence of thermal input on the electrical output, a tempera-
ture gradient was applied across the membrane by heating its
upper surface with a thermal pad and monitoring temperatures via
thermocouples embedded on both sides (Fig. S6). The temperature

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Design and fabrication of a heat-enhanced MHD. (a) Bioinspired design of the MHD, mimicking natural water sorption and evaporation in plants.
The power-generating layer is constructed from wood-derived cellulose and integrated with PSSA, H,SO4, PEDOT : PSS, and the Kz[Fe(CN)gl/K4[Fe(CN)gl
redox couple to enable efficient ion transport and redox-assisted energy conversion. (b) Cross-sectional SEM image of the power-generating layer.
(c) Elemental mapping of the power-generating layer showing the uniform distribution of elements across the membrane.

difference was defined as AT = Ty, — Tpottom, Where Tyop and Thotom
denote the temperatures of the top and bottom surfaces of the
membrane, respectively. The output current increased consistently
with AT (Fig. 3b), revealing a clear positive correlation between
thermal input and electrical output performance. For instance, a
AT of ~9 K increased the current output by ~89% from ~90 pA
(AT=0)to ~170 pA. This synergistic increase arising from ambient
moisture and thermal input aligned well with the dual-mode
energy harvesting concept of the MHD. In addition, contributions
from electrochemical reactions of the electrodes were expected to
be negligible because inert gold and graphite electrodes were
used.” Therefore, the generated electricity was considered to have
originated from the combined effects of ambient moisture and
thermal gradients.

The power generation performance of the MHD was system-
atically investigated by varying its composition. Four doping
strategies were compared (Fig. 3c): (i) acid only (H,SO,/PSSA),
providing dissociable protons;*° (ii) acid + Ks[Fe(CN)s]/
K4[Fe(CN)q], introducing a redox couple for thermogalvanic

This journal is © The Royal Society of Chemistry 2026

reactions;*" (iii) acid + PEDOT: PSS, enabling thermally driven
ion diffusion;*® and (iv) acid + PEDOT:PSS + K3[Fe(CN)g]/
K,[Fe(CN)q], combining both effects.>® Under a 5 °C thermal
gradient and 60% RH, the corresponding output currents were
~98, 119, 149 and 165 pA, respectively. The higher current
in (ii) relative to (i) confirms the thermogalvanic contribution
of Kj;[Fe(CN)g]/Ky[Fe(CN)s], whereas the enhancement in
(iii) demonstrates that PEDOT:PSS facilitates thermal ion
diffusion. Their integration in (iv) yields the highest current,
highlighting the synergistic coupling of thermal diffusion and
thermogalvanic processes.*® These results identify a clear strat-
egy for boosting hybrid moisture-heat energy harvesting
through rational component design.

The electrical output of the MHD was influenced by both
membrane thickness and area. The output current increased
progressively with membrane thickness and reached a max-
imum at ~1100 pm, after which it declined, indicating an
optimal thickness of ~1100 pm (Fig. 3d). In terms of active
area, the device shows a pronounced increase in output with

Energy Environ. Sci., 2026, 19, 1124-1136 | 1127
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Fig. 3 Output performance characterization of the MHD. (a) Output current as a function of ambient RH. The current increases considerably with RH,
highlighting the ability of the device for humidity-dependent energy harvesting. Inset: schematic of the MHD exposed to ambient moisture. (b) Output
current as a function of the applied temperature gradient across the membrane under 60% RH. Inset: schematic of the MHD subjected to a top-down
temperature gradient, mimicking solar heating conditions. (c) Comparison of the output current for cellulose membranes with varying compositions.
(d) Influence of membrane thickness on the output current, showing a progressive increase with thickness and reaching a maximum at ~1100 pm, after
which the output declines. The MHDs in (a)—(d) are 2 cm x 2 cm. (e) Output current as a function of membrane area. (f) Dependence of output current
and voltage on device area, confirming size-dependent current enhancement. (g) Long-term monitoring of output voltage (red) over 30 days, alongside

ambient RH (blue) and temperature (orange). The voltage remains stable at

MHD over extended periods.

