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res and hydrogen bonds of
polyoxometalates for continuous electricity
generation from fluctuating humidity

Tuo Ji,a WeiLin Chen, *a Fan Liao *b and ZhenHui Kang *bc

Environmental humidity power generation technology is an important strategy to reduce the use of fossil

fuels and solve the energy crisis. However, it remains a challenge to maintain a water adsorption gradient

for the long-term output of continuous electrical energy when environmental humidity fluctuates.

Herein, porous polyoxometalate (POM) nanomaterial [CuII(2,20-bipy)(H2O)2Cl]n[Cu
II-(2,20-

bipy)(H2O)2Al(OH)6Mo6O18]n (Cu-CuAlMo6) was used to assemble thin-film devices, which achieved

continuous power generation in fluctuating humidity. The device generated stable electrical output

(0.203 V, 4 mA cm−2, maximum power density of 0.06 mW cm−2) in 10% humidity, and maintained

continuous electrical output (0.246 V, 14.5 mA cm−2, maximum power density of 0.214 mW cm−2) in high

humidity, even with condensed water for 8 days. A detectable electrical response was generated within

0.1 s under the humidity trigger and enabled real-time tracking of environmental and chemical

information. First-principles calculations elucidated that hygroscopic sites constructed by the oxygen-

containing groups and hydrogen bonds in the POM ensured efficient collection of humidity, and

confined nanopores maintained the water adsorption gradient under high humidity. In addition, the

unique charge transfer mechanism enabled the device to autonomously monitor environmental and

chemical information in real-time. This work provides a reliable strategy for developing humidity power

generation technology that continuously outputs in fluctuating environmental humidity, and is expected

to form important components of multimodal real-time monitoring systems.
Introduction

The development and utilization of sustainable clean energy are
important strategies to reduce the consumption of fossil fuels,
solve energy crises, and decrease environmental degradation.1–3

Water is a widely distributed resource with great potential for
use as a clean and recyclable energy source on Earth.4–7 There
are broad application prospects for humidity power generation
technology because it utilizes the dynamic adsorption–desorp-
tion exchange between humidity and materials to spontane-
ously generate water adsorption gradients within the materials,
thus achieving energy collection and efficient electrical
conversion of ubiquitous environmental humidity.8–10 However,
the humidity in the natural environment greatly uctuates
according to the factors such as temperature, climate, and
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geographical location, leading to intermittent power output.
Therefore, it is necessary to develop humidity power generation
technology that can produce high electrical output under
extreme humidity, thus achieving a supply of long-term,
remote, continuous power.11,12

Yao et al. utilized the conned nanopore structure to control
the moisture absorption capacity of the material, avoiding the
decrease or even disappearance of water adsorption gradients
within the material by excessive moisture absorption in high
humidity.13,14 Han et al. utilized high-density water-adsorption
functional groups to achieve efficient collection of low
humidity.15,16 The continuous advancement of design is neces-
sary to develop reasonable materials to meet various humidity
conditions, solve the problem of intermittent power output, and
achieve continuous power generation in uctuating environ-
mental humidity.17,18

Polyoxometalates (POMs) contain numerous oxygen-
containing functional groups and an inherent nano-
morphology that align well with the design requirements of
continuous power generation from uctuating humidity.19–23

Their utility manifests in ve key aspects: (i) the oxygen-rich
surfaces readily form abundant hydrogen-bonding networks,
ensuring efficient water collection from environmental
humidity.24–27 (ii) The nanoscale dimensions and abundant
Chem. Sci.
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nanopores of POMs enhance the efficiency of interaction with
environmental humidity and limit excessive hygroscopicity,
thus maintaining water adsorption gradients in uctuating
environmental humidity.28–32 (iii) Their semiconductor-like
property and high surface charge density facilitate energy
conversion for improved power generation performance.33–35 (iv)
POMs act as electronic sponges that can reversibly accept and
donate multiple electrons, which are expected to enable real-
time feedback to external physical and chemical environ-
ments by charge-transfer under the interaction of external
environments.36–39 (v) Their accurate structures and composi-
tions, and structural and thermodynamic stability ensure long-
term operational reliability in environmental humidity.40–42

Herein, the POM [CuII(2,20-bipy)(H2O)2Cl]n[Cu
II-(2,20-

bipy)(H2O)2Al(OH)6Mo6O18]n (Cu-CuAlMo6) with abundant
oxygen-containing functional groups and conned nanopores
was incorporated into a continuous humidity power generation
strategy and tested (Scheme 1). Thin lms of Cu-CuAlMo6 were
formed and then assembled into devices that achieved contin-
uous power generation under uctuating environmental
humidity (10–100%). The Cu-CuAlMo6 device spontaneously
generated a voltage of 0.203 V and a current density of 4 mA
cm−2 with a maximum power density of 0.06 mW cm−2 in 10%
humidity. In 100% humidity with condensed water, the device
maintained a voltage of 0.246 V and a current density of 14.5 mA
cm−2, with a maximum power density of 0.214 mW cm−2 for 8
days. This device maintained its stability under mechanical
stress (bending radius of 290 mm) and 50 operational cycles.

