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Screen printing of ionic diode arrays for large-area
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The moisture-based power generation array can be
manufactured using screen printing

The device has a sandwiched ion diode structure facilitating
the fast movement of ions

Sandwich structure shows large PN junction area and good
charge collection ability

After series-parallel integration, the array device can output
126 V and 5.47 mA
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SUMMARY

Developing moist-electric array device using screen printing technology that meets mass customization, high
power output, and wearable capabilities is very attractive for sustainable mobile power. However, the design
of sandwich stacked moist-electric array devices and their screen printing patterning manufacturing process
are still challenging. Here, we developed a large-scale fine construction strategy for ion diode nano-channels
compatible with screen printing process. A single moist-electric device can generate an open circuit voltage
of 0.7 V and a short circuit current density of 56.69 pnA/cm?. After large-area integrated manufacturing, the
array can generate an open circuit voltage of 126 V and a short circuit current of 5.47 mA. In addition,
compared with the spraying process, the performance deviation between different array units is greatly
reduced using the screen printing process, which is the key to ensuring the application of moist-electric tech-
nology from a single prototype device to a functional integrated device.

INTRODUCTION

Harnessing the energy contained in ambient water to solve en-
ergy problems has recently attracted great interest.’® Limited
by the weak interaction between moisture and nano-functional
materials, the power of moisture-based power generation de-
vices is usually in the pW range.®~'® Previously reported nano-
functional materials for moisture-based power generation de-
vices include bio-nanofibers,® polymer electrolyte films, %314
graphene oxide,"" wood,'? and electrospun cellulose acetate
nanofiber membranes.'® In order to further significantly increase
the output power and promote the application of functional inte-
grated devices, the researchers used a variety of patterning
manufacturing techniques to achieve series and parallel connec-
tion of moist-electric devices.?°~?° Compared with other conven-
tional printing manufacturing technologies (inkjet printing, spray-
ing, and blade coating), the thickness of the screen printing ink
layer can generally reach about 30 pum, which is far greater
than other printing methods and is more suitable for the effective
construction of moisture-based power generation layers (the
optimal thickness of moisture-based power generation layers
is usually tens to hundreds of um).”® Moreover, screen printing
can be used for large-area printing at the meter level, and its
large-area printing uniformity is far superior to other printing
methods. For example, Qu et al. manufactured arrayed moist-
electric devices based on polyelectrolytes through screen print-
ing.?® A single device can provide an open circuit voltage of 1.1V
and a power density of 2.6 pW/cm?. After arrayed integrated

manufacturing, 200 units provide an open circuit voltage of
200 V in series and a short circuit current of 1.3 mA in parallel.
However, due to the hygroscopic expansion and even dissolu-
tion of polyelectrolytes, this screen printing process is only appli-
cable to planar device structures. Compared with planar device
structures, sandwich stacking structures have larger PN junction
areas and larger electrode charge collection areas, which are
more conducive to the efficient separation of opposite charge
carriers under moisture stimulation®”*° and the rapid conversion
of charges at the electrodes. Therefore, combining screen print-
ing technology with sandwich stacking structures to manufac-
ture moist-electric devices is expected to further increase the
power generation, but it remains to be explored. The challenges
are as follows. (1) The ink design needs to meet the strict rheo-
logical requirements during the printing process, and the nano-
materials should be evenly dispersed to achieve uniformity and
precision in printing. (2) The surface properties of the substrate
must be sufficiently attractive to the ink when printing different
layers of the laminated structure to ensure excellent interface
bonding. (3) The moisture absorption and desorption properties
of the functional layer and electrode layer need to be precisely
designed to match the moisture absorption and desorption
deformation of different layers to ensure the long-term working
reliability of the device.

This paper develops a fully screen-printable ion diode type
moisture-based power generation array. The device has a sand-
wich stacking structure and can achieve an excellent balance
between moisture capture, anion and cation separation, and
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Figure 1. Design and fabrication of moisture-based power generation devices
(A) Schematic diagram of a fully screen-printed moisture-based power generation array.
(B) Optical image of a screen-printed moisture-based power generation array on a flexible PET substrate.

(C) Optical image of a moisture-based power generation unit.

