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Harvesting energy from the surrounding environment holds great promise for
meeting decentralized energy demands and facilitating the transition to a low-

carbon economy. Ubiquitous moisture in the air offers a natural energy
reservoir, but very little has yet been harnessed. Conventional moisture-
electricity generators collect moisture energy through the directional migra-
tion of ions in the moisture-sorption functional materials induced by a
moisture field. However, the unsatisfactory output performance severely
limits their practical implementation. Herein, we develop an ion-electron
conversion enhanced moisture energy harvester (i-eMEH) by creating an ion-
enriched storage interface and concurrently inducing a faradic process
through the dual redox couples in the functional layer/electrode interfaces.
The i-eMEH reaches a record-high peak current of 9.2 mA cm™ and power
density of 6.7 Wm=, -60 times higher than those of reported moisture-
electricity generators, and approaching the output level of perovskite solar
cells and thermoelectric devices. The output rises to hundreds of milliamperes
and tens of volts through the device enlargement and integration, thus effi-
ciently charging the capacitor (4F) and commercial lithium battery. This
moisture energy harvester manifests the great potential for miniaturized
flexible electronics and presents a crucial step towards practical applications
of moisture energy harvest.

Green energy harvesting technologies significantly alleviate the energy
crisis and reduce greenhouse gas emissions'”. Ubiquitous gaseous
moisture in the atmosphere, as a natural energy reservoir, is promising
for developing new types of power-generating systems despite the
lack of sufficient research and utilization so far®. Moisture energy is
embodied in the conversion of water between the high-enthalpy high-
entropy gaseous state and the low-enthalpy low-entropy adsorbed
state, with enthalpy variation of ~2500 kJ kgacer ! and entropy varia-
tion ~8 k) kgwater * K7, sufficiently satisfying the decentralized energy
demands"®®. Therefore, moisture-enabled electrical generation by
utilization of moisture energy has been brought to the forefront of

researchers’ attention since first implemented experimentally in
201593, For these moisture-electricity generators, the directional ion
transport in the moisture-sorption functional layer under asymmetric
moisture field induces the migration of electrons in the outer circuit,
thus generating electricity (Supplementary Fig. 1a)'° . Up to now, the
majority of studies have focused on the modification of functional
layers to improve the water absorption capacity, increase migration
ions quantity, and reduce ion migration resistance'*?. However,
these efforts have resulted in limited enhancement in electrical
output (-100 mW m2, Supplementary Table 1), far lower than that
of present green energy harvesting techniques, e.g., photovoltaics
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(<120 Wm™)?* %, thermoelectrics (-5W m2)*?%, severely restricting
the practical application of moisture-electricity generators.

We have found that the inefficient ion-electron conversion
between the functional layer and the electrode accounts for the low
electrical output performance, which has yet garnered no attention to
date. For the sake of chemical stability, inert electrodes are prevalently
used as current collectors'*"”?°*°, However, it is reported that the ionic
current cannot be effectively transformed into electronic signals at the
functional layer/electrode interface due to the surge in interface
impedance and electrode potential caused by the limited ion storage
sites on the electrode surface (Fig. 1a)®. Simultaneously, a large
internal electric field across the functional layer will be formed due to
the increase in electrode potential, which will inhibit the directional
migration of ions and induce the drift current counter to the diffusion
current. The reverse migration of ions will diminish the induced charge
on the electrode, leading to a decay in voltage (Supplementary Fig. 1a).
Therefore, both the formation and attenuation of electrical generation
are essentially associated with the ion-electron conversion at func-
tional layer/electrode interface.

To address this issue, we herein develop an ion-electron conver-
sion enhanced moisture energy harvester (i-eMEH). On the one hand,
interface capacitance is increased through the introduction of

capacitive electrode materials. The increase in capacitance enables
more ions to be stored on the interface, thereby improving peak cur-
rent and voltage. Furthermore, the reduction in the built-in electric
field weakens the decay rate of voltage and current (Fig. 1b)****. On the
other hand, a new ion-electron conversion route is created with the
addition of redox couples in the functional layer/electrode interface.
The electrons transferred between the redox couple and electrode also
take partin the charge balance in the interface in the open-circuit state,
realizing more ion storage on the electrode while stabilizing the elec-
trode potential. These electrons will transfer in opposite direction to
improve the electric generation when short-connected (Fig. 1c, Sup-
plementary Fig. 1b and Supplementary Note 1). Therefore, the redox
couples act as an “electron sponge” to promote ion-electron conver-
sion. It is worth noting that the capacitive electrode materials and
redox reactions mentioned above are different from the electrode
consumption reaction in some MEGs*™’ and those with irreversible
faradic reaction®® (Supplementary Fig. 2 and Supplementary Note 2).