First-principles calculations, surface performance charac-
terization, and electrochemical tests collectively revealed that
the POMs efficiently collected humidity with the hydrogen bond
networks formed by the abundant oxygen-containing groups.
The humidity gradient was maintained by relying on the stable
conned nanopores to achieve continuous electrical output. In
addition, it generated a detectable electrical response within
0.1 s, and machine learning was used to establish a mathemat-
ical correlation between environments and electrical signals,
thus achieving real-time multi-component sweat analysis by
this single non-integrated POM device in a remote unsupervised
state.
Scheme 1 The continuous humidity power generation strategy propose
humidity with the abundant hydrogen bonds formed by oxygen-containi
the confined nanopores. The POM device achieves continuous power g

Chem. Sci.
Experimental
Synthesis of the POMs

The POM [CuII(2,20-bipy)(H2O)2Cl]n[Cu
II-(2,20-

bipy)(H2O)2Al(OH)6Mo6O18]n was synthesized according to
a previously reported method.43 CH3COOH (10 mL) was added
to an aqueous solution (100 mL) of Na2MoO4$2H2O (3.5 g, 14.46
mmol). Next, 2,20-bipyridine (0.2 g, 1.28 mmol) was added to
a solution of water (15 mL) and methanol (25 mL). The two
obtained solutions and Cu(NO3)2$2H2O (0.5 g, 2.06 mmol) were
sequentially added to an aqueous solution (50 mL) of AlCl3-
$6H2O (1.5 g, 6.21 mmol). The pH of the mixed solution was
adjusted to 2.6 using concentrated HCl at room temperature.
Blue block-shaped crystals appeared within a week, and were
then washed with water and dried at room temperature.

The POM Na3(H2O)6[Al(OH)6Mo6O18]$2H2O was synthesized
according to a previously reported method.44 AlCl3$6H2O (1.5 g,
6.21 mmol) was added to a solution of water (25 mL) and
CH3COOH (10 mL). Then, Na2MoO4$2H2O (3.5 g, 14.46 mmol)
was added to the solution under vigorous stirring. The pH of the
mixed solution was adjusted to 1.8 using concentrated HCl at
room temperature. White crystals were obtained in a week,
which were then washed with water and dried at room
temperature.
Preparation of POM devices

A exible transparent indium tin oxide-polyethylene tere-
phthalate (ITO-PET) conductive lm was cleaned and placed in
a mold. Cu-CuAlMo6 powder was ground for ve minutes and
dispersed in the mixed solvent of methanol and water (3 mg
mL−1), with a volume ratio of methanol to water of 5 : 3. The
liquid was ultrasonically treated for ve minutes to prepare
a uniform dispersion solution. The Cu-CuAlMo6 lm was
prepared by evaporating the solvent upon liquid-phase deposi-
tion in the mold. The Cu-CuAlMo6 lm was aligned with
printing holes for screen-printing. A conductive carbon elec-
trode was obtained by applying and drying printing paste on the
Cu-CuAlMo6 lm to prepare the Cu-CuAlMo6 device.
d in this work. The POM is designed to efficiently collect environmental
ng functional groups, and to maintain a water adsorption gradient with
eneration in environments where there is fluctuating humidity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Test of electrical performance

All tests were completed using an electrochemical workstation
CHI760e (Shanghai-Chenhua) and a digital source-meter
Keithley 6517. Illumination was generated by a xenon lamp
with an optical power density of 100 mW cm−2. The articial
sweat was prepared with NaCl (40 mmol L−1), KCl (9 mmol L−1),
CaCl2 (5 mmol L−1), MgCl2 (0.6 mmol L−1), Na2HPO4 (10 mmol
L−1), lactic acid (13.5 mmol L−1), urea (23.1 mmol L−1), and
ascorbic acid (0.43 mmol L−1).
Results and discussion
The structure and charge transfer property of Cu-CuAlMo6
nanomaterials

According to the design requirements of continuous humidity
power generation materials, Anderson-type polyoxoanions
[Al(OH)6Mo6O18]

3− (AlMo6
3−) with abundant hydroxyl groups (–

OH) and [CuII-(2,20-bipy)(H2O)2]
2+ ligands with coordination

water groups were selected as building blocks (Fig. 1a). Hydroxyl
groups and coordinating water, as oxygen-containing functional
groups, can form hydrogen bonds and exhibit excellent
Fig. 1 Structural and electronic characteristics of Cu-CuAlMo6 nanom
oxoanion [AlMo6]

3− (blue polyhedrons), and ligands and cations (colore
(cyan dashed lines) and confined nanopores (yellow spheres). (c) FTIR com
resolution TEM of Cu-CuAlMo6 with AlMo6

3− circled in blue ellipses. (f)
CuAlMo6 with adsorbed H2O (color scale: electron density difference). (g)
electron density difference). (h) Directional charge transfer, with orange

© 2026 The Author(s). Published by the Royal Society of Chemistry
hydrophilicity and hygroscopicity. The POM [CuII(2,20-
bipy)(H2O)2Cl]n[Cu

II-(2,20-bipy)(H2O)2Al(OH)6Mo6O18]n (Cu-
CuAlMo6) was synthesized by a literature method, and the
structural integrity was conrmed by Fourier transform infrared
(FTIR) spectroscopy (Fig. S1a), powder X-ray diffraction (PXRD,
Fig. S1b), and ion-mobility spectrometry-mass spectrometry
(IMS/MS, Fig. S1c, with characteristic peaks in Table S1).43

The Anderson-type POM Na3(H2O)6[Al(OH)6Mo6O18]$2H2O
(AlMo6) was synthesized and characterized (FTIR, XRD, and
IMS/MS in Fig. S2 and Table S2).44 The identical spectral
features of AlMo6

3− observed in both compounds proved the
preservation of the polyoxoanion structure during the synthesis
of Cu-CuAlMo6. Additional synthetic details are provided in the
Experimental section.

