
Article https://doi.org/10.1038/s41467-025-64644-z

Design of direction-independent
hydrovoltaic electricity generator based on
all-foam asymmetric electrode

Yaohao Zhang1,2, Fei Yu1,2, Liying Wang1,2, Xijia Yang1,2, Yue Yang1,2,
Xuesong Li 1,2 , Yang Gao1,2, Yi Jiang3, Ke Jiang4, Wei Lü 1,2,4 ,
Xiaojuan Sun 4 & Dabing Li 4

To obtain higher open-circuit voltage, metal sheets and carbon electrodes are
often used to construct asymmetric electrodes of water evaporation gen-
erators. However, the metal sheets hinder water evaporation, limiting device
performance. Herein, an all foam-structured asymmetric water evaporation
generator independent of water evaporation direction is designed. ZIF-67 has
been shown to effectively enhance the surface potential of foamed iron elec-
trodes and provide Co2+ charge carriers for charge transfer. After combining
the FI-based cathodewithmelamine foamanda composite carbon cloth anode
to form the FI/ZIF67@CMF-MF-CC@CNTs type device, compared with the
metal sheet electrode, the current density is increased by 300% up to 862 μA/
cm2 and the voltage is increased by 50% up to 782mV. The optimal power
density is 101 μW/cm2. We also demonstrate present device in both energy
harvesting and daily electronics, highlighting its potential for scalable energy
utility.

In recent years, a clean power generation method, relying on the
interaction between water molecules and solid surfaces, has attracted
widespread attention, and referred as the hydrovoltaic electricity
generators (HEGs)1–5. HEGs can be categorised into planar, sandwich,
and asymmetric types based on their device structure.6–10 With the
development and combination of different electrode materials, it has
been found that the choice of anode and cathode materials directly
affects the open-circuit voltage of the device, with the device voltage
increasing as the surface potential difference between the electrodes
rises.11–13 By combining easily processed carbon electrodes (such as
carbon black,14,15 graphene oxide,16,17 etc.) with metal electrodes,
asymmetric HEGs are formed, creating a high potential difference
between the electrodes and enabling high voltage output. Addition-
ally, the rate of water evaporation is a key factor influencing current
density, the higher the evaporation rate, the greater the current

density.18–20 By directly adopting porous electrodes (carbon cloth21,22,
carbonized wood23,24) or pre-treating the electrodes, water molecules
can be stabilized to evaporate, thereby obtaining stable current25,26.
Therefore, enhancing the output power of HEGs can be achieved by
increasing the potential difference between the two electrodes and
promoting water evaporation.

Metal-organic frameworks (MOFs) possess high surface potential
and specific surface area27, which can enhance the surface potential of
materials and promote moisture evaporation28,29. This suggests that
they hold promise for increasing open-circuit voltage and short-circuit
current in the production ofHEGs. For instance, coatingMOF-801 onto
carbon nanotubes (CNTs) creates nanoscale water channels, achieving
an open-circuit voltage of ~2.2 V and a short-circuit current of 1.9μA30.
Additionally, a layered orientation Cu (BDC-OH) MOF assembly, pre-
pared using hydrolysis, anion exchange reactions, and heteroepitaxial
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growth, can realise an open-circuit voltage of ~0.6 V and an output
power of 1.56 nW/cm2,20. However, the aforementioned studies only
create nanoscale water channels, neglecting the interactions between
the MOFs and the electrodes. Moreover, research on electrodes has
previously focused on carbon electrodes that are easy to process and
modify31–34, lacking exploration of optimisation strategies for other
electrode types35–37. While metal electrodes can form high-output
HEGs with carbon electrodes without any processing, dense metal
sheets may restrict water evaporation38–40, resulting in only transient
electrical signals when used as top electrodes41,42. The limited appli-
cations of MOFs and electrode optimisation approaches significantly
hinder the further development and subsequent commercialisation
of HEGs.

To address the aforementioned issues, this work presents a
design for a fully foam asymmetric HEGs that is independent of the
direction of water evaporation. The cathode uses foamed iron (FI) as
the main metal electrode, preventing water molecules from eva-
porating only from one side of the HEG. The FI electrode is rein-
forced with the Co2+ metal-organic framework (ZIF-67), a material
with a stable preparation method43–45. On one hand, it can enhance
the surface potential to increase the voltage; on the other hand, it
provides Co2+ as charge carriers, improving the current density.
First-principles calculations and finite element simulations show
that the addition of ZIF-67 effectively enhances the interaction
between H2O and the electrode, providing a foundation for the
improvement of current-voltage performance. The anode employs a
CNTs-modified carbon cloth (CC) electrode (CC@CNTs), and the
two electrodes are separated by melamine foam (MF). The structure
is stacked to form a FI/ZIF67@CMF-MF-CC@CNTs type HEG unit.
HEGs composed of FI/ZIF67@CMF exhibit an open-circuit voltage of
~0.782 V and a current density of 862 μA/cm2 at room temperature,
increasing by ~50% and ~300%, respectively, compared to iron sheet
electrodes. The device achieves optimal output power of 101 μW/
cm2 at a 999.9 Ω load. Additionally, the device is flexible, easily bent
to formwearable devices such as rings or bracelets, providing power
for devices like LEDs and watches, showcasing its potential in
wearable device applications. It also demonstrates high integration
stability; both voltage and current increase linearly, and the gener-
ated power can be easily stored using capacitors or batteries,
potentially leading to its development into self-powered super-
capacitors or batteries.