(D) Scanning electron microscope image of the junction between the top electrode and the functional material.

ion-electron charge conversion. The ink parameters of the
nano-functional layer and the electrode layer are regulated to
make it printable and flexible. The effect of printing process pa-
rameters on device performance is studied. In particular, the
addition of ethyl cellulose (EC) in the ink simultaneously meets
the requirements of rheology, interface bonding, and moisture
absorption and desorption deformation matching, improves
the mechanical and electrical properties of nano-functional ma-
terials, and makes the device reliable. After optimizing the pa-
rameters, the device outputs an open circuit voltage of 0.7 V
and a short circuit current density of 56.69 pA/cm? at room tem-
perature and 93% RH (relative humidity). Its output power can
be further customized after series-parallel integration, demon-
strating its wide application prospects for powering small elec-
tronic devices. The moisture-based power generation device
has the potential for the following practical application sce-
narios, such as the following: using the device to power sensors
in remote areas or in scenarios where it is difficult to replace bat-
teries, or utilizing the humidity difference in human sweat to po-
wer small wearable electronic devices, and combining with
other renewable energy sources, such as solar energy and
wind energy, to supplement the supply of energy with mois-
ture-based power generation to form a hybrid power generation
system.

RESULT AND DISCUSSION

Design and manufacture of moisture-based power
generation devices

Each power generation unit in the array is a sandwich structure -
the upper layer is a CNT-CaCl, composite electrode, the middle
layer is a nano-alumina film, and the lower layer is a C-Fe com-
posite electrode (Figure 1A). The moisture-based power gener-
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ation unit can be integrated on a large scale by screen printing.
In order to achieve complete screen printing of moisture-based
power generation devices, it is necessary to formulate printing
inks corresponding to each part of the device. The top electrode
printing ink is prepared by dispersing carbon nanotubes (CNTs),
CaCl,, and EC in a composite solvent of pine alcohol and
ethanol. The functional material printing ink is prepared by
dispersing nano-alumina particles and EC in pine alcohol and
ethanol. EC is introduced into the top electrode and functional
material layer to bond CNT or nano-alumina particles and
make the functional film flexible. The bottom electrode printing
ink is a uniform mixing of micron-sized Fe powder into a com-
mercial conductive C paste. During screen printing, C-Fe com-
posite electrode, nano-alumina film and CNT-CaCl, electrode
are deposited sequentially on a flexible PET substrate using a
screen with a custom-designed pattern. Since EC acts as a
binder for both CNT and nano-alumina particles, the top elec-
trode and the functional material layer can be tightly bonded.
The conductive C paste in the bottom electrode has excellent
adhesion and stability, which makes the bottom electrode
have a strong bond with the substrate, and the bottom electrode
can still maintain a stable structure without being destroyed
when printing the functional material and the top electrode.
The moisture-based power generation array with sandwich
structure designed in this work has the following advantages.
(1) Compared with the planar structure, the contact area be-
tween the electrode and the functional material of the sandwich
structured device is larger, which is conducive to the collection
of charges and the conversion between ion current and electron
current. Although the sandwich structure has the disadvantage
of a smaller interaction area between moisture and functional
materials, the use of CNT-CaCl, as the top electrode in this
work can effectively solve the disadvantage of limited moisture



iScience

¢ CellP’ress

OPEN ACCESS

A B100 C 250 —
—~ ECCNT [ I EC-CNT ‘
g 80 | PVACNT| E£200 | PVA-CNT
G i G
< 60 1 =150
2 T . =
=40 =100 |
8 20 - 3 50 | .
s T ——— | z x| ]
Once printing Twice printing 0 0 = 5
Once printing Twice printing Low humidity High humidity
D 30 E $60 F
sl § ——EC-CNT 40 - 2 ™
52'0 3 3120 —— PVA-CNT 530 i UO
[0} r A é‘ [ ‘\ =, I Py o
31.5_ % 80 _K 520.—
810 o 5 [ B 810 .
b= L. M\\w\ . . .
05} o NN — A A @ screen printing
= OF® @ spray printing
1 " 1 L 1 L 1 " | 8 0 1 " 1 L 1 L 1 " 1 1 L L 1 L 1 L
0 200 400 600 800 0 100 200 300 400 00 02 04 06 08
Time (min) Time (min) Voltage (V)

Figure 2. Effect of screen printing parameters on the performance of moisture-based power generation devices
(A) Optical image of top electrodes made by screen printing using ethyl cellulose and PVA as binders.

(B) Resistivity of EC-CNT electrodes and PVA-CNT electrodes.