The structural architecture of Cu-CuAlMo6 consists of
anionic chains [CuII-(2,20-bipy)(H2O)2Al(OH)6Mo6O18]n

n− and
cations [CuII(2,20-bipy)(H2O)2Cl]

+, where the anionic chains are
formed by the connection of AlMo6

3− (blue polyhedrons in
Fig. S3) with bridging units {CuII(2,20-bipy)(H2O)2}

2+. This
structure was stabilized by hydrogen bonds (light blue dotted
lines in Fig. 1b), as evidenced by FTIR spectroscopy (Fig. 1c).
aterials. (a) Atomic architecture of Cu-CuAlMo6, showing the poly-
d lines and spheres). (b) Highlighting the hydrogen-bonding network
parison of Cu-CuAlMo6 and AlMo6. (d) TEM of Cu-CuAlMo6. (e) High-

Two-dimensional projection of the differential charge density for Cu-
Three-dimensional differential charge density (color scale: normalized
arrows denoting the electron flow between Cu-CuAlMo6 and H2O.

Chem. Sci.
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The broad absorption (3600–2500 cm−1 in Fig. 1c) was attrib-
uted to the O–H stretching vibration from terminal hydroxyl
groups (–OH) and coordinated H2O. The enhanced intensity
from Cu-CuAlMo6 (blue in Fig. 1c) to AlMo6 (gray in Fig. 1c)
indicated additional hydrogen bonds.45 The redshied H–O–H
bending vibration (approximately 1600 cm−1 in Fig. 1c) was
attributed to the decrease in bond energy and the increase in
hydrogen bonds.

Transmission electron microscopy and energy dispersion X-
ray analysis (TEM-EDX) demonstrated the uniformly distributed
structure and elements of Cu-CuAlMo6 (Fig. 1d and S4). High-
resolution TEM (HRTEM, Fig. 1e) displays the ordered
arrangement of AlMo6

3−, as shown in the dark area circled by
the purple ellipses in the gure, which creates well-dened
nanopores (orange spheres in Fig. 1b).

The adsorption and charge transfer characteristics of water
molecules (H2O) on POM nanomaterials were investigated
through molecular dynamics simulations (MDS) and rst-
principles calculations (Fig. 1f–h and S5).46,47 Energy minimi-
zation analysis revealed the preferential adsorption sites and
binding congurations in the nanopores (Fig. S5a and S5b),
which occupy the interior of the nanopores at sites on coordi-
nated H2O of [CuII-(2,20-bipy)(H2O)2]

2+ (Fig. S5c).
Two-dimensional differential charge density projections

revealed different spatial charge distribution patterns: local
charge transfer near adsorption sites (red/blue surfaces), elec-
tron recombination based on the molecular orbital structure of
Cu-CuAlMo6, and charge delocalization involving the solution
phase by hydrogen bonding structures (Fig. 1f). The three-
dimensional differential charge density (Fig. 1g) showed
a more intuitive charge transfer situation, with normalized
difference density. Bader topology analysis (Fig. 1g) indicated
an increased charge density of adsorbed H2O, proving that
electrons were transferred from H2O to Cu-CuAlMo6, with an
amount of 0.317 e (Fig. 1h).

The hydrogen-bond-mediated framework facilitates the
transmission of electrical and chemical signals while providing
charge transfer sites. The size of the nanopores was less than
1 nm, which is comparable to the size of Anderson-type poly-
oxoanions. The above tests demonstrate the excellent ability of
Cu-CuAlMo6 to absorb environmental humidity by hydrogen-
bonding networks formed by oxygen-containing functional
groups.
The preparation and properties of Cu-CuAlMo6 lm

The Cu-CuAlMo6 lm was fabricated via a solution-phase
deposition method (Fig. 2a). A homogeneous dispersion was
prepared by suspending Cu-CuAlMo6 powder in a mixed
methanol/water solvent, which was then deposited onto exible
transparent ITO substrates through controlled solvent evapo-
ration. XRD analysis conrmed that the structural integrity of
Cu-CuAlMo6 was maintained during lm formation (Fig. S6).
The instantaneous surface water contact angle of 45° and the
angle of 23° within 1 s demonstrate the extremely high surface
hydrophilicity of Cu-CuAlMo6 lms (Fig. 2b), which can effec-
tively collect water molecules in ambient humidity.
Chem. Sci.
The satisfactory UV-visible absorption in the ultraviolet
region is shown in Fig. S7. The exibility of the Cu-CuAlMo6 lm
was satisfactory, and it remained stable as it was bent into a U-
shape at 180°, with a bending radius as small as 240 mm, and it
fully recovered aer pressure release (Fig. 2c). Kelvin probe
force microscopy (KPFM) of a piece of 5 mm× 5 mmCu-CuAlMo6
lm revealed excellent surface uniformity, with a maximum
surface uctuation limited to <1 mm (Fig. 2d). Because of this
combination of optical absorption, mechanical exibility, and
surface homogeneity, the Cu-CuAlMo6 lms are particularly
suitable for exible device applications.

KPFM characterization revealed a uniform surface potential
distribution (Fig. 2e), demonstrating the excellent uniformity in
surface thickness and internal structure of the Cu-CuAlMo6
lm, without aggregation.48 The Cu-CuAlMo6 lm exhibited
a high positive potential, with a surface potential of up to
320 mV, which was higher than that of 155 mV for Au (Fig. 2f
and S8) and indicated the high surface negative charge density
of the material. The surface potential results showed that the
work function of the lm is 4.93 eV, which is much lower than
the 5.10 eV of Au (Fig. 2g). This proves the excellent electron-
donating ability of Cu-CuAlMo6 lms, which are expected to
achieve efficient energy conversion and high electrical output.
The structure and continuous humidity power generation
performance of the Cu-CuAlMo6-based device

The Cu-CuAlMo6-based device was fabricated through a scal-
able manufacturing approach combining liquid-phase deposi-
tion and screen-printing techniques, which is conducive to
large-scale patterned manufacturing. The Cu-CuAlMo6 device
consists of three layers (Fig. 3a): the screen-printed conductive
carbon lm for charge transfer (black), the Cu-CuAlMo6 active
layer (blue), and the ITO counter electrode (cyan). Cross-
sectional scanning electron microscopy (SEM) shows the
structural integrity of the Cu-CuAlMo6-based device (Fig. 3b)
with a uniform thickness and a clear interface.