Results
Preparation and properties of HEGs
The schematic diagram shown in Fig. 1a illustrates the HEG device,
while the actual device and energy spectrum analysis are presented in
Fig. S1 (SI). The carbon electrode (CC@CNTs) and the composite foam
iron electrode (FI/ZIF67@CMF) are separated by a 0.5mm MF,
resulting in the asymmetric structure designated as FI/ZIF67@CMF-
MF-CC@CNTs. The surface area of the carbon electrode is significantly
increased after acidification and coatingwithCNTs,where the acidified
CNTs wrap around the CC surface (Fig. S2, SI), effectively increasing
the number of oxygen-containing groups on the CC surface, trans-
forming the treated CC into a hydrophilic material (Fig. S3, SI). MF is
employed as an isolation layer between the two electrodes (Fig. S4, SI).
The porous structure of MF can store several times its own mass of
water (Fig. S5, SI), thus extending the stable operating time of HEGs.

The preparationmethod of FI/ZIF67@CMF is illustrated in Fig. S6
(SI), where FI is initially acidified and passivated to enhance its specific
surface area and form a dense oxide film to prevent oxidation46,47.
ThroughX-ray photoelectron spectroscopy (XPS) tests (Fig. S7, SI), the
FI surface after strong acid passivation treatment simultaneously
formed Fe(II) and Fe(III). Combined with X-ray diffraction (XRD) ana-
lysis (Fig. S8, SI), it can be confirmed that the passivated surface of FI
forms a dense Fe3O4 layer. Subsequently, ZIF-67-deposited CMF is

pressed onto the FI surface at 10MPa for 1min to form the FI/
ZIF67@CMF composite electrode. The N2 adsorption-desorption iso-
therms are shown in Fig. S9 (SI). The BET surface area and total pore
volume of the composite FI are 1.7378 m2/g and 0.010295 cm³/g
respectively. Fig. 1b depicts the schematic diagram of the FI composite
electrode, where ZIF-67@CMF does not completely fill all the pores of
FI but forms a unilateral filling. Under pressure, ZIF-67@CMF fractures
and embeds into the gaps of FI (Fig. 1d–f), further increasing the spe-
cific surface area of the FI composite electrode, enhancing the effec-
tive area for interaction with water molecules. Firstly, we conducted
Raman and Fourier-transform infrared analysis (FTIR) on the surface
(Fig. 1g, h), confirming that the MF underwent sufficient carbonisation
and that the attachment of ZIF-67 provided additional nitrogen and
oxygen functional groups to the electrode surface. XPS characterisa-
tion of the FI composite electrode surface (Fig. S10, SI) revealed a
significant presence of N-O bonds, C-O bonds, and oxygen functional
groups (-OH), effectively promoting interaction between the electrode
and H2O, thereby enhancing the device’s current density. Additionally,
XRD characterisation of the FI composite electrode surface (Fig. 1i)
indicated that a passivation layer of Fe3O4 formed on the treated FI
surface, achieving stable connection with ZIF-67@CMF48.

After thoroughly wetting the electrode by dripping water, the
different components of the FI/ZIF67@CMF composite electrode are
assembled with the CC@CNTs to form the HEG device, and its output
electrical signal is tested (Fig. 1c). The current density of the HEG using
only carbon materials is only 141 nA/cm2 and 328 nA/cm2 (Fig. S11, SI),
much lower than that of the HEG with FI as the cathode. However, by
applying pressure to form a composite electrode, the water channels
on the surface of FI are further enhanced (Fig. S12, SI), increasing the
interaction area between H2O and the electrode, which improves the
HEG current density. Further addition of ZIF-67, on the one hand,
reduced the surface Zeta potential of FI (Fig. S13a, SI) and compen-
sated for the decrease in the FI electrode potential caused by passi-
vation (Fig. S13b, SI), thereby increasing the potential difference
between the asymmetric electrodes and further improving the open-
circuit voltage49,50. On the other hand, the Co2+ in ZIF-67 can act as
charge carriers between the electrodes, boosting the HEG current
density. Compared to the FI-MF-CC@CNTsHEG, the current density of
the FI/ZIF67@CMF-MF-CC@CNTs HEG increases from 206 μA/cm2 to
832μA/cm2, and theopen-circuit voltage rises from0.5 V to0.78 V. The
current density increased by 300%, and the open-circuit voltage
increased by 50%.

