Check for
updates

A moisture-enabled fully printable power source

inspired by electric eels

Lu Yang?, Feiyao Yang®, Xu Liu®, Ke Li?, Yaning Zhou®, Yangjian Wang?, Tianhao Yu?®

Xiaobing Xu?, Lijuan Zhang?®, Wei Shen?, and Di Wei®'

?Beijing Graphene Institute, 100095 Beijing, China

, Mengjuan Zhong?,

Edited by Alexis T. Bell, University of California, Berkeley, CA, and approved January 21, 2021 (received for review November 6, 2020)

Great efforts have been made to build integrated devices to
enable future wearable electronics; however, safe, disposable, and
cost-effective power sources still remain a challenge. In this paper,
an all-solid-state power source was developed by using graphene
materials and can be printed directly on an insulating substrate
such as paper. The design of the power source was inspired by
electric eels to produce programmable voltage and current by con-
verting the chemical potential energy of the ion gradient to elec-
tric energy in the presence of moisture. An ultrahigh voltage of
192 V with 175 cells in series printed on a strip of paper was real-
ized under ambient conditions. For the planar cell, the mathemat-
ical fractal design concept was adapted as printed patterns,
improving the output power density to 2.5 mW cm~3, comparable
to that of lithium thin-film batteries. A foldable three-dimensional
(3D) cell was also achieved by employing an origami strategy,
demonstrating a versatile design to provide green electric energy.
Unlike typical batteries, this power source printed on flexible pa-
per substrate does not require liquid electrolytes, hazardous com-
ponents, or complicated fabrication processes and is highly
customizable to meet the demands of wearable electronics and
Internet of Things applications.

moisture-enabled electric power source | inkjet printing | graphene inks |
jon gradient | electric eels

Future electronics call for wearable and even disposable power
sources that can be customized to meet the demands of in-
tegrated systems; for example, flexible and disposable power
sources are needed to provide energy for multifunctional contact
lenses in real-time health monitoring applications (1). Among
numerous manufacturing methods, printing shows great poten-
tial to build freeform products due to its geometric controlla-
bility, process flexibility, and cost-effectiveness (2). Printed energy
storage devices such as lithium-ion batteries (3, 4) and alkaline
batteries (5, 6) have been extensively studied to power next-
generation devices. However, most of these energy storage sys-
tems contain hazardous or flammable components and thus cannot
meet the safety and environmental requirements for green power
sources, which are crucial for future disposable electronic devices.

Nature gives inspiration for many ideas in the search of al-
ternative green power sources (7). Among numerous forms of
energy in nature, the chemical potential energy of the ion gradient
is the foundation of many living species and has attracted increasing
research attention since the award of the 2003 Nobel Prize in
Chemistry for ion channels in cell membranes (8). The electric eel is
an excellent example of an electric power source utilizing ion gra-
dients to generate high voltages and currents. As shown in Fig. 14,
each electrocyte in the electric organ has highly selective mem-
branes that can produce transmembrane potential via the flux of
small ions. The action potential from the Na*™ and K™ ion gradient
is 65 and 85 mV, respectively, which adds up in series and results in
a total transcellular potential of ~150 mV (9). Thousands of elec-
trocytes in series and parallel arrangement can generate potential
up to 600 V and peak current of 1 A (10). To extract electric energy
from the ion gradient, various energy systems have been designed
such as reverse electrodialysis (RED), which can extract electric
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energy from the mixing of sea and river water (11, 12). However,
these RED systems usually rely on bulky pumping systems and
large ion-exchange membrane stacks and thus are not suitable
for portable applications. Recently, some novel power sources
have been developed to utilize the chemical potential energy of
the ion gradient, such as artificial electric organs (10), nano-
fluidic devices (13), and moist-electric generators (14, 15). Al-
though some of these devices are portable, they still suffer from
low voltage output or require a complicated fabrication process.