The effective electrical output of the Cu-CuAlMo6-based
device in high humidity is the most important parameter for
evaluating the continuity and stability that is necessary for
achieving continuous humidity power generation. The genera-
tion capability of the Cu-CuAlMo6-based devices with an effec-
tive area of 0.1 cm2 was characterized using an electrochemical
workstation. Upon high environmental humidity, the open
circuit voltage (VOC) and short circuit current (ISC) exhibited
a rapid initial response, followed by a gradual increase before
stabilizing at their maximum values (Fig. 3c). Key temporal
parameters were quantied, including time to reach 90% of
maximum ISC and VOC (t90% Isc and t90% Voc

) and time to achieve
full stabilization (tIsc and tVoc

). The observed temporal asyn-
chrony in the generation of electrical signals was attributed to
the charge transfer and hydrogen-bond-mediated conduction
processes of Cu-CuAlMo6.49

The device demonstrated stable humidity power generation
performance, generating continuous VOC and ISC electrical
signals under the environment of 100% humidity with
condensed water (Fig. 3d). Thickness-dependent optimization
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fabrication and interfacial properties of Cu-CuAlMo6 films. (a) Schematic illustration of the solution-phase deposition process for film
preparation. (b) Contact angle of water on the Cu-CuAlMo6 film (upper figure) and 1 s of contact (bottom figure). (c) Mechanical flexibility under
bending stress. (d) Three-dimensional topographic profile showing the surface morphology (color scale: height). (e) Corresponding surface
potential mapping (color scale: potential distribution) with the orange dashed line indicating the cross-sectional analysis position. (f) Comparison
of the surface potential for Cu-CuAlMo6 (blue) with Au as a reference (orange). (g) Work function comparison between Au (5.10 eV) and Cu-
CuAlMo6 (4.93 eV) film.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

2:
56

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
studies revealed tunable VOC and ISC (Fig. 3e, f, S9 and Table S3),
with maximum power density (0.21 mW cm−2, Fig. 3g) for 10.5
mm-thick lms at a 51 K U load resistance (Fig. 3h). The highest
power generation performance for the device was at approxi-
mately 40 °C (Fig. S10).

Long-term stability tests demonstrated that continuous
operation occurred over 8 days without any signicant signal
attenuation (Fig. 3i), which proved the sustained water-
activated self-power generation performance of the Cu-
CuAlMo6-based device. The excellent continuous power gener-
ation capability under high humidity, even in the presence of
condensed water, solves the problem of decreased or inter-
rupted electrical output in humidity-driven power generation
devices under such conditions.

Maintaining efficient electrical output under low humidity is
an important step for achieving continuous electrical output in
uctuating natural environmental humidity. The Cu-CuAlMo6
devices showed stable power generation capacity under an
average environmental humidity of 50%, and generated a stable
VOC and ISC outputs of 2.91 V and 5.87 mA cm−2 (Fig. 4a),
respectively, with a power density of 0.1139 mW cm−2 (Fig. 4b, c
and Table S4). The device exhibited higher voltage in low
humidity due to the more pronounced water adsorption
gradient. By reducing the humidity to 10%, the devices di-
splayed electrical signals of 2.2 V and 4 mA cm−2, with a power
© 2026 The Author(s). Published by the Royal Society of Chemistry
density of 0.059 mW cm−2 (Fig. 4d and e). During this change,
the humidity decreased to 80%, but the performance only
decreased to 48%, proving that there is excellent compatibility
of the device with low environmental humidity, which was
achieved by the efficient water capture ability of the hydrogen
bonds in Cu-CuAlMo6.

The continuous output under the extreme humidity of 100%
with condensed water and the efficient power generation under
extremely low 10% humidity prove that the Cu-CuAlMo6 device
can maintain continuous electrical output, as well as contin-
uous power generation in uctuating natural environments.
This continuous power generation performance solves the
problem of intermittent power generation under uctuating
humidity, and can provide continuous electrical energy for
portable or remote devices without being limited by environ-
mental uctuations.

The charge-rich surface of Cu-CuAlMo6 lms can induce an
electrical double layer (EDL) at the Cu-CuAlMo6-humidity
interface (Fig. S11), according to the KPFM results (Fig. 2e). The
hydrogen bonds facilitate the efficient interfacial contact
between the Cu-CuAlMo6 lm and humidity, improving the
charge transfer and power generation efficiency. Photo-
luminescence (PL) spectroscopy showed a pronounced decrease
in emission intensity as the device environment was switched
from H2O (gray in Fig. 4f) to D2O (blue in Fig. 4f), which was
Chem. Sci.
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Fig. 3 Structure and humidity power generation performance of the Cu-CuAlMo6-based device in high humidity with condensed water. (a)
Schematic cross-section illustrating the multilayer device configuration. (b) Scanning electron micrograph revealing the well-defined interfacial
layers in the assembled device. (c) Time-dependent current (top) and voltage (bottom) profiles generated in high humidity with condensedwater.
(d) Stable current and voltage outputs (blue: current; orange: voltage). (e) Thickness-related current and voltage outputs. (f) Thickness-related
power density characteristics. (g) Highest power density generated at the optimal thickness. (h) Current and voltage output load resistances at the
optimal thickness. (i) The stability of the Cu-CuAlMo6-based device under continuous operation in high humidity with condensed water.
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attributed to the stronger hydrogen bond interaction of D2O
that promoted electron transfer and resulted in uorescence
quenching.50 The H/D exchange conrmed the existence of
dynamic adsorption–desorption processes between Cu-
CuAlMo6 and environmental humidity, and the proton/charge
transfer occurred by the dynamic breaking and recombination
of hydrogen bonds.51