Finite element analysis and first-principles calculations
Fig. 2a–c) illustrates the surface charge densities of FI, ZIF-67, and FI/
ZIF-67.With reference to the scale in the figure, it can be observed that
in the presence of FI alone, the electron distribution on the Fe surface
is uniformdue to itsmetallic nature, resulting in a relatively low surface
charge density and an overall neutral charge. In contrast, ZIF-67 exhi-
bits characteristics of a metal-organic framework, where the surface
charge is related to its elemental composition. Oxygen atoms display a
slight negative charge, while carbon atoms show a slight positive
charge; however, the overall structure remains electrically neutral.
When ZIF-67 comes into contact with FI, a significant charge transfer
occurs, with electrons from the FI surface transferring towards the
oxygen, leading to a distinctly positive charge on the Fe surface and a
notable negative charge on the oxygen surface. Given that the other
electrode is CC@CNTs, the higher negative potential will facilitate the
generation of higher voltages in the HEGs. Additionally, the increased
reactivity of the oxygen atoms enhances the likelihood of forming
hydrogen bonds with H2O, thereby promoting interactions between
the electrodes and H2O. A similar scenario occurs on the CMF surface
(Fig. S14, SI), where deposition of ZIF-67 leads to further electron
transfer and hybridization of surface charges, resulting in an elevated
potential on the ZIF-67@CMF surface. However, the electron activity
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on theC surface ismuch lower than on the FI surface, resulting in a less
significant increase, consequently leading to less pronounced voltage
enhancement in the resulting HEGs. From (Fig. 2d–f), it can be
observed that the combination of FI and ZIF-67 leads to hybridization
of internal d and f orbitals, resulting in changes in the FI electrode
surface potential. Before the combination, Fe atoms have lower charge
density, and electrons in each orbital are in a relatively low state, while
ZIF-67, despite having higher charge density, cannot effectively
transfer electrons without a collector. After the combination, FI acts as
a superior collector, and the composite of FI and ZIF-67 improves the
overall surface potential, forming a composite electrode with both
high surface potential and excellent electron conduction ability. As a
transition metal, Fe has highly active d and s orbital electrons. After
hybridization with the s and d orbital electrons of elements such as C
and O in ZIF-67, it is further strengthened, effectively increasing the
potential difference between the two electrodes, thus resulting in a
higher open-circuit voltage.

Fig. 2g and Fig. 2h illustrate the electrostatic field distribution
between the FI composite electrode and the carbon electrode under
wet and dry conditions, respectively. The polar water molecules
transform the initially uniform electric field into a wavy pattern. As the
polar water molecules move between the electrodes, the electrostatic
field undergoes continuous fluctuations, generating an electrical sig-
nal. At the same time, under the influence of the electrostaticfield, ions
such as Co2+, H3O

+, and OH- in the water undergo directional move-
ment, which can also produce an electrical signal in the external cir-
cuit. Through the combined action of both factors, the HEG is able to
generate a continuous electrical signal.

The process of interaction between water and the electrodes can
be broken down into three steps (Fig. 3a). Step 1, When the electrodes
are not in contact with H2O, there is a stable potential difference
between the electrodes, but without the help of charge carriers, no
current can be detected in the external circuit. Step 2, when water
comes into contactwith both electrodes, it interactswith the electrode
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Fig. 1 | The schematic diagram, performance, and surface characterization of
the hydrovoltaic electricity generator (HEG) device. a Schematic diagram illus-
trating the HEG device. The illustration in the figure is a digital photograph of a
pipette, used to represent the need towet the HEGwith a drop ofwater before use.
b Schematic representation of the FI/ZIF67@CMF electrode structure. c The
average current density (blue) and voltage (red) of the electrodes with different
components and CC@CNTs-based HEG under conditions of 20 °C and 20% RH for
30min. The error bars represent the standard deviation. d scanning electron

microscopy (SEM) image and energy dispersive spectroscopy (EDS) analysis of FI/
ZIF67@CMF,with carbon element (e) depicted in red and iron element (f) in green.
Similar structures were observed in all 20 samples from different batches. gRaman
spectrum of FI/ZIF67@CMF and (h) Fourier-transform infrared spectroscopy ana-
lysis. i X-ray diffraction (XRD) curves of FI/ZIF67@CMF (blue) and ZIF67@CMF
(red). The X-ray source was Cu K alpha, and the XRD spectrum simulation of ZIF-67
wasperformedusing “Reflex” inMaterials Studio 2020. Source data areprovided as
a Source Data file.
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surface, causing electron transfer on the electrode surface and form-
ing a double layer (Fig. S15, SI). At the same time, the relevant ions in
the electrodes undergo hydrolysis, generating charge carriers. Step 3,
water moves between the electrodes through processes like evapora-
tion. The hydrogen bonds of the water molecules drive the charge
carriers to move between the electrodes. In conjunction with the
schematic diagram of the two-dimensional charge carriers (electrons
and ions) movement (Fig. S16, SI), after deionized water is dropped
onto theHEGdevice, the hydrolysis-generatedCo2+, H3O

+, andOH- ions
will form ionic charge carriers that move within the HEG. Under the
potential difference between the electrodes, positively charged ions
move towards the CC@CNTs electrode, while negatively charged ions
move towards the FI/ZIF67@CMFelectrode. As the ionsmigratewithin
the internal circuit, FI/ZIF67@CMF releases electrons in the external
circuit and moves towards the CC@CNTs electrode, thereby com-
pleting the charge circuit formed by the ion migration within the
internal circuit.

To further increase the surface area of the FI, acidification-
passivation treatment was performed on the FI before preparing the
composite electrode. The treated FI surface no longer exhibits a

smooth curvature but rather shows numerous nanochannels for water
(Fig. S17a, SI), combined with further analysis by energy dispersive
spectroscopy (EDS) revealing a uniform oxide film (Fig. S17b-c, SI). An
increased number of nano- to sub-nano-sized water channels can
effectively enhance the interaction area between H2O and the elec-
trodes. Additionally, under capillary action, watermolecules canmove
more quickly across the electrode surface, facilitating evaporation and
thereby increasing the current density of HEGs. To quantify the
movement of H2O within the water channels on the electrode surface,
we employed a relationship between the grayscale in SEM images and
the surface morphology of the materials. Using binary colour coding,
we identified the water channels (Fig. S18a, SI) and conducted finite
element analysis of themicroscale water flowbased on the Stokes flow
equation. Fig. 3b presents the simulated results of water flow on the FI
surface based on Stokes flow approximation51,52. According to the
computational fitting results, the water flow velocity in narrow regions
is several timeshigher than that inwide regions. If itwere ametal sheet,
it could be considered as having an infinitely wide surface on the
microscale, where water molecules would remain stationary after
being affected by gravity, rather than undergoing further movement