Herein, inspired by electric eels, we developed a fully printable
all-solid-state power source based on graphene inks with an
open-circuit voltage (OCV) up to 1.2 V for each cell, which is
eight times higher than that of biological electric signals (9). The
high voltage comes from the large cation concentration differ-
ence which is maintained by graphene oxide (GO) materials. GO
materials are reported to have large salt intake, leading to highly
concentrated solutions that are close to the saturation inside
graphene capillaries, enable ultrafast ion permeation (16), and
have been applied in adsorption (17) and selectively permeable
membranes (18, 19). GO materials also have unimpeded water
permeation capability (20), tunable ion-exchange properties (16,
21), and enhanced cation conductivity (22, 23) due to their unique
two-dimensional (2D) nanofluidic channels, which are favorable
for solid-state ionic conductors in humid environments. In the
presence of water molecules, cations are transported from the
high-concentration side to the low-concentration side, creating a
potential difference. This directional ion migration is then

Significance

Future wearable and printable electronics call for scalable
production of power sources that can provide green electric
energy. The chemical potential energy of the ion gradient is
ubiquitous in nature and is the foundation of many living
species. Herein, inspired by electric eels, a new power source
printed from graphene inks can convert the chemical potential
energy of the ion gradient to electric output in the presence of
moisture. An ultrahigh voltage of 192 V is achieved on a strip of
paper substrate. Two- and three-dimensional cell structures are
designed by adapting the mathematical fractal curves and a
origami-folding strategy. The industrial-scale production of
graphene materials coupled with the reproducibility of printing
technology could open new scenarios of cost-effective gra-
phene electronic devices.

Author contributions: D.W. designed research; L.Y., F.Y., X.L, K.L,, Y.Z,, and X.X. per-
formed research; LY., F.Y., X.L, K.L,, Y.Z, Y.W,, T.Y., M.Z, and D.W. contributed new
reagents/analytic tools; L.Y., L.Z., W.S., and D.W. analyzed data; and L.Y. and D.W. wrote
the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: weidi-cnc@pku.edu.cn.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2023164118/-/DCSupplemental.

Published April 12, 2021.

https://doi.org/10.1073/pnas.2023164118 | 1 of 8



https://orcid.org/0000-0001-9637-352X
https://orcid.org/0000-0003-2670-6362
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2023164118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:weidi-cnc@pku.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023164118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023164118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023164118
https://doi.org/10.1073/pnas.2023164118

Fig. 1.

Schematic of structures of the electric eel’s electrocytes and the moisture-enabled power source. (A) Each electrocyte of the electric eel can generate

150 mV when stimulated via ion transportation of K* and Na* through highly selective ion channels on cell membranes. (B) The designed power source is
composed of GO inks and rGO inks with different ion concentrations and a pair of silver electrodes. In the presence of moisture, the chemical potential energy
of the ion gradient is converted to electric energy via directional ion migration and redox reactions and thus produces electric power.

converted to electron transportation at the surface of electrodes
via redox reactions or charge adsorption, thus generating electric
current output (Fig. 1B). When stored in low-moisture condi-
tions, such as in a vacuum bag, a sealed container with desiccant
and filled with dry N,, or a climate-controlled facility with low
humidity levels, there is limited ion transportation and therefore
little to no self-discharge, ensuring a long shelf life unlike typical
batteries (24). The cell is safe, disposable, and cost-effective,
since all parts are inkjet printed onto paper to form an all-solid-
state flexible power source, avoiding flammable and hazardous
components. The geometric controllability of inkjet printing also
allows a flexible cell pattern design (2). By optimizing the
printing parameters, an ultrahigh voltage of 192 V was achieved
on a small strip of paper under ambient conditions by connecting
175 cells in series. By adapting the mathematical space-filling
curves as the printed pattern to increase the cell length (25, 26),
the planar cell can achieve a short-circuit current of 170 pA and the
power density can reach 2.5 mW cm™ with energy density up to
0.41 mWh cm™>, which is comparable to that of lithium thin-film
batteries (27). The output voltage and current are readily ad-
justable by arranging well-defined patterns in parallel and series
connections. A foldable three-dimensional (3D) cell using an
origami pattern was also fabricated, demonstrating a versatile
design strategy for printed electronics. This interdisciplinary
work opens a novel design direction for utilizing ion gradients
and offers a simple but effective method to provide scalable
green electric power for practical applications.