Transient photoinduced voltage (TPV) measurements
provide further mechanistic insights into the autonomous
response process of the Cu-CuAlMo6 device. The TPV curve
(black line in Fig. 4g) of the lm tested under anhydrous
conditions shows a decay time (s) of 0.37 ms. The charge decay
time was reduced to 0.3 ms by mixing a small amount of water
into the testing system, which indicated that the presence of
water accelerates the interface charge transfer performance
(blue line in Fig. 4g). Notably, the TPV curve of the Cu-CuAlMo6
lm shows that the signal reversed from upward to downward
by adding water (Fig. 4g), which is caused by the charge reversal,
and proved that the direction of electron transfer from Cu-
CuAlMo6 to electrode changed to the direction from Cu-
CuAlMo6 to water (Fig. 4h).52

In the le panel of Fig. 4h, the response process is shown
between the Cu-CuAlMo6 lm and electrode under an anhy-
drous environment, where the black rectangles represent elec-
trodes, the blue rectangles represent Cu-CuAlMo6 lms, and the
orange spheres and arrows show the electrons and the direction
Chem. Sci.
of electron transfer, respectively. The electrons are quickly
transferred from the Cu-CuAlMo6 lm to the electrode in the
absence of water, which is affected by the difference between
the Cu-CuAlMo6 lm and the electrode in surface charge density
and work function. The electrons can rapidly transfer from the
Cu-CuAlMo6 lm to water as water is added (right panel of
Fig. 4h), which mainly occurs due to the EDL and hydrogen
bonding conduction.

The device utilizes environmental humidity to generate long-
term stable DC output, proving that this Cu-CuAlMo6 humidity
power generation process relies on the dynamic adsorption–
desorption between Cu-CuAlMo6 and environmental humidity,
thereby achieving continuous and stable energy conversion.
The continuous environmental humidity power generation
mechanism of the Cu-CuAlMo6 device dominated by hydrogen
bonding and nanopores is subsequently proposed (Fig. S12):53,54

the adsorption of environmental humidity and the formation of
a water adsorption gradient; the generation of an EDL and
charge gradient at the Cu-CuAlMo6/water interface; the inter-
action and the proton/charge transfer by a dynamic hydrogen-
bond network; and the dynamic humidity adsorption–desorp-
tion and hydrogen bonding reorganization for continuous
power generation via environmental humidity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Humidity power generation performance and electricity generation mechanism of the Cu-CuAlMo6 device. (a) Stable current and voltage
outputs of the Cu-CuAlMo6 device in 50% humidity (blue: current; orange: voltage). (b) Humidity-related current and voltage outputs. (c)
Humidity-related power density characteristics. (d) Current and voltage output load resistance in 10% humidity. (e) Power density characteristics
in 10% humidity. (f) Comparison of photoluminescence spectroscopy in H2O and D2O environments, demonstrating the hydrogen-bond
mediated charge transfer. (g) Transient photoinduced voltage decay kinetics under anhydrous (black) and aqueous (blue) conditions with
different charge decay. (h) Proposed electron transfer mechanisms under (left) anhydrous and (right) aqueous conditions, illustrating the water-
mediated charge transport pathway.
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The ionic recognition and self-powered multi-component real-
time monitoring capability of the Cu-CuAlMo6 device

The excellent adsorption performance and charge transfer
ability of Cu-CuAlMo6 may endow it with chemical recognition
and monitoring functions, enabling real-time monitoring of
environmental and chemical information while generating
electricity under humidity. Molecular dynamics simulations
(MDS) and rst-principles calculations reveal different binding
congurations of adsorbates in nanopores, such as urea and
NaCl, as well as selective charge transfer (Fig. 5a, b and S13).
Bader topology analysis indicates that Cu-CuAlMo6 adsorbs
chemical substances and exhibits different charge transfer
behaviors, and because of these characteristics, Cu-CuAlMo6 is
expected to achieve chemical information recognition (Fig. 5c
and S14). The FTIR and XRD results showed the excellent
chemical stability of the Cu-CuAlMo6 nanomaterials (Fig. S15).

The Cu-CuAlMo6 lm remained stable aer introducing
chemical components, with uctuations less than 1 mm
(Fig. S16a) and uniform charge distribution (Fig. 5d). Notably,
the ionic interaction enhanced the surface potential from
320 mV to 410 mV (Fig. 5e and S16b), indicating the increased
negative charge density (approximately 28% enhancement). The
work function decreased from 4.93 eV to 4.81 eV (Fig. 5f),
indicating an enhancement in the electron-donating capability.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The X-ray photoelectron spectroscopy (XPS) analysis conrmed
the charge transfer between the lm and ionic components,
which was manifested through the shied characteristic
binding energy (Fig. S17).55–58 This phenomenon likely arises
from the synergistic effects of the POM's electronic structure,
hydrogen-bond-mediated charge conduction, and ionic inter-
actions within the nanopores.

The Cu-CuAlMo6 device demonstrated versatile recognition
and analysis capabilities through its humidity-electrical signals
inuenced by environmental and chemical information. The
light-modulated electrical signals (Fig. S18 and Table S5)
enabled the real-time monitoring of illumination. For ionic
analytes, ISC and VOC exhibited linear concentration depen-
dence (Fig. S19a–S26a, orange for VOC and blue for ISC), main-
taining consistent response kinetics (tIsc and tVoc

, Fig. S19b–
S26b). Distinct response patterns emerged between illumina-
tion and darkness (Fig.S19c–S26c, Table S6), providing dual-
mode detection sensitivity.