Fe Fe Fe

ZIF-67a b c

Compressed equipotential lines

Have H2O

Uniform equipotential lines

Without H2O

d e f

g h
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Fig. 2 | Surface electron and electrostatic field simulation. Depicts the surface
charge density of (a) FI, (b) ZIF-67, and (c) FI/ZIF67, with the purple dashed lines in
(c) representing ZIF-67 molecules. The differential charge density of (d) FI, (e) ZIF-

67, and (f) FI/ZIF67 is also presented. Additionally, the electrostatic potential dis-
tribution between the two electrodes is shown in (g) with water molecules and (h)
without water molecules. Source data are provided as a Source Data file.
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under the influenceof surface tension, ason the FI surface. This implies
that the rate of interaction between FI and water molecules is much
higher than that with metal sheets. Furthermore, based on the Brink-
man assumption satisfying the Stokes equation, an analysis of the
model was conducted (Fig. S18b, SI), where the inlet and outlet posi-
tions of the water flow were exchanged under the assumption of
incompressible water flow. Comparing the results with Stokes flow
revealed similar pressure or velocity curves, further confirming that
the microstructure effectively promotes the movement of water
molecules. This also explains why the current density of the foam iron
is much higher than that of metal sheets, not only because the surface
area of the foam iron is higher than that of iron sheets but also because
the rate of water molecule movement on the electrode surface is
faster53,54.

ZIF-67 not only enhances the electrode surface potential but also
increases the interaction frequency between water molecules and the
electrode. To simulate the device’s performance after sufficient wet-
ting, water molecules are placed in clusters on the material’s surface,
directly mimicking the evaporation process. Fig. 3e, f illustrate the
movement of water molecules on the ZIF-67 (111) and Fe (111) surfaces
over different time intervals. Comparatively, the interaction between
ZIF-67 and watermolecules is significantlymore intense than that with
Fe. The oxygen and nitrogen-containing groups on the ZIF-67 surface
can form hydrogen bonds with water molecules, while Fe struggles to
do so. Additionally, as a MOF material, ZIF-67 has pores that allow
water molecules to penetrate deeper and interact with internal
oxygen-containing groups, thereby promoting increased current
density. In contrast, Fe, being a dense metallic crystal, restricts water

CC@CNTs MF FI/
ZIF67@CMF
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Fig. 3 | Reaction mechanism and interface analysis. a Schematic diagram illus-
trating the water evaporation power generation mechanism. b model of the
movementofwatermoleculeswithinmicroscale crevices basedon Stokesflow. The
changes in the number of hydrogen bonds (blue) and the number of water mole-
cule diffusions (red) on the (c) ZIF-67 surface and (d) Fe surface within 10ps. The
distribution of water molecules on the (e) ZIF-67 surface and (f) Fe surface within

10 ps. The red spheres represent oxygen (O) atoms, the white spheres represent
hydrogen (H) atoms, the purple spheres represent cobalt (Co) atoms, the brown
spheres represent nitrogen (N) atoms, and the blue spheres represent iron (Fe)
atoms. The blue dashed line represents the hydrogen bond. Source data are pro-
vided as a Source Data file.
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molecules from entering and interacting with the material. Further
comparisons of energy changes in bothmodels over 10 ps (Fig. S19, SI)
reveal that, starting from similar energy levels at 0 ps, the energy
fluctuations in the ZIF-67 model are notably higher than in Fe, indi-
cating a stronger interaction with H2O. Moreover, we recorded the
changes in the number of hydrogen bonds and the number of water
molecules dissipating over 10 ps (Fig. 3c,d). The ZIF-67 model exhibits
ten times thenumber of hydrogenbonds compared to the Femodel. In
the ZIF-67 model, both H2O-H2O and H2O-ZIF67 hydrogen bonds can
form, whereas in the Fe model, only H2O-H2O bonds are present.
Although the number of dissipated H2O molecules is similar in both
models over the same period, the greater variability in hydrogen bond
numbers in the ZIF-67 model suggests that it can frequently form and
break hydrogen bonds with H2O. This direct interaction implies that
ZIF-67 can enhance the energy collectionduring thewater evaporation
process, effectively increasing the device’s current density. In sum-
mary, by combining ZIF-67 with Fe to form a composite electrode,
both the surface potential of the electrode and the acquisition of

evaporation energy are improved, resulting in a higher open-circuit
voltage and increased short-circuit current for the device.