Results

Cell Construction and Electric Output Performance. A printed cell
was composed of two GO-based inks with different ion con-
centrations and a pair of silver electrodes. The GO in this paper
was prepared with Hummers’ method and purchased from
Tanfeng Tech. Inc. After exfoliating graphite oxide with different
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chemical agents, abundant oxygen-containing functional groups
were bound onto the surface of GO layers by noncovalent in-
teractions (28). This negatively charged oxidized debris can not
only improve GO’s hydrophilic property but also promote cation
transportation in nanochannels between the layered structure due
to surface charges and capillary force (21, 23) and therefore en-
ables GO to act as a solid-state ionic conductor in the presence
of moisture. To introduce the large ion gradient, KOH was
added to the GO solution, which is termed as reduced graphene
oxide (rGO) inks in this study. K* was chosen due to its small
hydrated ionic radius of 3.31 A (29), which is lower than that of
Li* or Na* and favorable for ion transportation under humidity.
Recently, it was reported that the low ion charge and weakly
bound hydration shells of K* also promote the entry of hydrated
ions into nanochannels, leading to a higher permeation rate than
that of Ca?* or Mg”* ions (18). In addition, a modest concen-
tration of KOH would not affect the solubility of GO and the
potassium salt would not crystalize or separate from GO when
dried because GO was reported to undergo a series of deoxy-
genation reactions under alkaline conditions (30, 31), forming sol-
uble salt solutions with large negatively charged GO sheets and
small cations between layered structures. It should be noted that
although the color of the solutions changed from light to dark
brown, the reaction of GO with KOH at room temperature only
partially removed the functional groups, which is proved in the
following characterization results; thus, it is still soluble in water and
should still have the properties of GO. To distinguish two GO-
based inks, rGO in this paper refers to the GO deoxygenated by
KOH. For GO ink, there is no added KOH. Although there might
be some residue K* from the manufacturing process, the concen-
tration is relatively low compared to that of rGO ink. The pair of
silver electrodes was printed onto paper substrate, not only acting
as current collectors but also participating in redox reactions to
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promote the conversion of ionic current to electric current, which
will be discussed in detail in the mechanism study below.

Although pure GO and rGO can exhibit similar electro-
chemical behaviors and produce voltage and current in the pres-
ence of moisture, the viscosity and surface tension of GO or rtGO
aqueous solutions without additives cannot satisfy the require-
ments for inkjet printing. Nafion is a polymer with high cation
conductivity that will not hinder water permeation or react with
GO (32, 33), and it is added to GO solutions to adjust the
printability of GO ink. To tailor the rGO inks for inkjet printing,
sodium dodecyl benzene sulfonate (SDBS) was added to the
rGO solutions. SDBS is a common surfactant to reduce surface
energy (34). Since SDBS is water soluble, it can coexist with
KOH in rGO aqueous ink. The performance of a single cell by
drop-casting from GO ink and rGO ink is illustrated in Fig. 2.
The OCV of 1.2 V could be maintained for more than 90 h at
ambient conditions (25 °C, relative humidity [RH] 10%) as
shown in Fig. 24. The OCV was eight times higher than that of
biological electrocytes (9). The galvanostatic discharge curve at
25 °C and RH 70% showed a stable voltage output and is ben-
eficial for practical applications (Fig. 2B).

Working Mechanism. To understand the working mechanism of
this new type of electrochemical cell, various characterization
techniques were employed to investigate the evolution of mate-
rials during the discharge process. The influence of additives
should first be eliminated when investigating K* ion transport.
GO and rGO solutions were first dispersed in water with an ul-
trasonic homogenizer to achieve uniform sheet-size distribution
without polymers or surfactants. Then they were filtered to thin-
film forms, and a separator was used to avoid the direct contact
of GO and rGO in the sandwich cell structure during galvano-
static discharge. Raman spectroscopy was performed to study the
disorder and defects in GO and rGO as shown in Fig. 34. The
disorder-induced band (D peak) was located near 1,350 cm™
and the graphite band (G peak) was close to 1,580 cm’1 (31).
The intensity ratio of two peaks (Ip/Ig) for rGO was 1.210,
higher than that of 1.063 for pristine GO. This can be attributed
to the reaction of KOH with functional groups in GO structures.
By removing part of the oxygen-containing groups, GO struc-
tures might be broken down and cations left between GO layers,
therefore increasing the disordered degree of GO. This is in
consistent with the results of particle-size analysis (SI Appendir,
Fig. S1 A and B). The size distribution of GO particles was more
scattered after adding KOH. After discharge to 0 V, Ip/Ig of GO
was 1.099, slightly higher than that of pristine GO (1.063). This
suggests no major structural changes in GO; the small increase in
disorder might be from the insertion of K* ions between layers.