Results

Electrical generation performance of i-eMEHs

The i-eMEH is constructed from graphite foil, capacitive interface
layers, and a functional layer (Fig. 2a, Methods). MoS, (Fig. 2b and
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Fig. 1| Designing strategies of ion-electron conversion enhanced moisture
energy harvester (i-eMEH). a Schematic diagram of the electrode interface and the
corresponding output performance of moisture-electricity generators with inert
electrode. The insufficient ion storage on electrode will influence the ion-electron
conversion at the interface, manifesting in low peak current. The formation of built-
in electric field causes the rapid decay of voltage and current. b Schematic diagram
of the electrode interface and the output performance of moisture-electricity
generators with increased capacitance. The capacitive interface layer promotes the
ion-electron conversion, bringing about the increase in peak current and voltage.

The restricted formation of built-in electric field weakens the decay rate of voltage
and current. ¢ Schematic diagram of the electrode interface and the output per-
formance of i-eMEH with increased capacitance and faradic process. The intro-
duction of redox couples at the interface creates a faradic process for further
enhanced ion-electron conversion. The electron transferred in this way can also
screen the ionic charge in the interface to stabilize the electrode potential and
increase the amounts of ions stored on the electrode. The electron transfer will
undergo opposite directions under open-circuit and short-circuit condition.
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Supplementary Figs. 3a and 4a) and MnO, electrodes (Fig. 2c and
Supplementary Figs. 3b and 4b) are used as the top and bottom elec-
trodes of i-eMEH. Polystyrene sulfonic acid doped with sulfuric acid
(PSS)* is used as the main functional layer modified with the redox
couples of K3[Fe(CN)sJ/K4[Fe(CN)¢] ([Fe(CN)cI*”*) and Kiy/KI (I5/1)
respectively on both sides (rc-PSS, Fig. 2d and Supplementary
Figs. 5 and 7). Subsequently, the MoS, electrode, rc-PSS layer, and
MnO, electrode are stacked layer by layer to form a sandwich-type
i-eMEH. Typically, the rc-PSS layer is 1.48 mm thick, with redox couples
decorated on both sides, each 370 um thick, while the capacitive
interface layer is 12 um thick. The i-eMEH area is 1cm x1cm. For
comparison, the moisture energy harvesters based on PSS sandwiched
between graphite electrodes (MEH,) and PSS sandwiched between
MoS, electrode and MnO, electrode (MEH,) are constructed,
respectively.

The MEH, generates a low open-circuit voltage (Voc) of 0.26 Vand
short-circuit current (/sc) of 5.70 pA cm™? under 95 % relative humidity
(RH), which decay quickly (black line in Fig. 2e). This is because the
pristine graphite electrode lacks ion storage sites, thus having low ion-
electron conversion capability. Upon storing a few ions, a voltage
surge will occur at the functional layer/electrode interfaces, subse-
quently impeding further ion migration. When the capacitive MnO,
and MoS, are decorated on the graphite electrode (MEHy), the Voc
and Jsc jump to 0.68 V and 6.27 mA cm™ under 95%RH, which attenu-
ate significantly more slowly (red line in Fig. 2e). The larger Voc and /sc
are attributed to the increased ion storage on the interface. The slower
decay rate is ascribed to the restraint on the formation of the built-in
electric field caused by the improved ion-electron conversion. Fur-
thermore, when the redox couples are introduced at the PSS layer/
electrode interface, the electrical output is further promoted to 0.72V
and 9.24 mA cm2 under 95%RH, and the V¢ exhibits no decline (blue
line in Fig. 2e). The electrons transferred through faradic process will
take part in the interfacial charge balance, stabilizing the electrode
potential while enabling more ions to be stored on the electrode. As a
result, both the Voc and maximum /s are even approaching the levels
of perovskite solar cells (10-20 mA cm?, ~1.1V)*%,