(C) Resistivity of the two electrodes in low humidity (42% RH) and high humidity (93% RH) environments.
(D and E) Open circuit voltage and short circuit current density test curves of the moisture-based power generation arrays (4 power generation units in series) with

top electrodes containing different binders.

(F) Comparison of the power generation performance distribution of moisture-based power generation devices made by screen printing and spraying printing

processes.

capture area. Since the CNT film has a porous structure and a
large specific surface area, water molecules adsorb and pene-
trate quickly. In addition, the addition of calcium chloride to the
CNT film enhances the hygroscopicity of the top electrode. (2)
The three printing inks prepared in this work have good adhe-
sion, so the moisture-based power generation device can be
firmly attached to the PET flexible substrate without the need
for additional fixing and packaging. (3) Since the moisture-based
power generation device in this work is completely manufac-
tured using screen printing, the device has the advantages of
simple manufacturing process, low manufacturing cost and
large area scalability. As shown in Figure 1B, 13 X 7 moisture-
based power generation units have been arrayed on a flexible
PET (polyethylene terephthalate) substrate using a screen print-
ing process. A single moisture-based power generation unit
photo is shown in Figure 1C, from which it can be seen that
the geometric outlines of each part of the screen-printed device
are clear and the printing quality is very good. As shown in Fig-
ure 1D, the scanning electron microscope image shows that
there is an excellent interface connection between the CNT
film and the aluminum oxide film.

Effect of screen printing parameters on device
performance

To prepare CNT and nano-alumina slurry and form a shape-sta-
ble film after printing and drying, it is necessary to select a suitable

adhesive and corresponding solvent. Therefore, we investigate
the effects of two adhesives, EC and PVA (polyvinyl alcohol), on
screen-printed devices. PVA was selected as a control because
it is a functional material commonly used in the field of moisture-
based power generation. As shown in Figure 2A, EC and PVA
were used as adhesives to make top electrode screen-printed
slurries, respectively. Screen printing was performed once and
twice, and the EC-CNT top electrode and PVA-CNT top electrode
were obtained after drying. Regardless of whether it was screen-
printed once or twice, the top electrode made with EC as an ad-
hesive had a more regular geometry and higher printing quality,
while the control electrode using PVA as an adhesive had blurred
edges and uneven CNT distribution. Then, the resistivity of the
aforementioned two top electrodes was tested, as shown in Fig-
ure 2B. When screen-printed once, the resistivity of the EC-CNT
top electrode was 10.3 Q cm, while the resistivity of the PVA-CNT
top electrode was 15.14 Q cm. When screen-printed twice, the
resistivity of the EC-CNT top electrode was 4.7 Q cm, while the
resistivity of the PVA-CNT top electrode was 12.1 Q cm. The
top electrode using EC as a binder has a lower resistivity and bet-
ter conductivity, which is due to its higher printing quality. In addi-
tion, the resistivity of the EC-CNT electrode and PVA-CNT elec-
trode screen-printed twice in low humidity and high humidity
environments was also tested, as shown in Figure 2C. In a high
humidity environment (93% RH), the resistivity of the EC-CNT
top electrode was 6.74 Q cm, while the resistivity of the
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PVA-CNT top electrode was 69.94 Q cm. In a low humidity envi-
ronment (42% RH), the resistivity of the EC-CNT top electrode
was 4.7 Q cm, while the resistivity of the PVA-CNT top electrode
was 12.1 Q cm. From the test results, it can be seen that the tran-
sition from low humidity to high humidity environment of PVA-
CNT electrode makes the resistivity of the electrode increase
by more than five times, and the resistivity of PVA-CNT electrode
is relatively unstable and fluctuates greatly in high humidity envi-
ronment, while the resistivity of EC-CNT electrode changes little.
This is because in high humidity environment, the top electrode
adsorbs a large amount of water molecules, and PVA gradually
dissolves in water to produce volume deformation, thereby de-
stroying the structure and morphology of the top electrode, while
EC is insoluble in water and relatively stable in high humidity
environment.