For the rGO side, Ip/Ig was 1.125 after discharge, lower than
that of pristine rGO (1.210); this indicated a decrease in defects,
which might be explained by the removal of some K* ions be-
tween layers or a series of reactions leading to the electro-
chemical reduction (31, 35).

Inductively coupled plasma (ICP) and X-ray diffraction
(XRD) were applied to provide further evidence of cation
transportation. Fig. 3B shows that the concentration of K™ in
GO increased from 1,596 to 5,419 ppm after discharge, and it
provides direct evidence of cation transportation from rGO to
GO. The interlayer spacing of GO increased from 7.7 to 8.5 A by
adding KOH, suggesting that K ions exist between layered
structures (Fig. 3C). After discharge, the interlayer spacing of
GO increased to 8.9 A as a result of K™ ion insertion into GO
layers during the process, while the interlayer spacing of rGO did
not change much since only some cations were transported to the
GO side.

To generate electricity output, the directional migration of
cations from the GO to rGO side needs to be converted to
electron transportation at the surface of electrodes. In RED
systems, this is completed by redox reactions at anodes and
cathodes with the participation of redox couples in electrolytes
or oxygen and water molecules from the environment (36). In
moisture-electric generators, this process is achieved via charge
adsorption on the surface of electrodes without redox reactions
(14, 15). To study this process in our system, gold was employed
to exclude possible reactions from electrodes so they only acted
as current collectors. The OCV of drop-casted cells decreased
with increasing RH, which could be explained by the change in
ion concentration with the change in moisture conditions (Fig.
4A4). It should be noted that the SD of the OCV for a batch of
identically prepared power sources was relatively small, as shown
in the error bar in Fig. 44, indicating good voltage output re-
producibility. Compared to that of silver electrodes, the OCV of
a cell with gold current collectors was higher at all tested humidity
conditions. However, the discharge curves showed that the ca-
pacity of the cell with gold current collectors was significantly
lower than that of the silver electrodes (Fig. 4B). Further cyclic
voltammetry (CV) tests were carried out to study the electro-
chemical process. The CV curve of the cell with gold current
collectors indicated no major redox reactions within the voltage
window, while that of the silver electrodes showed obvious redox
peaks and high reaction current during the charge and discharge
process, indicating the participation of silver in the redox reac-
tions (Fig. 4C). The redox peaks occured between 0.1 and 0.4 V,
which coincided with the discharge voltage platform. These
electrochemical test results suggest a different electrochemical
process at the electrode surface. For cells with gold current
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Fig. 2. Electrochemical performance of a drop-casted cell. (A) The OCV of a cell in an ambient environment (25 °C RH 10%). (B) Galvanostatic discharge

performance at 0.1 pA at 25 °C RH 70%.
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Fig. 3. Characterization of materials evolution of the discharge process. (A) Raman spectra of GO and rGO before and after discharge. (B) K* ion concen-
tration in GO measured by ICP indicates cation transportation to GO during discharge. (C) XRD of GO and rGO suggests an interlayer spacing change.

collectors, there is no major redox reaction and the ion migration
is converted to electron transportation via charge adsorption on
the surface, similar to that of the moisture-electric generators
(14, 15). For cells with silver electrodes, silver nanoparticles

might be oxidized to silver oxide under alkaline conditions on the
rGO side, similar to the electrode reactions of silver-zinc bat-
teries (37). These reactions are partially reversible as shown in
the redox peaks in the CV curve, which is consistent with the

participate in the partially reversible redox reactions, similar to
the process in RED systems (36). Since this is an open system,
water or oxygen from the environment might participate in redox
reactions. During the discharge process, oxygen might be re-
duced to water in an acidic environment on the GO side; silver