increasing area. For example, a unit with an area of 0.25 cm?
delivered a current output of ~20 pA and scaling up the unit
area to 8 cm” correspondingly enhanced the current output to
~240 pA (Fig. 3e). Notably, the output voltage remained largely
unchanged with changes in the active area (Fig. 3f), consistent
with previous studies on moisture-driven systems, indicating
that voltage was predominantly determined by the interfacial
potential rather than device size.*

The long-term operational stability of the MHD is essential
for practical applications. In our experiments, a single device
maintained a stable output voltage of ~0.7 V over 30 days
under fluctuating RH (40%-70%) and ambient temperature
(19-20 °C), demonstrating reliable performance under realistic
conditions (Fig. 3g). Representative MHD systems reported in
the literature are summarized in Table S1 and Fig. S7. The
verified 30-day operation highlights the excellent stability of
our device and its suitability for sustained energy harvesting
applications in real-world environments. These results confirm
that the integrated material design provides a robust founda-
tion for ambient energy harvesting.

128 | Energy Environ. Sci., 2026, 19, 1124-1136

~0.7 V, demonstrating excellent durability and operational robustness of the

Working mechanisms of the MHD

The working mechanism of the MHD was inspired by the
natural process of water transport and transpiration in plants
(Fig. 2a). Evaporation at the leaf surface generates negative
pressure, drawing water upward through the xylem micro-
channels.>””** These charged, narrow conduits, rich in depro-
tonated functional groups (such as -O7), facilitate directional
transport of cations (primarily H') and generate a sustained
streaming potential across the channel.*>** Guided by this
principle, an artificial membrane system was designed to
mimic plant transpiration by coupling vertical water transport
with ion movement (Fig. 4a-c). The MHD employs a hygro-
scopic matrix and proton-rich dopants (PSSA and H,SO,) to
establish water uptake and cation transport pathways, enabling
continuous moisture-driven electricity generation. Under dry
conditions (Fig. 4a), humidity and ion distribution across the
membrane are uniform, resulting in negligible ion migration
and no detectable electrical output.** This baseline state was
experimentally confirmed by the absence of current at 0% RH,
in stark contrast to the pronounced response observed at 60%

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Mechanistic investigation of moisture-driven electricity generation. (a)—(c) Schematic of the working mechanism under different environmental
conditions: (a) absence of moisture vapor, (b) presence of moisture vapor only, and (c) combined moisture vapor and thermal input. (d) Comparison of
output current in dry (0% RH, blue) and humid (60% RH, red) environments, demonstrating the moisture dependence of the MHD. (e) Real-time current
response of the MHD upon exposure to ambient moisture (60% RH). Inset: corresponding mass change due to moisture absorption. (f) Output current
response (red curve) under an externally applied temperature gradient (blue curve). (g) Output current response when the MHD surface is sealed,
confirming the role of continuous moisture absorption. (h) KPFM experimental set-up. Surface potential measurements of the power-generating layer
are performed with the top surface exposed to the ambient environment (60% RH) over 0—-60 min. (i) Evolution of the surface potential of the power-
generating layer after 0, 30, and 60 min of moisture absorption over a 2 x 2 pm? area.

RH (Fig. 4d). When exposed to ambient humidity, the hygroscopic
cellulose matrix rapidly adsorbs water, disrupting the equilibrium
and initiating vertical moisture transport.”>*® This uptake is
evidenced by a progressive mass increase in the membrane
(~8% over 6 h; Fig. 4e, inset). Simultaneously, the incorporated
proton donors (PSSA and H,S0,) dissociate upon moisture absorp-
tion, releasing protons via deprotonation of sulfonic acid groups.®
Enhanced proton availability was validated via comparative pH
analysis with unmodified cellulose membranes upon contact with
water (Fig. $8).>* The MHD also exhibits a more negative zeta
potential than pristine cellulose, facilitating selective cation trans-
port within the power-generating layer (Fig. $9).*° The resulting
vertical proton gradient drives directional ionic flux from the
humid top surface to the sealed bottom, generating a steady
internal current (Fig. 4b and Fig. S10). Correspondingly, the
measured current gradually increases from 0 to ~80 pA as
moisture diffuses through the membrane at 60% RH (Fig. 4e).
When a temperature gradient is applied, the exposed top
surface heats up. H' ions tend to diffuse from the hot side to