The aforementioned experimental results illustrate the effect of
the adhesive on the top electrode morphology, resistivity, and
wet stability. In order to further explore the effect of the two ad-
hesives on the power generation performance, we fabricated a
4 x 1 moisture-based power generation array by screen printing
(Figure S1). The top electrode of the experimental group was EC-
CNT, and the top electrode of the control group was PVA-CNT.
The open circuit voltage and short circuit current density were
tested in a high humidity environment (93% RH). The test results
are shown in Figures 2D and 2E. It can be seen from the figure
that the open circuit voltage and short circuit current density of
the EC-CNT experimental group device are higher than those
of the PVA-CNT control group, which is due to the relatively
lower electrode resistance. In addition, the power generation
performance test curve of the control group fluctuates greatly
and is unstable, which is due to the random deformation accom-
panied by dissolution-precipitation during the PVA absorption
and dehumidification process. The power generation perfor-
mance results are consistent with the aforementioned resistivity
and wet stability experimental results, which can indirectly
explain that the adhesive affects the morphology and resistivity
of the top electrode, and then affects the power generation per-
formance of the moisture-based power generation device.

In order to illustrate the advantages of screen printing over
other printing processes, moisture-based power generation de-
vices were manufactured by screen printing and spray printing
and their performances were tested. The test results are shown
in Figure 2F. The performance of the devices manufactured by
screen printing is relatively concentrated, while the performance
ofthe devices manufactured by spraying printing is quite discrete.
This is because screen printing has more advantages than spray
printing in terms of uniformity, which is specifically reflected in
printing quality, detail expression, ink control, adaptability, con-
sistency, and simplicity of post-processing.

Analysis of other performance influencing factors

This work uses a simple and low-cost method to create stable
humidity environment. Different steady-state humidity environ-
ments can be created by adding different types of saturated
salt solutions into a closed space. The power generation perfor-
mance of the moisture-based power generation unit was tested
at 25°C and 93% RH, as shown in Figures 3A and S2. A 0.64 cm?
power generation unit can generate an open circuit voltage of
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0.7 V and a short-circuit current density of 56.69 pA/cm? Fig-
ure 3B shows the output voltage and current density of the mois-
ture-based power generation unit under different external load
resistances. Further, the output power density curve of the mois-
ture-based power generation unit under different load resis-
tances can be obtained (Figure S3). When the load resistance
is 7 kQ, the output power density of the moisture-based power
generation unit reaches a maximum value of 5.9 yW/cm?. The ef-
fect of different humidity on the power generation performance is
shown in Figures 3C and S4. When the relative humidity in-
creases from 15% to 93%, the open circuit voltage and short-cir-
cuit current density of the power generation unit increase with
the increase in humidity. When the relative humidity is as low
as 15%, the power generation unit has almost no power gener-
ation performance. At this time, the humidity gradient inside and
outside the device is small, which affects the movement and
transportation of water molecules and anions and cations.

In addition, we also explore the effects of the thickness of
the alumina film and the amount of EC addition on the power
generation performance. First, the thickness of the alumina
film is controlled by the number of screen printing times. The
experimental test results at 25°C and 93% RH are shown in
Figures 3D and S5. When the thickness of the alumina film is
56 um, the open circuit voltage and short circuit current density
of the moisture-based power generation unit reach the best,
with the open circuit voltage reaching 0.7 V and the short circuit
current density reaching 56.69 pA/cm?. Too small alumina film
thickness leads to a decrease in the humidity gradient in the
film, which is not conducive to the efficient migration of water
molecules and ions. Too large a thickness increases the ion
transmission path and increases the internal resistance of the
device, which also leads to reduced output performance.
Then, the effect of the mass ratio of nano-alumina to EC in
the alumina film on the power generation performance was
explored. The experimental test results at 25°C and 93%RH
are shown in Figures 3E and S6. It can be seen that the optimal
mass ratio of nano-alumina to EC is 10:1. As the mass ratio de-
creases, the power generation performance gradually de-
creases. Excessive EC will affect the stacking of nano-alumina
and the formation of nanopores, thereby reducing the power
generation performance. But too little EC will make it difficult
to form a stable alumina film. After determining the optimal pro-
cess parameters of the moisture-based power generation unit,
it is compared with some typical moisture-based power gener-
ation devices reported in recent years, as shown in Figure 3F
and Table S1. It can be seen from the chart that the moisture-
based power generation unit in this work has advantages in
open circuit voltage, short circuit current density and output
power density. More importantly, the power generation unit is
completely manufactured by screen printing and has good
scalability.