Environmental factors affecting HEGs
Since HEG generates electricity through the interaction between H2O
and the electrodes, environmental factors directly affect the strength
of the electrical signal. A 2 × 2 cm HEG was fabricated as shown in
Fig. S20 (SI), and environmental changes were controlled using a
constant temperature and humidity system (Fig. S21, SI). At different
temperatures, the current density of the HEG changes significantly. As
the ambient temperature rises from 30 °C to 60 °C, the current
density increases from 0.78mA/cm2 to 1.5mA/cm2, while the voltage
remains relatively stable (Fig. 4a). This could be due to the higher
evaporation rate of water with increasing temperature, leading to
more frequent charge transfer between the water and the electrodes.
On the other hand, the increased temperaturemay also intensify water
hydrolysis, increasing the carrier concentration between the electro-
des, resulting in a significant increase in current density. Meanwhile, as
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Fig. 4 | The impactof the environmentonthepowergenerationofhydrovoltaic
electricity generator (HEG) devices. a Current densities (blue) and voltages (red)
of HEGs at different temperatures for 30min at RH = 20%. Current variation of
HEGs at (b) different humidity, (c) different wind speed, (d) and different oxygen
environment. The labels in the figure represent environmental humidity, wind
speed, and oxygen content, respectively. Current densities (blue) and voltages
(red) of HEGswith an effective area of 2 × 2 cm rotated at (e) different angles and (f)

immersed in water at different ratios for 30min. The error bars represent the
standard deviation. g Current changes at CC@CNTs top electrode (blue) and FI/
ZIF67@CMF top electrode (red) with different water contents (dry-wet) by irra-
diating the device surface with one sunlight intensity. Photothermal variations
under wet conditions with (h) CC@CNTs and (i) FI/ZIF67@CMF as top electrodes,
respectively. Source data are provided as a Source Data file.
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the temperature increases, although the Zeta potential and electrode
potential of different electrode materials change to varying degrees,
both the Zeta potential difference and electrode potential difference
remain relatively stable compared to the changes in current (Fig. S22,
SI). Therefore, the device voltage does not exhibit significant changes
with temperature variation. When the ambient humidity is lower
(Fig. 4b) and wind speed is higher (Fig. 4c), water evaporation inten-
sifies, and the current density increases significantly, while the voltage
remains relatively stable (Fig. S23, SI). This further confirms that the
water evaporation rate is positively correlated with current density,
but has no significant effect on voltage.

Fig. 4d shows the variation in current density of the HEG device
under different O2 concentrations. As shown in Fig. S24a (SI), to
examine the power generation of the HEG device in an anaerobic
environment, Ar was continuously pumped into the glove box. In the
absence of O2, the current density of the HEG device remained at
~10μA/cm2 due to the proton flow generated by the slowmovement of
H2O in narrow channels and the changes in electron delocalization
caused by evaporation (Fig. S24b, SI).26,55 As the O2 concentration
increased, the current density gradually increased. When the O2 con-
centration exceeded 95%, the current density even surpassed 2mA/
cm2. Molecular dynamics simulations (Fig. S25a, SI) revealed that the
presence of O2 enhanced the interaction between H2O and the elec-
trode surface, significantly increasing the number of hydrogen bonds
under the influence of O2, thus promoting electron transfer between
the electrode and H2O. Additionally, differential charge density simu-
lations (Fig. S25b, SI) showed that the electron activity at the
Fe@H2O@O2 three-phase interface was significantly higher than that
at the Fe@H2O two-phase interface, further confirming that O2 effec-
tively enhanced the electrical signal.

Importantly, the use of the FI composite electrode addresses the
issueof unidirectional evaporation in thedevice, effectivelypromoting
the evaporation rate of water molecules. When FI/ZIF67@CMF and
CC@CNTs are used, one acts as the bottom electrode and the other as
the top electrode, without the concern that a dense electrode would
block water evaporation and cause the HEG to stop working. As shown
in Fig. S26a (SI), when HEG is rotated at different angles, it is con-
sidered to have the FI/ZIF67@CMF electrode as the top electrode
when the angle exceeds 90°. During rotation, HEG consistently pro-
duces stable electrical signals (Fig. 4e). As the rotation angle increases,
the binding force between the two electrodes decreases under the
influence of gravity. Once the angle exceeds 90°, the binding force is
improved, and the current density increases again. Furthermore, the
effective evaporation area is a key factor affecting HEG’s output cur-
rent (Fig. 4f). When the HEG device is placed in a beaker and sub-
merged to different depths (Fig. S26b, SI), if theHEG is fully exposed to
air, it relies solely on the capillary action of MF to absorb water from
the beaker.With too fewwatermolecules between the two electrodes,
the current density remains low. As the submersion depth increases,
the current density gradually increases. However, after exceeding 50%,
the effective evaporation area decreases, and the current density
declines as well.

In thenatural environment, both carbon and FI electrodes convert
solar energy into heat energy, which promotes water evaporation56–58.
One of the FI/ZIF67@CMF and CC@CNTs was used as the top elec-
trode and the other as the bottom electrode, and the photo-thermal
and power generation were examined under dry-humid conditions,
respectively. Fig. 4g shows the current-voltage variations in different
conditions. The inset in the figure shows the schematic diagram of the
placement of the HEGs device, which is placed at a position of 10 cm
away from the xenon lamp light source, so that the device can receive
1000W/m2 of light intensity steadily. Under dry conditions, after 60 s
of illumination, the device with CC@CNTs as the top electrode
reached a temperature of 84.5 °C (Fig. S27a, SI), whereas with FI/
ZIF67@CMF as the top electrode, the temperature was only 62.2 °C

due to metallic material reflection (Fig. S27b, SI). However, no current
was observed either before or after illumination, and heating the
device to 60 °C also failed to produce any current (Fig. S28, SI). Con-
versely, when the devicewas in a humid state, significant currents were
generated regardless of whether FI/ZIF67@CMF or CC@CNTs were
used as the top electrode, the device with FI/ZIF67@CMF as the top
electrode outputs a current of 96.5μA, while the device with
CC@CNTs as the top electrode outputs a current of 56.3μA. After 60 s
of illumination, due to sunlight absorption and reflection bywater, the
temperature of the HEGs with CC@CNTs as the top electrode was
39.4 °C (Fig. 4h), while with FI/ZIF67@CMF as the top electrode, it was
36.8 °C (Fig. 4i), both lower than in dry conditions. However, short-
circuit currents were significantly enhanced, reaching 135μA in both
cases. These experiments demonstrate that the current is not a pho-
tocurrent caused by light illumination, nor a thermoelectric current
induced by heating. Instead, it is a current generated by water eva-
poration. Furthermore, water molecules can evaporate from any
electrode (whether it be FI/ZIF67@CMF or CC@CNTs), and the
resulting current is independent of the evaporation location, con-
sistently producing stable current.