This journal is © The Royal Society of Chemistry 2026

the cold side due to the Soret effect,® contributing to thermo-
power (Fig. 4c). The direction of thermal diffusion aligns
with that of moisture-driven H" diffusion, thereby enhancing
electrical output. In addition, the temperature gradient across
the membrane disturbs the equilibrium of the reversible
[Fe(CN)e]*/[Fe(CN)s]*~ redox couple.*® Specifically, the oxida-
tion reaction Fe(CN)¢*~ — Fe(CN)s>~ + e~ occurs preferentially
at the hot side (top surface), while the released electrons flow
through the external circuit and are consumed at the cold side
(bottom surface) via the reduction reaction Fe(CN)s®~ + e~ —
Fe(CN)g*~ (Fig. 4c).** This thermogalvanic redox reaction gen-
erates a current that is consistent with the ionic flow induced
by H' diffusion, further enhancing the total current. As shown
in Fig. 4f, applying a 5 °C temperature difference across the
power-generating layer increases the current from ~100 pA
to ~140 pA. Upon removal of the thermal gradient, the
current returns to its original value, confirming that the ther-
mal gradient synergistically enhances MHD performance.
Overall, thermal diffusion and thermogalvanic redox reactions
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collectively facilitate charge transfer, boosting electrical output
and enabling efficient thermal-moisture hybrid energy harvesting.

The essential role of ambient moisture was further confirmed
through two control experiments. When the open surface was
sealed with a water-impermeable polyethylene membrane, vapor
adsorption was suppressed, causing the output current to gradu-
ally drop to zero (Fig. 4g). Similarly, evacuating the surrounding air
through vacuum pumping rapidly depleted the device’s internal
moisture, leading to a sharp decline in current. Upon re-exposure
to ambient air, the output gradually recovered (Fig. S11). These
results highlight the critical role of sustained ambient moisture in
driving internal ion migration and maintaining continuous elec-
tricity generation.

Charge redistribution of the power-generating layer induced
by ambient moisture was further analyzed using Kelvin probe
force microscopy (KPFM) (Fig. 4h). As shown in Fig. 4i, the
surface potential of the membrane decreased from ~580 mV
under dry conditions to ~440 mV after 60 min of exposure to
ambient moisture (Fig. S12). This potential change arises from
the dissociation and downward migration of protons, leaving
immobile deprotonated functional groups (e.g., -SO;~) in the
cellulose matrix.>*>*” The resulting electrostatic asymmetry
across the membrane establishes an internal electric field,
consistent with a streaming potential-like mechanism analo-
gous to ion flow in the xylem.*”"*> Open-circuit voltage mea-
surements of the MHD further corroborated this mechanism,
identifying the bottom electrode as the anode and the top
electrode as the cathode under moisture exposure (Fig. $13)."

In summary, the MHD operates via a dual mechanism:
(i) moisture-driven ion transport arising from asymmetric
humidity distribution, and (ii) temperature-gradient-induced
thermal diffusion and thermogalvanic redox processes. These
synergistic effects create a robust and sustainable platform for
continuous co-harvesting of moisture and low-grade thermal
energy from ambient environments.

Simultaneous evaporative cooling and moisture energy
harvesting integrated with PV panels