However, the output charge of i-eMEH calculated from the inte-
gral area of the /sc-time curve soon reaches a platform of 0.87C
(Supplementary Fig. 8), close to the i-eMEH charge storage utmost
(0.92C, Fig. 2f and Supplementary Fig. 9, Method). This indicates that
the electric generation performance is still restricted. Therefore, a
quasi-continuous working mode is designed to realize more ion sto-
rage in the single moisture-enabled electric generation process. After
being exposed to moisture, i-eMEH can be self-charged in an open-
circuit state, and discharged by connecting to an external circuit.
Whereafter, the voltage of i-eMEH will be fully recovered when
switching back to the open-circuit state again, and goes through a
cyclic discharge process. The Voc of 0.79 V, Isc of 7.44 mA cm™ can be
achieved in this quasi-continuous output manner (Fig. 2g, h). The
accumulated output charge reaches 1.43 C within 120,000s, sig-
nificantly higher than the charge storage utmost and that under con-
tinuous output mode (Fig. 2f and Supplementary Fig. 8). Similarly, the
output energy maintains steady growth under quasi-continuous out-
put, differing from the plateau under continuous output (Fig. 2i),
which manifests that the quasi-continuous output largely improves the
discharge ability. Although the electric generation will degenerate with
the extension of output time induced by the even distribution of
anions and cations in the membrane motivated by the thermal
movement of ions (Supplementary Fig. 10), the i-eMEH can be reacti-
vated by removing the moisture field and totally drying the rc-PSS
membrane after discharging. The reactivated i-eMEH recovers the
voltage and current after re-exposure to the moisture field, and only
exhibits slight decrease after multiple cycles (Supplementary Fig. 11).

The contribution of increased capacitance and faradic process to
electrical output performance is further estimated by comparing the

Isc and cumulative output charge of MEHg, MEH),, and i-eMEH (Sup-
plementary Fig. 12 and Supplementary Note 3). The contribution ratio
of increased capacitance and faradic process to /sc is 36.9% and 60%,
and to cumulative charge within 12 h (Chargey, 1) is 49.1% and 50.9%
(Fig. 2j). It is noteworthy that the cumulative charge increases from
0.42 C to 0.86 C within 12 h with the addition of redox couples. The
increment is far greater than that of unidirectional reaction of redox
couples (0.02 C). This indicates that the redox couples are not con-
sumable, but carry out bidirectional reactions to assist the ion-electron
conversion in the interface like “electron sponge” (Supplementary
Note 3 and I1c). Furthermore, i-eMEH delivers a maximum power den-
sity of 6.69Wm™ at 47Q (Fig. 2k), exceeding previous moisture-
enabled electric generators and hydrovoltaic generators by an order of
magnitude (Fig. 2l and Supplementary Table 1). Notably, the maximum
power density is superior to the thermo-electric effect of polymer*®*,
being on par with thermogalvanic cells®****?, and even the thermo-
electric effect of SnSe system (Supplementary Table 2 and Supple-
mentary Note 4)*****, This manifests that the same level of electrical
output can be attained from moisture energy as from thermal energy
through ion-electron conversion enhanced interface design.

To further clarify the effect of redox couples on ion-electron
conversion, the oxidant/reductant ratio and quantity of redox couples
within i-eMEH are systematically studied (Supplementary
Figs. 13 and 14). The electrical output ranks the best when the oxidant/
reductant ratio is close to 1: 1 (Supplementary Fig. 13). Since oxidant
possesses the ability to gain electrons, while reductant shows the
ability to lose electrons, the coexistence of oxidant and reductant in
redox couples has the strongest ability to transfer electrons in two
directions. The quantity of the redox couples at the rc-PSS/electrode
interface determines the charge transfer intensity. As the redox couple
quantity increases, /sc first increases from 2.53 to 7.44 mA induced by
the enhanced ion-electron interaction, but then slightly declines,
caused by the decreased reversibility of the redox reaction (Supple-
mentary Fig. 14)*’. Moreover, whether the redox couples are symme-
trical or asymmetric, and how the asymmetric redox couples are
arranged, the electric generation is higher than that without redox
couples (Supplementary Fig. 15). Further experiments about the
influence of redox couple distribution, rc-PSS layer and capacitive
interface layer thickness on electric generation performance are con-
ducted for performance optimization (Supplementary Figs. 16-20).