Signicantly varied electrical signatures were generated in
solutions of identical concentration but different components
(Fig. S27, Tables S7 and S8). An ionic recognition-feedback
mechanism (Fig. S28) was revealed by electrochemical imped-
ance spectroscopy (EIS, Fig. S29). As shown above, ions were
adsorbed and recognized by POM from the selective charge
transfer properties, changing the EDL and further affecting the
Chem. Sci.
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Fig. 5 Ionic recognition and real-time monitoring of the Cu-CuAlMo6 device. (a and b) Differential charge density maps for Cu-CuAlMo6

adsorbed with (a) urea and (b) NaCl (Na+ and Cl−), illustrating ionic-specific charge redistribution (color scale: electron density difference). (c)
Ionic adsorption sites and charge transfer in Cu-CuAlMo6. (d) Enhanced surface potential distribution with ion incorporation (orange dashed line:
comparative analysis position, color scale: potential distribution). (e) Comparison of the surface potential for the Cu-CuAlMo6 film (blue), ion-
incorporated film (cyan), and Au (orange). (f) Work function comparison between Au (5.10 eV), Cu-CuAlMo6 film (4.93 eV), and ion-incorporated
Cu-CuAlMo6 film (4.81 eV). (g) Machine learning-derived feature analysis.
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transmission process of electrical signals to achieve feedback
regulation of electrical signals (Fig. S28).

The mixed multi-component analysis capability of Cu-
CuAlMo6 devices was systematically evaluated using articial
sweat and high-concentration mixed solutions (Fig. S30, S31,
Tables S9 and S10).59 EIS characterization in articial sweat
revealed substantial differences in Nyquist and Bode results
across compositions (Fig. S32), conrming that subtle compo-
sitional variations signicantly impacted the interfacial charge
transfer dynamics. The selective adsorption and charge transfer
of the POMs (Fig. S33) exhibited specic interfacial charge
behavior (Fig. S34), which generated modulated humidity
electrical signals for real-time self-powered environmental and
chemical information monitoring.
Chem. Sci.
To establish robust mathematical models for multi-
component analysis, the factors governing the humidity elec-
trical signals of the Cu-CuAlMo6 device were systematically
analyzed. Machine learning approaches were employed to
decipher the complex relationships within the comprehensive
dataset of component responses.60 Correlation analysis revealed
key interdependencies among the electrical parameters, as
visualized in the Pearson correlation heatmap (Fig. S35). The
moderate linear correlation (jrj z 0.4–0.6) between ISC and VOC
reects their coupled yet distinct response to environments,
and the strong correlations (jrj > 0.7) between temporal
parameters (tIsc vs. t90% Isc, and tVoc

vs. t90% Voc
) conrmed these

response times as reliable metrics for quantifying the identi-
cation of solution components. These quantitative relation-
ships provide the foundation for developing predictive models.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Actual operational performance of the Cu-CuAlMo6 device in self-powered real-time analysis. (a) Time-dependent current (top) and
voltage (bottom) profiles generated in a sweat environment. (b) Maximum power density (10 mW cm−2 at 50 k U) as a function of load resistance.
(c) Mechanical stability testing showing the maintained electrical output during bending (radius: 290 mm) and subsequent recovery. (d) Cyclic
operational stability of the Cu-CuAlMo6 device. (e) Real-time multicomponent analysis via environment-responsive current/voltage signatures,
with machine learning-enabled compositional decoding. (f) Operational schematic illustrating the autonomous monitoring strategy combining
ionic feedback regulation with self-power generation.
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Machine learning models trained on the response relation-
ships revealed distinct component-specic sensitivities in the
Cu-CuAlMo6 device, as quantied by feature importance anal-
ysis (Fig. 5g). The ISC exhibited predominant sensitivity to NaCl
(40.8% contribution), demonstrating its exceptional respon-
siveness to ion variations, while the VOC showed balanced
modulation by illumination (33.0%) and CaCl2 (23.3%),
reecting competing photoactive and ionic-dependent charge
transfer mechanisms.

Temporal response parameters displayed specialized analyte
dependencies, with tIsc most inuenced by urea (18.0%) and tVoc

strongly governed by Na2HPO4 (56.5%). These quantitatively
resolved sensitivity proles established a complementary
detection framework. The orthogonal coupling between specic
electrical parameters and distinct analytes enabled deconvolu-
tion of complex multi-component systems through their unique
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrochemical ngerprints, forming the basis for intelligent,
self-powered platforms capable of multiplexed analysis.

The long-term continuous humidity power generation and
multifunctional real-time monitoring application capability of
the Cu-CuAlMo6 device in an actual natural environment were
evaluated using articial sweat as the monitoring sample. The
Cu-CuAlMo6 device demonstrated rapid response kinetics in
response to the articial sweat (Fig. 6a), obtaining a stable VOC
(0.265 V) and ISC (171 mA cm−2) within 1.4 s and 7.8 s, respec-
tively (Fig. 6a and S34a). The self-generation power density of 10
mW cm−2 (Fig. 6b) was obtained at an optimal load resistance of
50 K U (Fig. S36b), representing a signicant enhancement over
the performance triggered by the high humidity (Fig. S36c).

This performance boost arose from the ionic feedback
regulation. The components improve the electrical trans-
mission performance, leading to an increase in ISC. The
Chem. Sci.
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enhanced interfacial charge density at the POM/electrolyte
increased the VOC. Remarkably, the device maintained
outstanding operational stability, showing no degradation in
ISC or VOC during the 14 day continuous testing in articial
sweat (Fig. S36b), which conrmed its long-term power gener-
ation performance. Additionally, it possesses excellent multi-
component detection limits and analytical capabilities
(Fig. S37).