Although low-grade waste heat is abundant, it is one of the
most underutilized energy sources in modern energy systems.*®
In particular, thermal losses from PV panels constitute a vast
but largely untapped reservoir of low-grade heat. As discussed
earlier, >70% of incident solar radiation is dissipated as heat
and severely impacts the efficiency of PV modules, particularly
in arid and high-irradiance regions.® Therefore, passive cooling
strategies have been proposed, with hydrogel-based evaporative
cooling showing particular promise.*™*” Such systems effec-
tively reduce the surface temperature of PV modules and
improve their performance; however, they typically dissipate
heat to the environment without further energy recovery. The
proposed MHD offers a multifunctional solution by coupling
evaporative cooling with active energy harvesting. By integrating an
MHD with a PV panel via an intermediate hydrogel cooling
layer, the energy harvesting system simultaneously reduced the
PV panel temperature and converted waste heat and atmo-
spheric moisture into electrical power. To our knowledge,
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this is the first demonstration of a hydrovoltaic system inte-
grated with PV modules for co-harvesting thermal and ambient
energy and enhancing the overall energy efficiency of solar
infrastructure. To realize this concept, a hybrid structure was
designed (Fig. 5a and b). A hygroscopic hydrogel cooling layer
was sandwiched between the PV panel and MHD (Fig. 5b).
It thus achieved a dual functionality of passively cooling the
panel via evaporative water loss and simultaneously supplying
moisture and heat to drive the MHD. Hydrogel synthesis is
detailed in the Methods section (Fig. S14 and S15), and its
porous structure is evident in the SEM image (Fig. 5c). The
introduction of lithium chloride (LiCl) enhanced the hygrosco-
picity of the hydrogel, thereby ensuring efficient and sustained
water-vapor adsorption (Fig. S16). We further evaluated the
thermophysical characteristics of the PAAS/LiCl hydrogel. The
material shows an evaporation enthalpy of ~1.81 kJ g '
(Fig. S17a), a specific heat capacity of ~2.31 J g ' K '
(Fig. S17b), and a thermal conductivity of ~0.51 W m ' K7,
confirming efficient heat storage and transfer within the
hydrated polymer-salt network. In addition, the adsorption
enthalpy derived from water-vapor isotherms is ~51.6 k] mol ™"
(Fig. S17c and d), indicating strong water binding by Li* and
-COO™ sites that enables continuous moisture uptake under
low humidity.

The assembly of the integrated PV-MHD system follows a
simple yet robust layered configuration: PV panel — hydrogel
layer - MHD — cooling fin. The hydrogel layer is directly
attached to the back of the PV panel through its intrinsic
tackiness, requiring no additional bonding agent. The MHD
itself consists of a top gold electrode, a moisture-active power-
generating layer, and a bottom graphite electrode, which are
mechanically fastened together at the four corners using plastic
bolts, without any adhesive (Fig. S18). This configuration
ensures intimate interfacial contact, minimizes additional
interfacial resistance, and allows convenient disassembly or
modular scale-up. In the integrated system, the same set of
bolts is used to fasten both the MHD and the cooling fin
through predrilled corner holes, ensuring stable mechanical
compression and tight interlayer coupling (Fig. S19). This
adhesive-free integration improves the reliability of interfacial
thermal and mass transfer and maintains stable electrical
performance over extended operation.

The electrical performance of the integrated system was
evaluated under one-sun illumination using a solar simulator
(1000 W m™?). Infrared thermal imaging showed that the
surface temperature of the uncooled PV panel rose sharply
from room temperature (~20 °C) to 69 °C within 15 min
(Fig. 5d). In contrast, the panel equipped with the hydrogel
cooling layer maintained a considerably lower surface tempera-
ture of 55.5 °C even after 100 min of exposure, corresponding to
an average cooling power in the range of 302-408 W m 2
(Fig. S20). Real-time temperature monitoring further confirmed
that the cooled panel consistently remained markedly cooler
than the uncooled one (Fig. 5e). Progressive heat accumulation
in the uncooled panel caused a pronounced decline in power
output over time (Fig. 5f). During an extended 400 min illumination

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Synergistic evaporative cooling and enhanced moisture energy harvesting in an integrated PV-hydrovoltaic system. (a) and (b) Schematic
diagrams of the PV system without (a) and with (b) a hydrogel cooling layer. The PV—hydrovoltaic system consists of a PV panel, a hygroscopic hydrogel
cooling layer, an MHD, and a cooling fin. (c) Schematic illustration (top) and SEM image (bottom) of the hydrogel cooling layer. (d) Infrared thermal images
of the PV panel under one-sun illumination, showing a rapid temperature rise of the uncooled panel within the first 15 min and effective cooling by the
hydrogel layer. (e) Time-resolved temperature evolution of the PV panel with and without the hydrogel cooling layer. (f) Output power of the PV panel
with and without the hydrogel cooling layer. (g) and (h) Real-time current output of the MHD with (g) and without (h) the hydrogel cooling layer under
one-sun illumination. (i) Power density comparison before and after solar illumination, demonstrating a synergistic performance enhancement.
(j) Outdoor performance of the integrated system under real environmental conditions. (k) Photograph of the outdoor setup: 20 MHDs connected in
series successfully power an LED bulb at midnight, demonstrating its potential for self-powered applications.