Investigation of power generation principle

In order to explore the relationship between ambient humidity
and device power generation, we transferred the device from
93% RH to 0% RH and tested its current output. The results
are shown in Figure 4A. When the device was placed in 93%
RH, its short-circuit current continued to increase from 0. Then,
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Figure 3. Effect of other factors on moisture-based power generation performance
(A) Open circuit voltage test curve of a small-sized (0.64 cm?) moisture-based power generation unit (test environment: 25°C, 93% RH, the inset is a schematic

diagram of the test wiring).

(B) Open circuit voltage and short circuit current density of the power generation unit under different load conditions (the inset is a load test circuit diagram).
(C) Power generation performance of the power generation unit under different humidity conditions.
D) Effect of thickness of functional material (alumina film) on power generation performance.

F) Comparison of power generation performance of this device with humidity power generation devices in other literature. Note: The references in this figure are in

(
(E) Effect of mass ratio of nano-alumina to ethyl cellulose in functional material on power generation performance.
(
t

he supplementary materials.

when the device was transferred from 93% RH to 0% RH, its
short-circuit current continued to decrease and finally dropped
to 0. This shows that moisture is crucial to the power generation
of the device. Next, to explore the relationship between nano-
alumina, EC and device power generation, we used pure EC as
a functional material to manufacture a moisture-based power
generation unit and tested its power generation performance un-
der 93% RH conditions. The test results are shown in Figure 4B. It
can be seen from the figure that the open circuit voltage and
short-circuit current of the device are both 0, indicating that EC
is not an important material to generate electrical signals. EC
only acts as a binder, which indirectly shows that the power gen-
eration of the device is closely related to nano-alumina. Then, in
order to explore the relationship between the bottom electrode
and the power generation of the device, we used three electrodes
(C-Fe, C and Au) as the bottom electrodes of the moisture-based
power generation unit and tested its open circuit voltage under
93% RH conditions. The test results are shown in Figure 4C. It
can be seen from the figure that the open circuit voltage of the
moisture-based power generation unit using inert bottom elec-
trodes (C electrode and Au electrode) can reach 0.15 V under
high humidity conditions. This shows that the pure hydrovoltaic
effect has a certain contribution to the power generation. After
adding active metal (Fe) material to the bottom electrode, the po-
wer generation performance can be further improved, and the
open circuit voltage reaches 0.7 V.

The top electrode and functional material of the moisture-
based power generation unit were characterized by microscopic
morphology. Figure 4D shows a scanning electron microscope
image of the top electrode (EC-CNT), and Figure 4E shows a
scanning electron microscope image of the functional material
aluminum oxide film. It can be seen from the figure that both
the top electrode and the functional material layer have a large
number of micro-nanopores, which are conducive to the adsorp-
tion and penetration of moisture and the transport of ions. Then,
the zeta potential of CNT and nano-alumina was tested. As
shown in Figure 4F, the zeta potential of CNT is —26.1 mV, and
the zeta potential of nano-alumina is 31.1 mV. That is, a PN junc-
tion selective for ion transport is easily formed between CNT and
nano-alumina. The rectification curve of the moisture-based po-
wer generation unit was tested under high humidity and ambient
humidity conditions. As shown in Figures 4G and S7, a bias
voltage of +1 V was applied to the device and its |-V curve was
tested. It can be seen from the figure that under high humidity
or ambient humidity conditions, the moisture-based power gen-
eration unit has a strong ion diode rectification effect. This is
because after the CNT-nano-alumina combination, the contact
interface generates a built-in electric field pointing from the
alumina to the top electrode. When a forward bias voltage is
applied, the direction of the external electric field is opposite to
the direction of the device’s built-in electric field, thereby weak-
ening the electric field, resulting in weaker anion and cation

iScience 28, 112026, March 21, 2025 5
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Figure 4. Exploration of the power generation principle

Voltage V)

(A) Current output of the moisture-based power generation unit under 93% RH and 0% RH conditions.
(B) Power generation performance of the device when ethyl cellulose is used as the functional material.
(C) Open circuit voltage of the moisture-based power generation unit with different bottom electrodes.

(D) Scanning electron microscope image of the EC-CNT top electrode.
(E) Scanning electron microscope image of the alumina film.
(F) Zeta potential of CNT and nano-alumina.

(G) Rectification curve of the power generation unit under high humidity environment.
(H) Schematic diagram of the power generation principle of the moisture-based power generation unit.

separation, which reduces device performance. When a reverse
bias voltage is applied, the direction of the external electric field
is the same as the direction of the device’s built-in electric field,
which promotes the directional movement of anions and cations
in the opposite direction, thereby significantly improving the per-
formance of the device.