The Cu-CuAlMo6 device exhibited exceptional mechanical
exibility, retaining 90% of its power generation efficiency and
ionic recognition capability even under extreme bending
conditions (180° bend, 290 mm radius; Fig. 6c and S38a).
Complete performance recovery occurred upon stress release
(Fig. 6c). The performance decreased to approximately 70% at
smaller bending radii (<260 mm, Fig. S38b) due to electrode
displacement. The exibility of the device fully meets the
requirements for daily wearables. Cycling tests conrmed the
outstanding operational stability, with consistent ISC (171 ± 2
mA cm−2) and VOC (0.265 ± 0.004 V) maintained over 50
immersion cycles in articial sweat (Fig. 6d), proving its reli-
ability for repeated use.

The multi-component monitoring performance of the Cu-
CuAlMo6 device was evaluated in articial sweat with different
components (Fig. 6e). The distinct response kinetics (tIsc and tVoc

)
produced characteristic electrical ngerprints for each compo-
nent (colored rectangular bars in Fig. 6e). The machine
learning-assisted signal analysis accurately identied compo-
sitional changes in real-time, with results precisely matching
actual variations in NaCl (red), CaCl2 (blue), Na2HPO4 (purple),
and urea (green).

For the present POM device, multiple components were
adsorbed by Cu-CuAlMo6, and electrons were selectively trans-
ferred, combining self-power generation with multi-component
identication. Thus, real-time multi-component autonomous
monitoring was achieved by a set of feedback-regulated elec-
trical signals without additional power requirements (Fig. 6f).
The device achieved biomimetic functions by the unique ionic
feedback-regulation mechanism from component-specic
charge transfer at the POM interface and hydrogen-bond-
mediated signal transduction, completing the process of envi-
ronmental response, feedback regulation, analysis, and
expression in a manner similar to that of living organisms.
Compared with traditional monitoring devices, this POM device
exhibits a comprehensive performance of autonomous
response, environment-powered self-operation, real-time
perception, and multi-component analysis, and therefore,
there are broad application prospects for its use.
Conclusion

In this study, a new design strategy utilizing environmental
humidity to achieve continuous power generation is proposed,
which achieves a long-term continuous power supply under
uctuating environmental humidity. This continuous humidity
generator is designed from POM nanomaterials with abundant
oxygen-containing functional groups and conned nanopores,
Chem. Sci.
which form a self-sustaining water adsorption gradient in
dynamic water exchange with humidity.

It demonstrates efficient and continuous hydroelectric
performance and achieves three capabilities: (i) efficient elec-
trical output in high humidity, even with condensed water,
which is achieved by the stable water adsorption gradient
maintained by conned nanoscale pores, and thus avoids
gradient attening by excessive moisture absorption. (ii) Effi-
cient collection of H2O and power generation through low-
humidity oxygen-containing hydrophilic groups and their
hydrogen-bonding structure. (iii) Real-time self-powered moni-
toring and synchronous multicomponent detection through
machine learning-assisted electrical ngerprint analysis in
a single, non-integrated device that can remotely operate
unsupervised.

This work demonstrates that precise regulation of the water
adsorption process is crucial for improving device performance
and promoting widespread application. The formation of the
interface EDL structure also promotes the humidity-electric
energy conversion process. Therefore, changing the work
function of the device and increasing the surface charge density
is expected to signicantly improve the humidity power gener-
ation performance.

This work provides a reliable design strategy for developing
continuous humidity power generation technology, solves the
intermittent power supply problem of humidity generators in
uctuating humidity environments, and provides an important
paradigm for achieving long-term continuous power supplies
for remote unsupervised equipment. In addition, the real-time
monitoring function in an external environment is a prerequi-
site for intelligent devices to autonomously adapt to environ-
mental changes, adjust their actions, and complete ne and
complex tasks safely and naturally. This work is expected to
advance the development of intelligent next-generation devices
to meet the challenges of humanization and autonomy.
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devices, and data analysis for electrochemical testing. See DOI:
https://doi.org/10.1039/d6sc00287k.

Acknowledgements

This work was nancially supported by the National Natural
Science Foundation of China (No. 22271042, 21871041,
52472049, 52472230, 52471234, 52202107, 52272043,
52271223), Science and Technology Research Project of the
Education Department of Jilin Province (JJKH20211286KJ), the
Natural Science Foundation of Jilin Province (No.
20180101298JC), the National Key R&D Program of China
(2024YFA1509300), the Natural Science Foundation of Jiangsu
Province (BK20220028), State Key Laboratory of Catalysis
(2024SKL-A-014), Collaborative Innovation Center of Suzhou
Nano Science & Technology, the 111 Project, Suzhou Key
Laboratory of Functional Nano & SoMaterials, and Suzhou Key
Laboratory of Advanced Photonic Materials (Grant SZS2023010).

References

1 Y. Li, X. N. Ru, M. Yang, Y. H. Zheng, S. Yin, C. J. Hong,
F. G. Peng, M. H. Qu, C. W. Xue, J. X. Lu, L. Fang, C. Su,
D. F. Chen, J. H. Xu, C. Yan, Z. G. Li, X. X. Xu and
Z. P. Shao, Flexible silicon solar cells with high power-to-
weight ratios, Nature, 2024, 626, 105–110.

2 R. McKenna, J. Lilliestam, H. U. Heinrichs, J. Weinand,
J. Schmidt, I. Staffell, A. N. Hahmann, P. Burgherr,
A. Burdack, M. Bucha, R. H. Chen, M. Klingler,
P. Lehmann, J. Lowitzsch, R. Novo, J. Price, R. Sacchi,
P. Scherhaufer, E. M. Schöll, P. Visconti, P. Velasco
Herrejón, M. Zeyringer and L. Ramirez Camargo, System
impacts of wind energy developments: Key research
challenges and opportunities, Joule, 2025, 9, 101799.