cycling test results (SI Appendix, Fig. S2 A and B). Although the
capacity decreased within 10 charge—discharge cycles, which
might be due to the internal resistance, the results confirmed
that our power source could be regenerated. The OCV of cells
with gold current collectors came mainly from the high cation
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Fig. 4. Electrochemical tests of cells with gold current collectors and silver electrodes and the proposed working mechanism. (A) OCV of drop-casted cells
with gold current collectors and silver electrodes at room temperature with different RH (error bar represents SD, n = 3). (B) Galvanostatic discharge per-
formance at 0.1 pA at 25 °C RH 70%. (C) CV tests of cells at the slow scan rate of 0.1 mV s~' (25 °C RH 70%). (D) Schematic of the cell working process. When
exposed to an ambient environment, the interlayer spacing of GO and rGO increases with moisture absorption, forming nanochannels with a negative surface
charge. Highly concentrated solutions were formed between rGO sheets. Hydrated cations were able to migrate from rGO to GO through these channels
driven by ion gradient and capillary force, generating a potential difference. Redox reactions on the silver electrode surface then converted this directional
ion migration to electron transportation, thus producing electric current.
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concentration difference since there were no major redox reac-
tions, and the OCV drop in cells with silver electrodes might be
explained by the voltage loss introduced by redox reactions,
which has been studied in RED systems (36). Theoretically, the
Nernst equation is used to calculate this voltage loss introduced
by redox reactions (38). However, since our cell is operating as
an all-solid-state power source in a moisture environment with-
out liquid electrolytes, the potential loss could only be estimated
with the guide of the Nernst equation (S Appendix, Fig. S3). The
significant rise in discharge capacity for cells with silver elec-
trodes might be explained by the steady conversion of ion mi-
gration to electron transportation via continuous redox reactions,
while the charge adsorption on gold current collectors is limited by
its surface conditions. Therefore, silver was selected as the elec-
trode in our system not only to collect current but also to achieve
better electric output performance.

The working mechanism of this new electrochemical cell is
illustrated in Fig. 4D. When there was no moisture, the OCV was
kept at 0 V in an Ar-filled glove box (SI Appendix, Fig. S4), since
there was no electrolyte or ion transportation, mimicking the
resting stage of electrocytes in electric eels. When exposed to a
moisture environment, the interlayer spacing of GO and rGO
rose with the increasing degree of hydration (39). Nanochannels
were constructed within GO and rGO sheets with negative sur-
face charges, which promote cation transportation but exclude
anions (21, 23). Due to the large salt intake and unimpeded
water permeation, highly concentrated solutions that were close
to saturation were formed between 2D rGO sheets (16), main-
taining a large ion concentration difference and enabling ultra-
fast ion permeation of hydrated K* from rGO to GO driven by
the ion gradient and capillary force. The directional ion migra-
tion was then converted to electron transportation through redox
reactions at the electrode surface, thus converting chemical po-
tential energy to electric energy. In other words, the power source
could be seen as a silver battery. The voltage came from the K*
ion gradient between GO and rGO, and the current was pro-
vided by redox reactions on silver electrodes. The K* ion im-
balance helps the diffusion of ions through aqueous electrolytes
which are enabled by atmosphere moisture.

A

rGO ink

Inkjet Printing Design Parameters. With the understanding of the
cell working mechanism, a fully printable power source can be
fabricated via inkjet printing and optimized to achieve better
electrochemical performance (Fig. 5). A pair of silver electrodes
was first printed onto paper substrate with a thickness of 4 pm
(SI Appendix, Fig. S54). GO and rGO inks need to be adjusted in
order to be printed through a nozzle with an 80-pm diameter. As
mentioned before, the viscosity and surface tension of GO and
rGO inks must be optimized to satisfy the requirements of inkjet
printers. Although pure GO solution can also provide similar
output performance, the hydrophilic nature of GO will attract
rGO solution and thus lower the cation concentration difference
or even cause a short circuit between electrodes. As a polymer
with high cation conductivity, Nafion was added to GO solutions
to adjust the ink printability. The viscosity of optimized GO ink
was 8.05 cP and the contact angle with the photo paper substrate
was 32.6° (SI Appendix, Fig. S6A4), suitable for inkjet printing, as
shown by the optical image of a printed strip with GO ink on
paper substrate (Fig. 5B). The thickness of one printed GO ink
layer was about 300 nm (SI Appendix, Fig. S5B). For the rGO
ink, the viscosity and surface tension were adjusted with water-
soluble surfactant SDBS, since the polymer tends to agglomerate
with rGO and block the nozzle. The optimized rGO ink had a
viscosity of 2.45 cP and a contact angle of 25.1° (SI Appendix, Fig.
S6B) and had good printability, as shown in the optical image of
a printed strip with rGO ink (Fig. 5C). The thickness of one
printed rGO ink layer was about 50 nm (SI Appendix, Fig. S5C).