Scaling up and demonstration of HEGs
To verify the device’s stability, HEGs were placed under ambient con-
ditions (21 °C <T <25 °C, 20% <RH <25%) for long-term testing (Fig. 5a).
Within 10 h, the output voltage reached up to 782mV, with a current
density of up to 862μA/cm2, demonstrating high stability and showing
potential for practical applications. XRD testing was performed on the
FI/ZIF67@CMF electrode after working for 10 h (Fig. S29, SI). The
results were consistent with those before operation, and the decrease
in the ZIF-67 peak intensity was caused by the hydrolysis of Co2+. To
confirm whether electrochemical corrosion occurs in the electrode
material during use, the C-V curves of the HEG devices were tested at
different scan rates. No oxidation-reduction peaks were observed in
the discharge range (0-0.8 V) for all devices (Fig. 5b), confirming that
no significant corrosion occurred in the electrodes during use. To
further identify the potential negative voltage range where oxidation
reactions might occur and to assess the stability of the device under
acidic conditions, different HEG devices were tested in the range of
-1.0V to 1.0 V. The results show that the HEG device made with the
original FI electrode, similar to the passivated FI/ZIF67@CMF com-
posite electrode in purewater, did not exhibit any oxidation-reduction
peaks (Fig. S30a,b, SI). However, in an acidic environment (pH=1), the
original FI electrode generated distinct oxidationpeaks, and as the test
progressed, its surface morphology continuously changed, leading to
further variations in the C-V curve (Fig. S30c, SI). In contrast, the HEG
device made with the passivated FI/ZIF67@CMF composite electrode
maintained a smooth C-V curve (Fig. S30d, SI), demonstrating that the
composite electrode remains stable under different conditions. HEG
integration can be easily achieved through series and parallel config-
urations. A small 1 × 1 cm unit of HEG was fabricated (Fig. S31, SI) and
fixed to the front of a glass slide. By altering the circuit on the back of
the glass slide, the conversion between series and parallel configura-
tions can be achieved (Fig. S32, SI). As the number of parallel units
increases (Fig. 5c), the HEG module’s current rises from 0.65mA to
3.6mA, while the voltage of the HEG module increases from 0.71 V to
3.39 V as the number of series units increases (Fig. 5d). Fig. 5e shows
the changes in current density, voltage, and power of HEG under dif-
ferent loads, with the power density reaching a peak value of 101μW/
cm2 when the load is 999.9 Ω. Compared to other recent studies
(Fig. 5f), the FI/ZIF67@CMF-MF-CC@CNTs-based HEG achieves a sig-
nificant increase in power generation. A detailed comparison of
materials, testing environments, and other factors can be found in
Table S1,2 (SI).

To verify the general applicability of the optimized approach,
other metal sheet electrodes (such as Cu, Ni, and Zn) were further
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optimized. By switching to metal foam and forming composites with
ZIF-67, both the current density and voltage were improved to varying
extents (Fig. 6a). Although these metals did not show as significant an
improvement as FI, the current density increased by an average of
58.17%, and the voltage increased by an average of 25.00%, demon-
strating the universality of the ZIF-67-enhanced metal electrode
strategy (Fig. S33, SI). No obvious redox peaks were observed for the
HEGsmade of differentmetals at different scan rates (Fig. S34, SI). The
distance between the electrodes and the tightness of the connection
will directly affect the output current of the HEGs. In the previously
mentioned water immersion and deflection experiments, the con-
nectivity between the twoelectrodes of theHEGswas also reduceddue
to buoyancy or gravity, resulting in lower current density. To further
investigate the effect of connection sealing on the power generation of
HEGs, we utilised a 50g weight as a pressure source for further
exploration (Fig. S35, SI). The current density of the device varied with
the placement and removal of the weight as shown in Fig. 6b. To
prevent water molecules from blocking the diffusion for a long time
due to the weights, they were placed on the surface of the device and
then removed. When the weights were not placed, the current density
stabilised at 0.75mA. However, on placement, the current density
increased significantly, rising to a staggering 2.4mA, further

confirming the effect of the connection on the output of the device. In
the absence of pressure, some of the pores in the porous MF are
occupied by air, hindering current conduction. However, applying
pressure to the surface displaces the air with evaporated water mole-
cules, ensuring continuous evaporation and replenishment of water
molecules on the surface of the material, thereby increasing the cur-
rent density. Furthermore, pressing the device does not have a sig-
nificant impact on the output voltage (Fig S36, SI), with the voltage
decreasing by only 3.9% after pressing. This further confirms that
external factors are unlikely to affect thedevice’s voltage. Fig. 6c shows
the V-t curves of individual devices charging commercial capacitors of
different capacities. As the capacitor capacity increases, the charging
time also increases, but all achieve rapid charging within 3 s, demon-
strating that the electrical energy generated by HEGs can be easily
harvested. To further simulate the potential solution environments for
HEGs in practical applications, we used various concentrations of NaCl
solution to mimic sweat (0.03M), physiological saline (0.9M), and
seawater (3.5M), alongside samples of natural seawater. In a still
indoor environment, we tested the current output of theHEGs. Fig. S37
(SI) shows the average voltage and current density over 30min in
different solutions. As NaCl concentration increased, there was no
significant change in voltage, confirming that external environments