test, the cooled panel sustained a 13.5 °C lower temperature,
achieving a ~15% enhancement in power output relative to the
uncooled panel (Fig. S21). To provide a more comprehensive
comparison, additional control experiments were performed using
a PV panel with an aluminium cooling fin and with both a hydrogel
layer and cooling fin. After 100 min of one-sun exposure, the panel

This journal is © The Royal Society of Chemistry 2026

with only the fin reached 60.5 °C, while the combination of
hydrogel and fin stabilized at 58.9 °C, both intermediate between
the bare and hydrogel-cooled panels. The corresponding output
powers followed the same trend (Table S2 and Fig. S22). These
results highlight that evaporative cooling by the hydrogel layer is
more efficient than conductive heat dissipation via the fins.

Energy Environ. Sci., 2026, 19, 1124-1136 | 1131


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee05530j

Open Access Article. Published on 02 December 2025. Downloaded on 3/10/2026 3:03:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

To benchmark the passive cooling performance, we com-
pared the developed hydrogel-MHD system with representative
sorbent-based PV thermal management systems (Table S3). Our
system achieved a temperature reduction of 13.5 °C, a cooling
power of 302-408 W m 2, and a 15% improvement in PV
output, outperforming most previously reported sorbent-
based cooling materials such as PAM-CNT-CaCl, hydrogels,
LiCI@ACFF composites, and k-carrageenan/PPy-LiCl beads.
This comparison underscores the strong thermal management
capability of our approach, which not only effectively sup-
presses PV overheating but also enables stable moisture supply
for enhanced MHD performance.

Beyond passive thermal regulation, the hydrogel also plays a
crucial role in enhancing active hydrovoltaic energy harvesting.
To evaluate this function, we measured the electrical output of
the MHD. Under one-sun illumination, the current output
increased markedly from 60 (ambient conditions) to 110 pA
(Fig. 5g). This enhancement resulted from waste heat generated
by the PV panel, which induced water evaporation within the
hydrogel cooling layer. The increased vapor temperature at the
MHD interface and the resulting ~3 °C temperature gradient
across the power-generating layer (Fig. S23) accelerated ion
transport and redox kinetics, thereby boosting hydrovoltaic
electricity output. In contrast, the control system without the
hydrogel cooling layer exhibited poor stability: although the
initial heat flux transiently increased the MHD current output,
the unregulated temperature rise above 50 °C (Fig. S23) and
rapid moisture loss led to device dehydration, causing a sharp and
irreversible current drop to zero (Fig. 5h). This clear contrast
highlights the multifunctional role of the hydrogel cooling layer
in the integrated system. Specifically, the hydrogel serves two
synergistic functions: (i) passively removing waste heat from the
PV panel via evaporative cooling to enhance PV performance, and
(ii) actively converting absorbed heat into evaporation enthalpy,
ensuring sustained moisture release and maintaining a thermal
gradient—both essential for efficient hydrovoltaic generation.
Benefiting from this simple yet effective coupling strategy, the
power density of the MHD under solar illumination increased 2.5-
fold, from 20 to 50 mW cm™ > (Fig. 5i).

The practicality of the integrated system was further verified
through outdoor experiments conducted in Jeddah, Saudi Arabia
(March 15, 2025), with the ambient relative humidity ranging from
50% to 70%. As shown in Fig. 5], the device generated a baseline
current of ~60 pA in the absence of sunlight. Under solar
irradiation, the current output gradually rose, reaching ~160 pA
at peak daytime. The generated electricity could be stored in
capacitors for later use, providing a potential power source for
low-power electronics. As solar intensity declined toward the
evening, the current returned to its baseline level, demonstrating
reliable performance over a full diurnal cycle.