3 X. X. Li, T. Ji, J. Y. Gao, W. C. Chen, Y. Yuan, H. Y. Sha,
R. Faller, G. G. Shan, K. Z. Shao, X. L. Wang and Z. M. Su,
An unprecedented fully reduced {MoV60} polyoxometalate:
from an all-inorganic molecular light-absorber model to
improved photoelectronic performance, Chem. Sci., 2022,
13, 4573–4580.

4 M.Wang, Z. X. He, H. X. Chang, Y. Wei, S. Y. Zhang, K. Wang,
P. Xie, R. P. Wang, N. Q. Ren and S. H. Ho, System with
Thermal Management for Synergistic Water Production,
Electricity Generation and Crop Irrigation, Nano-Micro
Lett., 2025, 18, 57.

5 J. H. Feng, F. Lu, Z. Chen, M. M. Jia, Y. L. Chen, W. H. Lin,
Q. Y. Wu, Y. Li, M. Xue and X. M. Chen, Rapid solar-driven
atmospheric water-harvesting with MAF-4-derived nitrogen-
doped nanoporous carbon, Chem. Sci., 2024, 15, 9557–9565.

6 X. J. Ma, K. R. Meihaus, Y. J. Yang, Y. Zheng, F. C. Cui, J. X. Li,
Y. Q. Zhao, B. Jiang, Y. Yuan, J. R. Long and G. S. Zhu,
Photocatalytic Extraction of Uranium from Seawater Using
Covalent Organic Framework, J. Am. Chem. Soc., 2024, 146,
23566–23573.

7 W. N. Ge, Q. M. Wei, W. Z. Li, X. Wang, C. G. Lu, K. K. Zhang,
X. Q. Luo, L. M. Zhang, Y. Sun and Y. H. Liu, Harnessing dual
forms of water energy for all-weather high-performance
© 2026 The Author(s). Published by the Royal Society of Chemistry
electricity generation using amorphous slurry, Energy
Environ. Sci., 2025, 18, 6557–6565.

8 J. X. Xu, P. F. Wang, Z. Y. Bai, H. H. Cheng, R. Z. Wang,
L. T. Qu and T. X. Li, Sustainable moisture energy, Nat.
Rev. Mater., 2024, 9, 722–737.

9 W. J. Ying, Z. J. Huang, Z. X. Liu, J. Z. Liu, N. Z. Pan, A. Jazzar,
J. Zhang, H. Zhang, X. M. He, R. Z. Wang and J. Y. Wang,
High-power hydrogel-based moisture-electric generators,
Energy Environ. Sci., 2025, 18, 9457–9467.

10 H. Y. Wang, Y. L. Sun, T. C. He, Y. X. Huang, H. H. Cheng,
C. Li, D. Xie, P. F. Yang, Y. F. Zhang and L. T. Qu, Bilayer
of polyelectrolyte lms for spontaneous power generation
in air up to an integrated 1,000 V output, Nat.
Nanotechnol., 2021, 16, 811–819.

11 Z. C. Ming, J. W. Zhang, W. K. Li, S. Wang, Y. F. Zhang,
Z. R. Lu, T. Zhang, Z. J. Zhou, Y. Xia, Y. Zhang, X. R. Zhou
and J. Q. Xiong, Photothermal-Responsive Aerogel-
Hydrogel Binary System for Efficient Water Purication
and All-Weather Hydrovoltaic Generation, Adv. Mater.,
2025, 37, 2501809.

12 J. Tan, S. M. Fang, Z. H. Zhang, J. Yin, L. X. Li, X. Wang and
W. L. Guo, Self-sustained electricity generator driven by the
compatible integration of ambient moisture adsorption and
evaporation, Nat. Commun., 2022, 13, 3643.

13 X. M. Liu, H. Y. Gao, J. E. Ward, X. R. Liu, B. Yin, T. D. Fu,
J. H. Chen, D. R. Lovley and J. Yao, Power generation from
ambient humidity using protein nanowires, Nature, 2020,
578, 550–554.

14 H. Y. Xia, W. Q. Zhou, X. Y. Qu, W. B. Wang, X. Wang,
R. X. Qiao, Y. K. Zhang, X. Wu, C. Yang, B. F. Ding,
L.-Y. Hu, Y. Ran, K. Yu, S. Hu, J.-F. Li, H.-M. Cheng,
H. Qiu, J. Yin, W. L. Guo and L. Qiu, Electricity generated
by upstream proton diffusion in two-dimensional
nanochannels, Nat. Nanotechnol., 2024, 19, 1316–1322.

15 J. Han, S. C. Cheng, S. M. Yiu, M. K. Tse and C. C. Ko,
Luminescent monomeric and dimeric Ru(ii) acyclic
carbene complexes as selective sensors for NH3/amine
vapor and humidity, Chem. Sci., 2021, 12, 14103–14110.

16 H. Zou, X. G. Yang, J. L. Zhu, F. Wang, Z. Y. Zeng, C. J. Xiang,
D. F. Huang, J. Li and R. Z. Wang, Solar-driven scalable
hygroscopic gel for recycling water from passive plant
transpiration and soil evaporation, Nat. Water, 2024, 2,
663–673.

17 D. Z. Shen, W. W. Duley, P. Peng, M. Xiao, J. Y. Feng, L. Liu,
G. S. Zou and Y. N. Zhou, Moisture-Enabled Electricity
Generation: From Physics and Materials to Self-Powered
Applications, Adv. Mater., 2020, 32, 2003722.

18 A. M. Wright, A. J. Rieth, S. Yang, E. N. Wang and M. Dincă,
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