A

V

cba

d

e

f

Fig. 5 | Stability and integration testing of hydrovoltaic electricity generator
(HEG) devices. a Curves of HEGs open circuit voltage (red) and current density
(blue) variations over 10 h under ambient conditions. b C-V curves of HEGs at
different scan rates. (10mV/s is green, 20mV/s is blue, 50mV/s is red, and 100mV/s
is orange) (c) Voltage variations of 5 serially connected HEGs 1× 1 cm unit devices.

d Output current variations of 5 parallel-connected HEGs 1 × 1 cm units. The illus-
tration shows a simplified circuit of the integrated HEG unit. e Variations in current
density (blue), open circuit voltage (red), and power density (green) of HEGs under
different loads. f Comparison of present work with other reports on HEGs devices.
Source data are provided as a Source Data file.
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do not significantly impact voltage. However, current density
increased with concentration, mainly due to the effective charge
transfer between electrodes facilitated by hydrolysed Na+ and Cl-.
Compared to natural seawater, the equivalent seawater exhibits a
higher current density because the larger ions like Ca2+, Mg2+, and SO4

2-

in natural seawater hinder migration, affecting overall current density.
In order to achieve a high-power HEGs device, we integrated 15

HEGs units (1 × 1 cm) in series. As shown in Fig. 6d, for the purpose of
circuit integration, the CC@CNTs and FI/ZIF67@CMF electrodes
alternately serve as the top electrodes, with direct connections made
using carbon tape. The voltage variation after the series connection is
depicted in Fig. S38 (SI). Experimental results demonstrate that a
series-integrated assemblyof 4 units can light up a LED (Fig. 6e-Ⅰ), while
5 series-integrated units can illuminate a large LED (Figure e-Ⅱ). Fur-
thermore, 15 series-connected units are capable of directly powering a

timer (Figure e-Ⅲ) or an electronic wristwatch (Figure e-Ⅳ). Supple-
mentary Movie 1 presents a video of the 15-series integrated assembly
powering an electronic wristwatch, showing good stability through
repeated power-on and power-off tests. HEGs can convert low-grade
thermal energy into electrical energy, absorbing the body’s emitted
heat and sweat. As shown in Fig. 6f, four HEGs units were prepared in a
wearable format through soft packaging. To facilitate connection, the
HEGs were alternately arranged, with FI composite electrodes and
carbon electrodes serving as top electrodes, connected directly by
conductive carbon tape, and finally thermally encapsulated with PET.
To ensure stable water adsorption-evaporation, the PET was laser-
engraved for perforation. The prepared soft-packaged HEGs can be
shaped through bending, and Fig. 6g shows images of the bent soft-
packaged HEGs from different angles, demonstrating stable power
generation after bending. Fig. S39 (SI) shows the changes in current

Fig. 6 | Integration and application of hydrovoltaic electricity generator (HEG)
devices. a Current-voltage variations before and after optimization of different
electrode materials (foam current density is blue, sheet current density is green,
foam voltage is red, and sheet voltage is orange). b Detection of pressing signals.
c Charging of individual HEGs for different capacity commercial capacitors
(4700μF is blue, 2200μF is red, and 1000;μF is green).d Schematic diagramof the
integrated assembly of 15 1 × 1 cm HEGs units in series. e Ⅰ 4 series-connected units

light up a green LED, Ⅱ 5 series-connected units light up a large red LED,Ⅲ 15 series-
connected units drive a timer, Ⅳ 15 series-connected units drive an electronic
wristwatch. The scale is 5 cm. f Schematic diagram and digital photo of four units
composing the soft-packaged HEGs. g Digital photos of the soft-packaged HEGs
taken from different angles after bending. The scale is 1.5 cm. The diameter of the
Petri dish is 3 cm. Source data are provided as a Source Data file.
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and voltage output of the device before and after bending. There is no
significant variation in either current or voltage, demonstrating that
the soft-pack HEGs maintain stable current output even after defor-
mation. When further bent and worn on a finger, the soft-packaged
HEGs can light up a yellow LED (Supplementary Movie 2). These
experiments also prove the practical value of HEGs in flexible wearable
energy.

Discussion
In summary, we have successfully developed a direction independent
hydrovoltaic electricity generator based on all-foam asymmetric
electrode. By addressing the unidirectional water evaporation,
enhancing the electrode surface potential, and providing charge car-
riers, the current density and open-circuit voltage of the HEG device
are simultaneously improved. Combining experimental research with
theoretical calculations, we generate power through the electrostatic
potential changes caused by water evaporation and the directional
movement of charge carriers. Compared to metal foils, metal foam
offers a higher specific surfacearea andbetter permeability, effectively
promoting the interaction between water and the electrode, thereby
increasing the current density. Additionally, the introduction of ZIF-
67@CMF enhances the surface potential and charge carrier con-
centration of FI, leading to a simultaneous increase in both open-
circuit voltage and short-circuit current of the HEG. The treated HEG
exhibited a current density of 862μA/cm2 and an open-circuit voltage
of 0.782 V, marking a 300% increase in current density and a 50%
increase in open-circuit voltage compared tometal foil electrodes. The
optimal output power reached 101μW/cm2, which can directly power
wearable devices or be stored in commercial capacitors. By employing
foamization and composite strategies, it can enhance the performance
of various metal sheet electrodes, offering approaches for the fabri-
cation and enhancement of HEGs electrodes.