Mechanism verification of electricity generation
The electron transfer process is directly reflected by the variation of
electrode potentials. The in situ record exhibits that the electrode
potential of MnO, increases to 1.39 V and that of MoS, decreases to
0.53V after being exposed to moisture, suggesting the directional
migration of cations (H*) from MoS, to MnO, electrode in rc-PSS
(Fig. 3a and Supplementary Fig. 21). The redox potentials of Is7/I" and
[Fe(CN)¢J>" in rc-PSS are measured to be 0.67 V and 0.63 V, respec-
tively (Fig. 3a and Supplementary Fig. 22). The detected potentials
signify that I;7/I" undergoes reduction reaction, transferring electrons
to the MnO, electrode, and [Fe(CN)¢]*”* undergoes oxidation reac-
tion, receiving electrons from the MoS, electrode (Fig. 3a). The
potential of MnO, electrode and I57/I" redox couple (MnO,-l) is 1.38 V,
and that of MoS, electrode and [Fe(CN)¢ >+ redox couple (MoS,-Fe) is
0.62V, validating the above discussion (Fig. 3b and Supplementary
Fig. 23). At the short-circuit state, electrons will transfer from MnO,-1
side to MoS,-Fe side. The decline in the potential of MnO,-I side and
the increase in the potential of MoS,-Fe side at short-circuit state
confirm the reversed electron transfer direction (Fig. 3b). Therefore,
the redox couples act as “electron sponges” to provide and receive
electrons to assist the storage of the ions induced by the moisture field
(Fig. 1c and Supplementary Fig. 1b).

The potentials recover when switching back to the open-circuit
state and exhibit good cyclic stability (Fig. 3b), which signifies that
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Fig. 2 | Structure and electrical generation performance of i-eMEH. a Schematic
diagram of i-eMEH. PSS is the polystyrene sulfonic acid doped with sulfuric acid.
b, ¢ SEM images of MoS, and MnO, electrodes, respectively. d Optical image of the
cross-section of rc-PSS layer. The PSS/I layer is colored by the addition of methyl
orange. All the colors are actual colors. e Voc-time curves (top) and /sc-time curves
(bottom) of MEH; (black line), MEHy, (red line), and i-eMEH (blue line). MEHg is the
moisture energy harvester based on PSS sandwiched between graphite electrode,
and MEHy, is the moisture energy harvester based on PSS sandwiched between
MoS,; electrode and MnO, electrode. f The output charge of i-eMEH under con-
tinuous output and quasi-continuous output for 200,000 s when loaded 47 Q
resistor, as well as the charge storage utmost of i-eMEH. The Voc-time (g) and /sc-
time curves (h) of i-eMEH. Insets show the enlarged details of the Voc-time and /sc-

Current (mA)

time curves. The inset axes share the units of the main figures. i The energy-time
curves of i-eMEH under continuous output and quasi-continuous output with 47 Q
load resistor. Inset shows the enlarged energy-time curve under quasi-continuous
output. The inset axes share the units of the main figure. j The contribution of
increased capacitance and faradic process on /sc and accumulated charge at
80,000 s. k The relation between power density and load resistance. | The per-
formance comparison chart of i-eMEH in relation to other moisture-enabled elec-
tric generators and hydrovoltaic devices. Py, is calculated from Voc X Isc, and the
P47 q is the power density with 47 Q loaded resistance. The points correspond to
Supplementary Table 1. The electrical output was tested under 95%RH. All the
experiment results were repeated independently at least three times.
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moisture-induced directional ion migration is capable of driving
“electron sponges” to operate periodically. The self-recovery ability
of i-eMEH is further verified by the galvanostatic discharge tests.
i-eMEH can self-charge spontaneously to 0.6V after being fully
discharging to OV (Fig. 3c¢). Notably, the relative humidity (RH)
increase is more effective in recovering the electrode potentials,
and all the Voc, Isc, and energy conversion efficiency are
improved, implying the dominant role of the driving force from

Binding Energy (eV)

moisture (Fig. 3d, Supplementary Figs. 24 and 25, and Supple-
mentary Note 5).

The reactions of redox couples are also tracked by UV-vis
absorption spectroscopy (Method). Due to the strong ultraviolet
absorption of PSS, only 15~ (357 nm) and [Fe(CN)¢]*~ (420 nm) can be
directly detected (Supplementary Figs. 26 and 27, Supplementary
Note 6). As depicted in Fig. 3e, the absorbance of I3~ shows no sig-
nificant change. However, the unidirectional electron transfer will lead

Nature Communications | (2025)16:6600


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61913-9

Fig. 3 | Mechanism verification of electricity generation. a The potential evolu-
tion diagram of MnO, (black line) and MoS, electrode (purple line) on PSS layer in
reference to standard hydrogen electrode (SHE) before and after being exposed to
moisture. The evolution diagram of potential of MnO, and I57/I" redox couple
(MnO-l, gray line), and equilibrium potential of MoS, and [Fe(CN)¢]>”* redox
couple (MoS,-Fe, red line) during the quasi-continuous output. b The potential
cyclic variation of MnO,-1 and MoS,-Fe under quasi-continuous operation.