Moreover, the printing pattern parameters are crucial for the
output performance of a cell. The thickness of a cell (H) is
controlled by the repeating times of printing. The overlap width
of GO and rGO inks (L,) is designed to ensure the contact of
GO and rGO, while the distance of printed inks to electrodes
(Lp) can prevent the electric short circuit. These printing pa-
rameters have significant influence on OCV and short-circuit
current (I). Optimizing these parameters could improve the
cell output performance, and detailed analysis is shown in S7
Appendix, Fig. S7. Considering the capability of our printing fa-
cility and experiment time, a thickness (H) of 30 layers, overlap
width (L;) of 0.5 mm, and distance to electrode (L) of 0.5 mm
were chosen as the optimized design parameters for the
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Fig. 5. Schematic of inkjet-printed cell structures and cell performance with optimized parameters. (A) The structure of a printed cell. (B) GO ink and rGO ink
were printed onto paper substrate with silver electrodes. (C) Optical microscope images of printed strips reflect the good printability of GO and rGO inks. (D)
I-V characteristic of the cell with optimized thickness (H), overlap width (L), and distance to electrodes (L) at 25 °C RH 70%.
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following demonstration. As shown in Fig. 5D, a cell (0.2 cm X
0.25 cm x 13 pm) with optimized parameters had an OCV of
0.455 V and a short circuit current of 0.355 pA (25 °C, RH 70%).
The maximum power density was calculated to be 0.6 mW cm ™
and the energy density was 0.41 mWh cm™ (ST Appendix, Fig.
S8 A and B). Owing to the geometric controllability and
batch-to-batch reproducibility of the inkjet printing method, this
output performance of the power source could be achieved in
large-scale production.

Demonstration of Applications. Similar to electric eels, the output
performance of the power source can be adjusted by series and
parallel connections, since inkjet printing has the advantage of a
flexible pattern design. To highlight the high-voltage advantage
of the power source, 175 cells in series connection were printed
onto a strip of paper substrate with optimized parameters (Fig. 64
and Movie S1). An ultrahigh voltage of 192 V was achieved under
ambient conditions (RH 15% in Beijing), and the flexibility was
demonstrated in Movie S2 to stress the potential applications in
future wearable electronic systems. To the best of our knowledge,
this is the highest voltage achieved in such a small area by print-
able power sources that utilize the ion gradient.

Larger output current can be realized by increasing the length
of a planar cell (parallel connection). In fractal geometry, a
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175 cells in series
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rGO ink

GO ink

silver ink

D
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® ocoink /.
@ coix

space-filling curve is a continuous curve that can completely fill
up higher-dimensional spaces such as a 2D unit square; it is a
curve with an infinite length property on a finite area. The
mathematical concept of space-filling curves has been employed
by electronics to realize stretchable device design (26) and by
capacitors to improve capacitance (25). Herein, to increase the
cell length, a Peano curve in fractal geometry was adapted as the
printed pattern, since it is reported to have a larger slot length
relative to side length compared to other space-filling curves
(25), meaning a larger cell length per unit area. As shown in
Fig. 6B, the space was separated into two regions with a con-
tinuous curve and GO and rGO inks were printed to fill each
region with the optimized overlap width (L;) of 0.5 mm. The
printed cell with a Peano curve pattern had an OCV of 0.44 V
and I of 37.4 pA on a small area (2.05 cm X 2.35 cm) and the
maximum output power density was 0.7 mW cm™ (25 °C RH
70%, SI Appendix, Fig. S9 A and B). The power density was
approximately the same as that of a smaller cell at the same
environmental conditions, suggesting no obvious power loss
when scaled up. At a higher RH of 90%), the short-circuit current
of the cell could reach up to 170 pA and the maximum power
density was 2.5 mW cm™ (Fig. 6C), comparable to that of lith-
ium thin-film batteries (27).
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Fig. 6. Demonstration of applications. (A) Photographs of printed cells in series connection. One hundred seventy-five cells were printed onto a strip of
flexible paper substrate and exhibited an ultrahigh OCV of 192 V under ambient conditions (RH 15% in Beijing). (B) The Peano curve was adapted as a printed
pattern and the space was separated by a continuous curve into two regions filled with printed GO and rGO inks. (C) The output performance of a printed cell
with the Peano curve pattern (25 °C RH 90%). (/nset) Photograph of the printed cell. (D) The foldable cell design with the Miura-ori strategy. (E) The OCV of