In summary, the power generation process of the moisture-
based power generation unit is a process of the combined action
of the hydrovoltaic effect, the ion diode rectification effect, and
the redox reaction. Figure 4H shows the power generation prin-
ciple of the moisture-based power generation unit. The top elec-
trode CNT/CaCl, film adsorbs water molecules in the air and dis-
sociates into freely moving hydrogen ions and hydroxide ions (as
well as chloride ions and calcium ions). Under the combined ac-
tion of the humidity gradient and the built-in electric field, the
negatively charged anions move from the top electrode to the

6 iScience 28, 112026, March 21, 2025

bottom electrode through the nanochannel, realizing the separa-
tion of anions and cations. In addition, the reduction reaction
involving hydrogen ions and the oxidation reaction involving hy-
droxide ions occur near the top electrode and the bottom elec-
trode, respectively, so that the ion current is converted into an
electron current, thereby realizing the output of electrical energy.

Integration and application of moisture-based power
generation units

The moisture-based power generation unit is manufactured by
full screen printing process, which is very easy to achieve large-
area integration. Figure S8 shows the method of large-area inte-
gration of moisture-based power generation units. The open
circuit voltage of the power generation array can be effectively
regulated by the series integration method, and the short-circuit
current of the array can be regulated by the parallel integration
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Figure 5. Large-area integration and application of moisture-based power generation units

A) Optical image of an array of 187 power generation units in series.

B and C) Open circuit voltage of different numbers of power generation units in series.

E and F) Short circuit current of different numbers of power generation units in parallel.
G) Using a moisture-based power generation array to charge different capacitors.
H) A power supply combining arrays of devices and capacitors can power a temperature and humidity sensing system to detect temperature and humidity data in

¢
(
(D) Optical image of an array of 187 power generation units in parallel.
(
(
(

outdoor environments.

method. Series integration is achieved by partially overlapping
the top electrode of each power generation unit with the bottom
electrode of the next unit, while parallel integration is a vertical
cross arrangement of the interdigitated top electrode and the
interdigitated bottom electrode, and the functional material of
nano-aluminum film is located at the intersection and isolates
the upper and lower electrodes to prevent short circuit. Figure 5A
shows an array of 187 power generation units in series manufac-
tured by screen printing on the surface of an A4-sized flexible
PET film. Figures 5B and 5C show that the open circuit voltage
of the power generation array increases linearly with the increase
in the number of units in series. The open circuit voltage of a
single moisture-based power generation unit is 0.7 V, and an
array of 187 power generation units in series can generate an

open circuit voltage of 126 V Figure 5D shows an array of 187 po-
wer generation units in parallel fabricated by screen printing on
the surface of an A4-sized flexible PET film. Figures 5E and 5F
illustrate that the short-circuit current of the power generation
array increases linearly with the increase in the number of
power generation units in parallel. The short-circuit current of a
single power generation unit is 36 pA, and an array of 187 power
generation units in parallel can generate a short-circuit current of
5.47 mA. After achieving large-area integration of moisture-
based power generation units, we demonstrated a series of appli-
cations. We used the power generation array to charge different
commercial capacitors, as shownin Figure 5G. A2.2 uF capacitor
can be charged instantly, and a 1,000 puF capacitor can be
charged to 3 V within 10 min. In addition, as shown in Figure 5H,
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we use seven large-area array devices in combination with
capacitors as a power source to power the temperature and hu-
midity monitoring system (on the right side, the system detecting
different humidity environments). In this way, the temperature
and humidity changes in places such as houses, computer
rooms, vegetable greenhouses, etc. can be displayed in
real time.