¢ Voltage recovery curve of i-eMEH under 100 pA cm discharge current and

0 pA cm charged current. The i-eMEH was fully discharged at 100 pA cm™ current
density before test. d The Voc and /sc of i-eMEH under different RH. e The evolution
of UV-vis absorption spectra of I3~ during quasi-continuous output. f The evolution
of UV-vis absorption spectra of I3~ during incessant output. g The evolution of UV-

vis absorption spectra of [Fe(CN)¢]>~ during quasi-continuous output. h The evo-
lution of UV-vis absorption spectra of [Fe(CN)¢]*~ during incessant output. i The
TOF-SIMS images of Fe* at the interface between PSS/Fe and PSS layer, and the TOF-
SIMS images of I ion in the interface between PSS and PSS/l layer in the as-prepared
rc-PSS layer and the rc-PSS layer after being exposed in moisture field for 2 h. Scale
bar: 100 pm. j Line scan profiles of Fe* ion in the interface between PSS/Fe and PSS
layer, and the line scan profile of I' ion in the interface between PSS and PSS/I layer
in the as-prepared rc-PSS layer and the rc-PSS layer after being exposed in moisture
field for 2 h. The scanning area is 500 x 500 um?. XPS fine spectroscopy for Mn 2p3
(k) and O 15 (I) of MnO, electrode placed statically and after quasi-continuous
output. XPS fine spectroscopy for Mo 3 d (m) and S 2p (n) of MoS; electrode placed
statically and after quasi-continuous output.

to the continuous decrease in I3~ and increase in I (Fig. 3f, Supple-
mentary Fig. 28a and Supplementary Note 7). Therefore, it can be
inferred that the stable spectra of I5” in Fig. 3e are attributed to the
bidirectional electron transfer between the I;7/I" and MnO, electrode.
The same conclusion applies to [Fe(CN)¢J*’* at the MoS, electrode
interface (Fig. 3g, h and Supplementary Fig. 28b).

To further demonstrate the non-interaction of redox couples
within the rc-PSS, the distributions of the redox couples are detected
by Time of Flight Secondary lon Mass Spectrometry (TOF-SIMS). The
Fe element shows no cross-layer migration after exposure to
the moisture field (Fig. 3i, j). Similarly, the distribution of I element at
the interface of PSS and PSS/l layers exhibits no significant variation
(Fig. 3i, j). The cation selectivity of the PSS layer in the middle plays a
pivotal role in blocking the migration of anions. Furthermore, the
optical cross-section images of the as-prepared rc-PSS layer and those
exposed to the moisture field exhibit no change (Supplementary
Fig. 29). These results coherently demonstrate that the redox couples
only transfer electrons at the rc-PSS/electrode interface.

The increased ion storage capacity in the interface is confirmed by
the improved capacitance of MnO, and MoS, electrodes (Supple-
mentary Fig. 30). Furthermore, X-ray photoelectron spectroscopy
(XPS) confirms the stability of electrode materials (Fig. 3k-n). The ratio
of Mn(lll) (-641.4 eV) and Mn(IV) (-642.5eV) of MnO, electrode after
quasi-continuous output does not change compared to that placed in
quiescence, indicating no valence change in MnO, (Fig. 3k and Sup-
plementary Table 3). The lattice oxygen (-529 eV) and adsorbed oxy-
gen (-531 eV and ~533 eV) also show no obvious variation after quasi-
continuous output (Fig. 31, Supplementary Fig. 31b, c, and Supple-
mentary Table 4). The peaks of Mo(IV) 3ds,, (229 eV), 3d5,, (-232 eV) in
Fig. 31, and the peak of S(II) 2p;,, (-161.9 eV), 2p;» (-163 eV) in Fig. 3m
attributed to the 2H-MoS, exhibit no shift after quasi-continuous
output, demonstrating the stability of MoS; electrode (Fig. 3m, n and
Supplementary Tables 5 and 6).

Application potential in off-grid energy and miniaturized flex-
ible electronics

The electrical generation performance can be further enhanced by
enlarging the unit and integration. The voltage remains stable with the
increase in area, and the current linearly enhances because of the
increase in directionally migrating ions (Fig. 4a and Supplementary
Fig. 32). The integration is capable of further elevating the i-eMEH
performance to a whole new level. The MnO, and MoS, electrodes can
be fabricated through scalable blade coating (Supplementary Fig. 33a,
b), and the rc-PSS layer can be obtained through a casting method and
subsequent layer-by-layer stacking (Supplementary Fig. 33c-€). Both
the electrodes and layer can be machined by laser into the required
shape, and assembled into i-eMEH, enabling rapid integration by
repeated stacking to meet the practical power supply requirements
(Supplementary Fig. 33). Connecting thirty units in series readily
generates a high voltage of 22V, and the series voltage increases lin-
early with the number of units (Fig. 4b and Supplementary Fig. 34).
Forty units connected in parallel deliver a current of 0.39 A, with

parallel current increasing linearly with the number of parallel units,
demonstrating excellent integration performance (Fig. 4c and Sup-
plementary Fig. 35).