foldable cells connected in series (25 °C RH 70%).

60f8 | PNAS
https:/doi.org/10.1073/pnas.2023164118

Yang et al.
A moisture-enabled fully printable power source inspired by electric eels


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023164118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023164118/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2023164118/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2023164118/video-2
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023164118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023164118

To further emphasize the design flexibility and diversified cell
structures, a 3D foldable cell was fabricated with an origami-
folding strategy. Three-dimensional architecture design could
extend the functionality of devices and systems beyond those
achievable with planar 2D platforms, such as the 3D chip design
to extend beyond Moore’s law in a vertical direction (40). Three-
dimensional structures inspired by origami have been demon-
strated to extend applications in complicated conditions and
improve the performance of energy devices such as deformable
lithium-ion batteries (41), 3D solar steam generators (42), and
reconfigurable moisture-electric generators (43). We employed the
Miura-ori folding strategy to simultaneously stack a series of thin
films from a 2D to 3D structure in a single motion, which has
been applied in various fields such as unfolding solar panels in
space. As shown in Fig. 6D, a series of five cells on paper sub-
strate with a Miura-ori design was fabricated with drop-casting
GO and rGO inks. The cells can be activated by self-registered
mechanical contact, while avoiding self-discharge before contact.
The OCYV of foldable cells increased linearly with the increasing
number of connected cells (Fig. 6E). The cells could also be
printed on both sides of the paper substrate, owing to the fea-
sibility of the printing technology, thus further enhancing the
output performance and providing a versatile design for future
printed electronic circuits.

Discussion

In summary, we report a moisture-enabled bioinspired and
all-solid-state green power source based on graphene inks via
printing technology. The mechanism study shows that the
chemical potential energy of the ion gradient is converted to
electric energy via cation transportation and redox reactions in
the presence of water molecules. The power source can maintain
the OCV up to 1.2 V under ambient conditions, and an ultra-
high voltage of 192 V was achieved on a small strip of paper.
The short-circuit current of 170 pA and power density up to
2.5 mW cm™ was achieved utilizing the concept of space-filling
curves. The output performance arises from the optimized geo-
metric design realized by inkjet printing and the unique prop-
erties of GO, such as highly concentrated solutions in graphene
capillaries, unimpeded water permeation, tunable ion-exchange
properties, and enhanced cation conductivity. The output perfor-
mance can also be flexibly adjusted by cell pattern and connections
owing to geometric controllability and versatility of the printing
method. The industrial-scale production of GO combined with the
reproducibility of printing technology could open a new scenario
of cost-effective graphene electronic devices. By employing a
foldable origami design, the cell structure was transformed from
2D to 3D in a single motion, extending the potential application of
printed electronics. Although the performance is comparable to
lithium thin-film batteries, it might be further improved by precise
tailoring of functional groups in GO structures and interlayer
spacing to increase the ion concentration and ion transportation
speed (18). This work is an example of interdisciplinary studies,
which is inspired by biological phenomena in electric eels, realized
by unique properties of GO materials and optimized by the
mathematical fractal cell pattern and the origami folding method.
This new design strategy opens a promising pathway for providing
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height profile was obtained with a white-light interferometric microscope
(Nikon BW-S501).

Electrochemical Tests. All measurements were carried out with an electro-
chemical workstation (Multi Autolab M204), except the ultrahigh voltage
measurements (Keithley 2450 source meter). Temperature and RH were
controlled with an environmental simulation test chamber (V6tsch Technik).
The galvanostatic discharge curve was obtained at 0.1 pA and the current—
voltage characteristic was measured by potentiostatic linear sweep voltam-
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