To further assess the applicability of the PV-hydrovoltaic
system in arid regions, additional experiments were conducted
under both controlled indoor and outdoor desert environ-
ments. In a low-humidity chamber (~22% RH, ~24 °C),
the PV panel with the hydrogel cooling layer stabilized at
48 °C under one-sun illumination (Fig. S24), compared to
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58 °C at 60% RH, indicating that lower ambient humidity
enhances evaporative cooling by accelerating water evapora-
tion. As a result, the hydrogel-cooled PV showed a 21.4 °C lower
operating temperature and an approximately ~ 18.4% increase
in electrical power output relative to the uncooled panel. The
corresponding MHD current was initially limited (~7 pA) due
to the low moisture content in air, but gradually increased to
~50 pA upon illumination, driven by hydrogel-derived vapor
and the thermally induced gradient across the power-generating
layer. Furthermore, an outdoor field test was conducted in Jeddah,
Saudi Arabia (October 17, 2025), where the minimum daytime RH
dropped to 11.2% and the peak temperature reached 38 °C. Under
this hot-arid condition, the hydrogel-cooled PV panel maintained
a temperature reduction of ~8.5 °C and delivered an average
power output ~5% higher than the bare panel (Fig. S25). The
MHD also operated continuously, with the daytime output current
increasing from ~25 to ~140 pA, owing to sustained water-vapor
release from the hydrogel and the derived thermal gradient. These
results demonstrate that the integrated system remains effective
and operational even under extremely low-humidity and high-
temperature conditions typical of desert climates. We also per-
formed a detailed thermalresistance analysis (Fig. S26) and
numerical simulations (Fig. S27) of the bare and hydrogel-MHD
integrated PV systems, which confirm that the introduced eva-
porative pathway becomes the dominant additional cooling
mechanism and reduces the PV operating temperature.

As a proof of concept, the assembled system successfully
powered a light-emitting diode (LED) bulb at night (Fig. 5k),
underscoring its potential for sustainable off-grid energy appli-
cations. Importantly, the MHD module used here is structurally
identical to the units described in the following section,
enabling seamless transition from a hybrid PV-MHD system
to scalable modular deployment. This modularity allows the
same MHD components to be used either as integrated ele-
ments beneath PV panels or as independent power units for
broader applications.

Scalable applications

Building on the demonstrated hybrid PV-MHD concept, the
scalability and integration potential of the MHD system with other
applications were systematically evaluated. The same MHD units
used in the PV-integrated device (Fig. 5) were reconfigured in
various series and parallel arrangements to demonstrate modular
power scaling and application versatility. To achieve higher voltage
outputs, 20 MHDs were connected in series to form an integrated
module (Fig. 6a). This setup yielded a total open-circuit voltage of
13.9 V (Fig. 6b), showing a near-linear increase with the number of
connected devices: a single MHD generated ~0.66 V, while 5, 10,
and 15 series-connected MHDs produced ~ 3.5, 7.05, and 10.6 V,
respectively (Fig. 6¢). In addition, the stacked module maintained
a stable voltage output for over 36 h under ambient conditions,
demonstrating excellent electrical and environmental stability—
both essential for long-term use. The circuit configuration of the
integrated 20-unit array is shown in Fig. S28.

The energy-storage capability of the MHD system was
also evaluated by charging capacitors with a four-cell module

This journal is © The Royal Society of Chemistry 2026
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(four MHDs connected in series) that delivered a total output of
~2.5V (Fig. S29). As shown in Fig. 6d, capacitors with capacitances
ranging from 470 to 2000 pF were charged within 100 s, demon-
strating the practicality of MHDs as a stable, self-powered source for
driving energy-storage components. The charging voltage could be
further increased by adding more cells in series (Fig. S30). The effect
of modular parallelization on current output was also investigated.
As shown in Fig. 6e, parallel connections of 2, 4, 8, and 10 MHDs
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produced progressively higher output currents of ~ 45, 80, 106, and
135 pA, respectively, confirming that parallel connection is an
effective strategy for current amplification (Fig. 6f). These findings
highlight the modular tunability of the MHD system, allowing easy
adaptation to various voltage and current requirements by reconfi-
guring the number and arrangement of devices.