Methods
Materials and reagents
Sulfuric acid (H2SO4, AR 98.08%), nitric acid (HNO3, 65-68%),
methanol (CH3OH, AR 99.7%), ethyl alcohol (C2H6O, AR 99.7%),
acetone (C3H6O, AR 99.5%) and cobalt nitrate hexahydrate
(Co(NO3)6·6H2O, AR 98.5%) used in the experiment were purchased
from China National Pharmaceutical Group Corporation.
2-methylimidazole (C4H6N2) and NaCl (AR, 99.5%) was obtained from
Aladdin. Carbon nanotubes (CNTs) and carbon cloth (CCs) were
sourced from Taiwan Carbon Consortium. Melamine foam (MF),
conductive carbon tape (CT), Carbon film, and Foamed iron (FI) were
purchased from local markets. Unless otherwise specified, the H2O
resistance used in the experiment exceeded 18.2 MΩ·cm−1. The nat-
ural seawater was collected from the Bohai Sea in China.

Preparation of ZIF-67 precursor
3mmol Co(NO3)6·6H2O was dissolved in 40mL CH3OH, denoted as
solution A; 10mmol C4H6N2 was dissolved in 40mL CH3OH, denoted
as solution B. After both solutions turned clear, solution B was rapidly
poured into solution A and vigorously stirred for 2 h. Then, cen-
trifugation at 5863 g for 5min was performed to collect the
supernatant.

Preparation of CMF
MF was placed into a tubular furnace, purged with high-purity Ar gas,
and heated from room temperature to 800 °C at a rate of 10 °C/min,
then maintained for 30min. After the furnace completely cooled
down, CMF was obtained.

Preparation of acidified CC
H2SO4 and HNO3 weremixed in a volume ratio of 3:1 and stirred. After
cooling to room temperature, CC was soaked in the mixture for 48 h,

then removed, washed repeatedly to remove excess acid, and dried at
60 °C for 24 h.

Preparation of acidified CNTs
A mixture of 200mL H2SO4 and HNO3 was prepared, and 4 g of dried
CNTswas added to the solution. After stirring for 48 h, themixturewas
washed to neutral, then dried at 60 °C for 48h.

The preprocessing of FI
First, cut the FI into small pieces measuring 2 × 2 cm and 1 × 1 cm.
Subsequently, immerse the pieces in 0.1M H2SO4 to remove surface
oxides. Finally, soak the cleaned FI pieces in 18M H2SO4 to generate a
uniform passivation film on the FI surface, preventing oxidation cor-
rosion during use. Rinse thoroughly with deionized water and alcohol,
followed by vacuum drying.

Device fabrication
All electrode materials (metal sheet, metal foam, CMF, etc.) were
sequentially cleaned in deionized water, alcohol, and acetone for
15min each, and then dried overnight at 60 °C. The dried CMF was
placed in a 25mL hydrothermal reaction vessel, and a prepared pre-
cursor solution of ZIF-67 was added with a loading capacity of 80%,
followed by a reaction at 150 °C for 24 h. After cooling to room tem-
perature, the ZIF-67@CMF was removed and washed three times with
methanol, dried overnight at 60 °C, and finally combined with FI
through pressing to form the electrode material referred to as FI/
ZIF67@CMF.

Finite element analysis
Fluid flow movement was simulated using the creeping flow unit and
Brinkman equation unit, with a fluid density of 1000 kg/m3, fluid
viscosity of 0.002 kg/(m·s), and a pressure drop of 0.715 Pa.

First-principles calculations
The wave function cutoff energy was set to 400 eV, energy con-
vergence to 10−6 eV, and Brillouin zone integration was calculated
using a 2 × 2 × 1 mesh for density of states. To prevent interactions
between unit cells, a 15 Å surface layer was set. The Castep unit
was used to calculate the density of states and differential charge
density of material surfaces under different conditions, while the
Forcite unit was utilized to compute the molecular dynamics of
material surfaces.

Measurements and characterizations
Observationof sample surfacemorphology and elemental distribution
was conducted using a field emission scanning electron microscope
(FESEM, Zeiss, Supra55) equipped with an energy dispersive spectro-
meter. The sample’s lattice type was analyzed using an X-ray dif-
fractometer (XRD, Rigaku, Dmax/2500PC). Surface roughness of the
sample was observed using a Laser scanning confocal microscope
(LSCM, Zeiss, Imager.Z2m). The current density and open-circuit vol-
tage variations of the sample were detected using a digital source
meter (DSM, Keithley, 2400). Sample C-V curves were tested using an
electrochemical workstation (EW, Corrtest, CS310M). A constant
temperature and humidity chamber (THC, Rongsheng, RS/HWHS-
216L) provided a stable external environment for sample testing.
Obtain Xray photoelectron spectroscopy (XPS) results on the Escalab
Xi+ device. The BET results on the ASAP-2020 Plus. The optical
microscope (OM) image was captured using a 4XC inverted metallur-
gical microscope from Shanghai Changfang Optical Instru-
ment Co., Ltd.

Statistics and reproducibility
All test results were randomlyobtained from 20 repeated independent
experiments.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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