Benefiting from the high performance of i-eMEHs, the supplied
electric power can be stored in commercial capacitors and batteries on
demand. For example, the high-capacitance capacitor of 4F can be
charged by assembled 3 x10 array to -1V (Fig. 4d), an achievement
unachievable with previous integrated moisture-electricity generators
that could only charge microfarad and millifarad capacitors®*. An
integrated 7 x 6 array can easily charge the commercial lithium battery
LIR1025 (Supplementary Fig. 36), which can then actuate a commercial
electric fan (JISULIFE LA19, 3 W) working in four modes (Fig. 4e and
Supplementary Video 1). Furthermore, i-eMEH unit exhibits good
mechanical strength, which can maintain stable electrical generation
after bending 45° and under different pressure (Supplementary
Fig. 37 and 38). The performance of the flexible i-eMEH unit is already
better than the flexible silicon solar cells (0.76 V, 0.33 mA cm)*, and
the flexible thermoelectric devices (70 mW m? AT =44 K)*. Combined
with the superior power density, i-eMEH demonstrates the potential in
the field of miniaturized flexible electronic chips. Four i-eMEH units
assembled in series (0.25cm?) on flexible printed circuit board can
charge a capacitor of 220 pF to 2 V in the ambient environment and then
light the LED (Fig. 4f, g and Supplementary Video 2). Previously, it often
took dozens of 1x1cm? devices to light the LED*5, i-eMEH is also
applicable in a wide range of -18 °C to 60 °C (Supplementary Fig. 39).
These demonstrations illustrate the significant role of i-eMEH in pow-
ering miniaturized flexible electronics and mark a pivotal stride forward
in the practical applications of moisture energy harvesters.

Discussion

In summary, we develop an ion-electron conversion-enhanced strategy
that achieves an order-of-magnitude improvement in moisture elec-
tricity generation. The formation of ion storage sites and introduction of
redox couples at the interfaces not only enhance electrode capacitance
but also facilitate a synergistic faradic process. As a result, the i-eMEH
realizes a record-high current of 9.2mAcm™ and power density of
~6.7 W m, -60 times higher than previously reported moisture-enabled
generators and comparable to solar cells and thermoelectric devices.
Furthermore, i-eMEH demonstrates preliminarily potential for minia-
turized flexible electronic chips. The performance of flexible i-eMEH unit
is superior to that of flexible silicon solar cells and flexible thermoelectric
devices. This work takes an important step forward in the practical
implementation of moisture energy harvester and provides an oppor-
tunity for the development of miniaturized power supply systems.

Methods

Preparation of materials

Preparation of electrode. Polyvinylidene fluoride (PVDF) binder was
prepared by dissolving 10 g PVDF (Bidepharm) in 500 ml 1-Methyl-2-
pyrrolidinone (NMP, Meryer, 99.5%, Energy Chemical, 99.5%) via vig-
orous stirring using magnetic stirrers at room temperature for 24 h.
For the preparation of the working electrodes, 70 wt% electroactive
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Fig. 4 | Application of i-eMEH. a The V¢ and /sc of i-eMEH with different area.

b The V¢ of i-eMEH array with different serial number. Each i-eMEH unitis 1 x 1cm.
¢ The Isc of i-eMEH array with different parallel number. Each i-eMEH unitis 1 x1 cm.
d Voltage-time curve of commercial capacitors (4 F) charged by 4 x 2 i-eMEH arrays
(4 in series and 2 in parallel) under quasi-continuous output (10 s/20 min). Inset
exhibits the circuit connection diagram and the enlarged voltage-time curve in
single cycle of quasi-continuous output. The inset axes share the units of the main

figure. e Optical image of the commercial electric fan (JISULIFE LA19) actuated by a
lithium battery LIR1025 charged by 7x6 i-eMEH arrays. Scale bar: 3 cm. f Optical
image of the flexible circuit composed of a resistance, capacitor (220 pF), four
i-eMEH units (0.25 cm?) connected in series, and an LED light bead. Scale bar: 1 cm.
g The voltage-time curve of the capacitor (220 pF) on flexible circuit charged by
4 x1 i-eMEH array (1cm?). Inset depicts the LED light in the off and on states,
respectively.