To explore the practical utility of the developed system, we
demonstrated a series of indoor and outdoor applications using
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Fig. 6 Scalability and practical applications of the MHDs. (a) Photograph of an integrated array containing 20 MHDs. (b) Output voltage of the array with
MHDs connected in series, demonstrating voltage amplifying capability. (c) Output voltage distribution with respect to the number of MHDs connected in
series. (d) Real-time voltage profile of capacitors charged by the MHDs, validating energy storage potential. (e) Output current of the system with MHDs
connected in parallel. (f) Output current as a function of the number of integrated units, confirming scalable current enhancement. (g) Conceptual
schematic of a smart building powered by an integrated PV-hydrovoltaic system. (h)-(m) Demonstrated real-world applications of the MHDs: (h) PV
panel cooling, (i) powering a multicolor LED pattern, (j) illumination of over 900 LEDs, (k) charging a calculator, () powering a temperature and humidity
sensor, and (m) lighting an LED bulb, showcasing the potential of the system for installation in 10T infrastructure and net-zero energy buildings.
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the MHD modules (Fig. 6g-m). Beyond outdoor PV panel cool-
ing (Fig. 6h), the MHDs were able to directly power electronic
devices. For instance, five individual modules (each comprising
four MHDs connected in series) were used to drive a multicolor
LED pattern, with each module independently powering a
distinct color segment (Fig. 6i and Video S1). As shown in
Fig. 6j, a single 20-unit series-connected MHD module success-
fully illuminated over 900 LEDs simultaneously, highlighting
the high-voltage capability of the assembled device (Video S2).
The detailed characterizations of these two representative
demonstrations are shown in Fig. S31 and S32. The system
also demonstrated the capacity to power a digital calculator
display (Fig. 6k and Video S3), a temperature and humidity
sensor (Fig. 61 and Video S4), and an LED bulb (Fig. 6m and
Video S5). Notably, the same MHD module used for the LED
bulb was also deployed in the outdoor experiment shown in
Fig. 5k, providing a consistent demonstration of the developed
system’s utility for nighttime or off-grid lighting, such as in
outdoor or emergency scenarios.

These findings highlight the versatile and scalable nature of
the MHD system. Owing to their modular architecture, the
MHD units can function either as integrated components in
hybrid PV-MHD configurations or as standalone modules,
offering exceptional flexibility in system design and deploy-
ment. Their ability to harvest ambient moisture and waste heat
makes them well suited for decentralized and sustainable
energy applications, including distributed sensor networks,
building-integrated PVs, and IoT systems. A detailed cost
analysis (Table S4) was further conducted to assess the techno-
economic feasibility of the integrated system. The stand-alone MHD
module costs approximately $36.8 m 2, while integration with the
hydrogel cooling layer and aluminum fin increases the overall
material cost to $75.2 m~”. All components are fabricated from
abundant, low-cost materials such as cellulose, polyacrylate, and
LiCl, without external energy input. Considering the passive opera-
tion, zero-energy consumption and 15% PV efficiency enhancement
achieved via this system, the cost-performance ratio of the system is
highly favorable for large-area deployment in building-integrated or
off-grid applications. Integration with advanced energy manage-
ment circuits and complementary energy harvesting technologies
(e.g, evaporation-induced electricity’®*® and concentrated solar
thermoelectric power™") could further expand the power supply for
a broad range of electronics.

Conclusions

In summary, we developed a multifunctional hybrid energy
harvesting system by integrating cellulose-based MHDs with PV
modules through an interfacial hydrogel cooling layer. The
MHD delivered a stable voltage of ~0.7 V with a power density
of 20 mW m ™ for more than 30 days under ambient conditions
(40%-70% RH, ~20 °C). When coupled with PV panels, the
system harnessed solar-induced thermal waste to boost MHD
power output by ~150%, while evaporative cooling simulta-
neously reduced the PV surface temperature by up to 13.5 °C,
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resulting in a ~15% increase in PV power output. The modular
architecture allows straightforward scaling through series
and parallel MHD connections, enabling tailored voltage and
current outputs for diverse scenarios. The integrated platform
successfully powered various electronic devices and supported
energy storage, highlighting its potential for self-sustained IoT
infrastructures and net-zero energy buildings, particularly in
arid and off-grid environments. Further optimization of hydro-
gel composition, ion-selective functional materials, and device
encapsulation strategies may extend operational humidity
ranges, enhance durability, and improve conversion efficiency.
By synergizing hydrovoltaic electricity generation with PV ther-
mal management, this work paves the way for practical deploy-
ment of next-generation autonomous energy systems.