Conclusion

In this work, we developed a large-area printable moisture-based
power generation array device based on a sandwich structure
through screen printing. The sandwich structure helps the device
achieve an excellent balance between moisture capture, anion
and cation separation, and ion-electron charge conversion. The
ink regulation and manufacturing strategy compatible with the
screen printing process enables the power generation array de-
vice to have uniform, high-performance, reliable electrical output
and high cost-effectiveness. Our power generation device can
achieve customized power output through a series-parallel inte-
gration strategy. For example: in a high humidity (93% RH) envi-
ronment, the open-circuit voltage generated by an A4-sized
series-parallel integrated array can reach 126 V, and the short-
circuit current generated can reach 5.47 mA. The integrated flex-
ible array can drive many commercial electronic devices, such as
calculators, LED (light emitting diode) lights, etc., demonstrating
its broad application prospects for powering small electronic de-
vices. Overall, the moisture-based power generation device
shows high performance for the following reasons: (1) the ion
diode structure facilitates the fast movement of ions, (2) the sand-
wich stack structure has a larger PN junction area and a larger
electrode charge collection area relative to the planar device
structure, (3) the coupling of the redox reaction with the ion recti-
fication effect further improves the power generation perfor-
mance of the device, and (4) the device can be manufactured us-
ing screen printing, so its properties can be customized.

Limitations of the study

Current research still uses active metal electrodes, which inevi-
tably introduces energy from chemical reactions, not pure green
energy. In addition, active electrodes will also be passivated,
causing the performance of the device to deteriorate after long-
term operation. Future research should explore hydrovoltaic
power generation devices and manufacturing technologies that
are not coupled with active electrodes.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Dr. Tingting Yang (yangtingting@swijtu.edu.cn).

Materials availability
This study did not generate new unique reagents. All chemicals were obtained
from commercial resources and used as received.

Data and code availability
e Data reported in this paper will be shared by the lead contact upon
reasonable request.
e This study does not report any original code.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Multi-walled Carbon Nanotubes (MWCNTS) Timesnano Co., Ltd 9004-57-3
Ethyl cellulose M70 (EC) Sinopharm Chemical Reagent Co., Ltd 10043-52-4
calcium chloride (CaCl,, AR) Sinopharm Chemical Reagent Co., Ltd 64-17-5
ethanol Sinopharm Chemical Reagent Co., Ltd 344-28-1
Al,O3 Xfnano Co., Ltd 7439-89-6
Iron powder Shanghai Aladdin Biochemical Technology Co., Ltd 8000-41-7
Terpineol Macklin Biochemical Technology Co., Ltd 9004-57-3
Multi-walled Carbon Nanotubes (MWCNTS) Timesnano Co., Ltd 9004-57-3
Ethyl cellulose M70 (EC) Sinopharm Chemical Reagent Co., Ltd 10043-52-4

METHOD DETAILS

Synthesis of top electrode ink

First, add 3 mL of anhydrous ethanol and 5 mL of pine alcohol to a 30 mL sealable glass bottle, then add 177.57 mg of calcium chlo-
ride, and completely dissolve the calcium chloride by magnetic stirring. Then, add 0.3 g of EC to the above solution, and stir it in a
water bath until it is completely dissolved at 80° C with 400 r/min. Finally, add 350 mg of CNT to the above solution and stir evenly. The
printable top electrode ink is prepared by the above process.

Synthesis of functional material ink

First, add 1 mL of anhydrous ethanol and 8 mL of pine alcohol to a 30 mL sealed glass bottle, then add 0.3 g of EC, place it in a water
bath and stir until it is completely dissolved, the temperature is 80°C, and the speed is 400 r/min. Finally, add 3 g of nano-alumina to
the above solution and stir evenly. The printable functional material ink is prepared through the above process.

Synthesis of bottom electrode ink
Conductive carbon paste and iron powder are uniformly mixed in a mass ratio of 1:1 by electric stirring to prepare printable bottom
electrode ink.

Screen printing preparation process

First, the bottom electrode ink is screen printed and dried on a hot plate at 80°C to obtain the bottom electrode. In addition, the func-
tional material layer and the top electrode are manufactured separately by the same method. The screen used in the above process is
100 mesh.

Electrical output measurement

The device output Voc and Isc were recorded by an electrometer (Keithley 6514), digit multimeter (Keithley DMM7510), and
SourceMeter (Keithley 2450). The I-V rectification curves of devices were tested by linear scanning voltammetry using CHI electro-
chemical analyzer (CHI760E, CH Instruments, Inc, US).

Material characterization

Scanning electron microscope (SEM) (Sigma 300) was used to characterize the morphology of Al,O3-EC film and CNT-CaCls film.
The surface zeta potential of Al,O3 and MWCNTSs in a neutral environment was measured using a Zeta potential tester (Anton
Paar beyond 3, Australia).

QUANTIFICATION AND STATISTICAL ANALYSIS

There is no statistical analysis or quantification in this paper. Figures are produced in Origin from the raw data.
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