material, 20 wt% Super P (Timical), and 10 wt% PVDF binder were first
grounded in a mortar to form a homogeneous slurry. Manganese
dioxide (MnO,, Meryer, 99%) and Molybdenum sulfide (MoS,, Meryer,
99.5%, <2 um) were used for MnO, and MoS; electrodes, respectively.
The slurry was cast onto graphite foil (Fuel Cells Etc, 25 pum in thick-
ness) as the current collector, and dried in an oven at 60 °C. The typical
thickness of MnO, electrode and MoS, electrode were 12 pm. The
MoS; electrode (1 cm x 1cm) was laser-drilled to form four holes with
diameter of 4 mm, so the effective area of a 1cm? MoS; electrode is
0.49 cm? All areas used in calculations are determined by the area of
the MnO, electrode.

Preparation of functional layer. An aqueous Polystyrene sulfonic acid
dispersion (PSS, 30 wt% in water, Mw ~75,000, Energy Chemical) was
uniformly mixed with 0.05 M H,SO, (95.0-98.0%, Peking Reagent) with
the same volume (abbreviated as PSS layer solution). The PSS layer
solution was uniformly mixed with an aqueous solution containing 5 mM
Ks[Fe(CN)¢] (Meryer, 99%) and 5 mM K4[Fe(CN)¢] (Meryer, 99%) at the
volume ratio of 2:1 (abbreviated as PSS/Fe layer solution). Similarly, the
PSS layer solution was uniformly mixed with an aqueous solution con-
taining 1.25mM 1, (Energy Chemical, 99.8%) and 5 mM KI (Bidepharm,
99.19%, Alfa Aesar, 99.9%) at a volume ratio of 2:1 (abbreviated as PSS/I
layer solution). The PSS, PSS/Fe, and PSS/I layer solutions were cast into
petri dishes and dried in a vacuum oven at 45°C under 60% RH to
prepare PSS, PSS/Fe, and PSS/I layers. Then, the PSS/Fe layer, PSS layer,
and PSS/I layer were stacked layer by layer to form the rc-PSS layer.

Preparation of ion-electron conversion enhanced moisture energy
harvester (i-eMEH). The rc-PSS layer was sandwiched between MoS,
electrode and MnO, electrode, and the assembly was sealed with hot-
melt resin except for the pores in MoS, electrode.

Characterization

Scanning electron microscope (SEM) images were acquired using
Hitachi cold-field emission scanning electron microscopes. Energy
dispersive X-ray spectra (EDS) were performed with an INCA Energy
EDS System (Oxford Instruments, UK). Time of Flight Secondary lon
Mass Spectrometry (TOF-SIMS) was conducted using a TOF.SIMS
5-100 (ION-TOF GmbH, Germany). X-ray photoelectron spectro-
scopy (XPS) was performed on an ESCALAB Xi* photoelectron
spectrometer (Thermo Fisher) with an Al Ka source. Element ana-
lysis was carried out using an inductively coupled plasma optical
emission spectrometer (Thermo, IRIS Intrepid II, United States). UV-
vis absorption spectra were recorded using an ultraviolet spectro-
photometer (Agilent, Cary 5000, USA). Inductively coupled plasma-
optical emission spectrometry (ICP-OES) measurements were per-
formed on an IRIS Intrepid Il (Thermo, USA). The solid surface zeta
potential was measured using an electrokinetic analyzer for solid
surface analysis (SurPASS 3, Anton Paar, Austria). Mechanical
strength was tested using an electronic universal testing machine
(CMT6103, Metus, America).

Device characterization

Electrical output performance measurement. The electrical output
measurements were performed with Keithley 2400 and Keithley
2612b (Keithley Instruments). The circuit parameter of current
during the voltage output test was O nA, and the circuit parameter of
voltage during the current output test was OV. The cumulative
output energy is calculated through [PRdt, where R and / are the
loaded resistance and the current on the loaded resistance,
respectively. The cumulative no-load energy is calculated through
[fIsc2dt. All the experiment results were independently repeated at
least three times.
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Electrochemical measurement. The electrochemical performance of
electrodes was characterized using a three-electrode configuration,
where the prepared electrode, a platinum sheet, and an Ag/AgCl
electrode (for neutral solution) or Hg/Hg,SO, electrode (for acid
solution) served as the working electrode, counter-electrode, and
reference electrode, respectively. Electrochemical measurements
were conducted on an electrochemical workstation (CHI 660d and CHI
660e). Galvanostatic charge/discharge (GCD) tests were performed at
a discharge current of 100 pA cm™ and a charge current of 0 pA cm™
to evaluate the self-recovery performance of i-eMEH. Electrochemical
impedance spectroscopy (EIS) was carried out in the frequency range
0.1~100 kHz, with a 5 mV alternating current (a.c.) amplitude. The area
capacitance (C,) was calculated using the following equation:

Z'(f)

A= = mapz P

@

where Z"(f) is the real part and imaginary part of impedance Z(f) at a
specified frequency f. A is the area of the electrode. All the experiment
results were independently repeated at least three times.

Intrinsic capacity of i-eMEH. To characterize the intrinsic capacitance
of i-eMEH, an H-type electrolytic cell was constructed. On one side, the
MnO, electrode (1cm?) was immersed in 50 mL deionized water con-
taining a 1cm? PSS/I layer (370 um) and 1cm? PSS layer (370 um). On
the other side, the MoS, electrode (1cm? was immersed in 50 mL
deionized water containing a 1 cm? PSS/Fe layer (370 pm) and a 1 cm?
PSS layer (370 pm). The device was first galvanostatic charged to 0.7 V
at a current density of 1 mA cm, then connected to a 47 Q resistor for
discharge until the current dropped below 1pAcm™. The intrinsic
capacitance was calculated from the integrated area of the discharge-
time curve.

TOF-SIMS measurement. As for Fe scanning, TOF-SIMS dual-beam
depth profiling was performed on rc-PSS using a bunched Bi;" gun at
high-energy (30 keV) as primary beam from incident angle of 45° with
the scanning area of 500 um x 500 um. The secondary ion polarity is
cation with mass ranging from 0 to 900 amu. The O," with low-energy
(1keV) and the sputtering speed of 0.16 nm s (for Si0O,) from incident
angle of 45° as sputtering guns.

As for I scanning, TOF-SIMS dual-beam depth profiling was per-
formed on rc-PSS using a bunched Bi;" gun at high-energy (30 keV) as
primary beam from incident angle of 45° with the scanning area of
500 pmx 500 pm. The secondary ion polarity is anion with mass
ranging from 0 to 900 amu. The Cs™ with low-energy (2 keV) and the
sputtering speed of 0.057 nms™ (for SiO,) from incident angle of 45°
as sputtering guns.

UV-vis absorption spectra measurement. The behavior of redox
couples was detected by UV-vis absorption spectroscopy in an
H-type electrolytic cell containing PSS/l and PSS/Fe solutions, with
MnO, and MoS, electrodes immersed in the two sides. The initial
volume of both PSS/Fe and PSS/I layer solutions was 75 mL, and 3 mL
was sampling for each test. Each sampled solution was mixed with an
equal volume of deionized water to prepare the detection solution,
ensuring compliance with the quantitative requirements of the
Lambert-Beer law:

A=lg(ly/1)=1g/T)=Klc 2

Where /o, I, and T are incident monochromatic light intensity, trans-
mittance light intensity and transmission ratio, respectively. /, ¢, and K
are the optical path length, the concentration of the absorbent sub-
stance, and the molar absorption coefficient of the absorbent sub-
stance, respectively.

The reason why i-eMEH can be approximately replaced by
H-type electrolytic cell is that the hydroxyl group on MnO, electrode
will undergo protonation reaction and be positively charged during
solid-liquid contact, while hydroxyl group on MoS, will undergo
deprotonation reaction and be negatively charged. Therefore, a
potential difference will be established. The surface zeta potentials
of MnO, electrode and MoS, electrode are 31mV and -9mV,
respectively, further proving the asymmetrically charge state. The
potentials of MnO, electrode and MoS, electrode are 1.9V and
0.58V, respectively, in PSS layer solution. Furthermore, it is known
that the electron work function has similar values for MnO, and
MoS, (4.6 eV and 4.59 eV)**°, so that the voltage drop between
MnO, and MoS, junction can be considered negligible. The elec-
trode potential difference is capable of driving the redox couples to
undergo bidirectional electron transfer, the mechanism of which is
the same like that of i-eMEH. The difference is that the directional
ion migration induced by the moisture field can further increase the
electrode potential difference, thus increasing the driving force of
bidirectional redox reaction.

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. Additional data related to
this work are available from the corresponding authors upon
request. Source data are provided with this paper.
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