Experimental

Materials

PSSA solution (M,, 75000, 30 wt% in H,0), H,SO, solution
(20 wt% in H,0), K;[Fe(CN)s], K4[Fe(CN)g], and methyl orange
were purchased from Aladdin Scientific Corp., Shanghai,
China. PEDOT:PSS was purchased from Jiangsu XFNANO
Materials Tech Co., LTd, China. Lithium chloride (LiCl) and
sodium polyacrylate (PAAS, M,, 5000 000-7 000 000) were pur-
chased from Macklin (China). The cellulose membrane was
purchased from Zhongshan Nanofiber Material Co., Ltd
(China). All chemical reagents were used as received without
further purification.

Preparation of the power-generating layer

H,S0, solution (20 wt% in H,0) was first diluted to 5 wt% with
deionized water. The diluted solution was then mixed with the
PSSA solution at a mass ratio of 1:1. Then, the mixture was
combined with PEDOT:PSS and K;[Fe(CN)]/K4[Fe(CN)e] in a
mass ratio of 90: 8:1:1 and stirred vigorously for 2 h. Cellulose
membranes were cut to the desired dimensions and immersed
in the mixed solution for 12 h. Finally, the membranes were
dried under ambient conditions (20 °C and 60% RH) for 12 h.

Fabrication of MHD

A 1-mm-thick stainless-steel plate with uniformly distributed
1.5-mm-diameter holes was fabricated and subsequently coated
with a ~50-nm-thin gold layer via magnetron sputtering to
serve as the top electrode (Fig. S3). A graphite plate of the same
thickness (1 mm) was used as the bottom electrode. The power-
generating layer was then sandwiched between these two
electrodes.

Electrical measurement of the MHD

The bottom and top electrodes were connected to the positive
and negative terminals of a source meter (Keithley 2450),
respectively. The open-circuit voltage was recorded under zero
applied current (I = 0 mA), and the short-circuit current was
measured under zero applied voltage (V =0 V).

This journal is © The Royal Society of Chemistry 2026
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Preparation of the hydrogel

LiCl was dissolved in deionized water at a mass ratio of 1:1.5
under vigorous stirring and then cooled to room temperature.
Then, PAAS powder was added to the LiCl solution at a mass
ratio of 2:1 (PAAS:LiCl) and stirred for 3 min. The resulting
mixture was poured into a culture dish and allowed to stand for
1 h; then, the PAAS/LiCl hydrogel was peeled off. The hydrogel
was finally cut to the desired dimensions and attached to the
backside of the PV panel.

Electrical conductivity measurements

The electrical conductivity ¢ of the sample was calculated as
follows:**
L
g =
RxS

1)

where L is the sample thickness, R is the resistance, and S is the
cross-sectional area. The thickness was determined using a
thickness gauge (De Zhi 211-561), and the resistance was
measured using a digital multimeter (Keithley DMM 6500).

Cooling power evaluations

The average cooling power P, of the hydrogel cooling layer
was calculated as follows:"*

AHgyop X Am

tx A 2)

Pevap -
where AH,,,, is the enthalpy of vaporization of water, Am is the
mass change of the hydrogel cooling layer due to water evapora-
tion loss, ¢ is the test time, and A is the surface area of the
hydrogel cooling layer.

Characterizations

The morphology and structure of the samples were examined
using a ZEISS Sigma 300 scanning electron microscope. KPFM
was performed using a Bruker dimension icon scanning probe
microscope. The surface functional groups were characterized
using Fourier transform infrared spectroscopy (Nicolet i520).
The contact angles were measured using a contact angle meter
(DSA100E). Zeta potentials were determined using a zeta
potential analyzer (Zetasizer Nano ZS). Evaporation enthalpy
and heat capacity were measured using differential scanning
calorimetry (Discovery DSC 250). Water vapor adsorption iso-
therms were measured using a simultaneous thermogravi-
metric and differential scanning calorimeter (STA 449 F3).
Thermal images of the PV panel were captured with an infrared
thermal camera (Fluke TiX580). Changes in the hydrogel and
MHD weights were monitored with a precision mass balance
(ML303T; accuracy £0.0001 g). Indoor solar-illumination experi-
ments were performed under laboratory conditions (20 °C and 60%
RH) using a solar simulator (Newport 94043A). The real-time
temperatures of the PV panel and MHD were recorded using a
multichannel thermocouple thermometer (AZ88598). The output
power of the PV panel was measured using a PV analyzer (PROVA
200A). Ambient temperature and humidity were monitored with a
temperature-humidity meter (TH22R-EX).
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