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Abstract
Iontronics focuses on the interactions between electrons and ions, playing essential roles in most
processes across physics, chemistry and life science. Osmotic power source as an example of iontronics,
could transform ion gradient into electrical energy, however, it generates low power, sensitive to humidity
and can’t operate under freezing point. Herein, based on 2D nano�uidic graphene oxide (GO) material, we
demonstrated an ultrathin (~ 10 µm) osmotic power source with voltage of 1.5 V, volumetric speci�c
energy density of 6 mWh cm− 3 and power density of 28 mW cm− 3, achieving the highest values so far.
Coupled with triboelectric nanogenerator, it could form a self-charged conformable triboiontronic device.
Furthermore, a Lego-like design scaled up areal power density up to 1.3 mW cm− 2 purely from ion
gradient based on nanocon�ned enhancement from GO that can operate under − 40°C and overcome
humidity limitations, enabling to power the future implantable electronics in human-machine interface.

Introduction
In biological cellular membranes, ion-speci�c pores permit certain types of ions �ow across the
membrane driven by osmotic energy from ion gradient, responsible for nervous impulses, muscle
contractions and physiological sensing. The osmotic energy could be generated based on either pressure-
retarded osmosis (PRO) or reverse electrodialysis (RED)1, and the ion regulation component is the critical
part for such power generation. Iontronics couple the electron/ion charge transfers and exchange signals
at the interface of electronic/ionic conductors, differentiating them from most electronics using just
electrons and/or holes as the dominating charge carriers. Unusual behavior of ion transport kinetics in
channels narrower than the Debye length of electrolyte has been observed, the surface charges on the
inner walls of nano�uidic channels repel ions of the same charge and attract counter ions, making them
the dominating charge carriers2. Such unipolar ion transport can enhance ionic conductivity up to several
orders of magnitude3. Recently, a variety of unusual ionic phenomena such as highly selective ion
sieving4, ultrafast ion transport5, and anomalous increase of capacitance in nanopores6,7 were all
observed due to the enhanced diffusion related to the strong ion-ion correlations under severe
nanocon�nement8.

Graphene oxide (GO) as 2D nano�uidic material with negative surface charge from carboxyl and hydroxyl
groups etc. has shown special a�nity to water9. It had also been reported to provide nanocon�ned
charging dynamic medium to be potentially used in many applications such as molecular sieving with
ultrafast speed5 and voltage gating devices10 etc. The unipolar ion transport within 2D nano�uidic
material and asymmetric charge distribution could be used to generate osmotic energy11,12. The
asymmetric charge distribution could be introduced by wettability gradient13 as observed in the power
generation from GO and reduced GO junctions under moisture14 as well as by induction of oppositely
charged bilayer polyelectrolyte �lm that could generate a peak of 1.38 V at relatively humidity (RH) of
85%15. Osmotic energy originated from such charge gradient and regulated ion transport16 in
nanocon�ned structures has been observed by examples from nanostructured carbon materials17,
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graphene single microelectrode18, MoS2 nanopores19, boron nitride nanotube16, nanostructured silicon20,

protein nanowires21 to membranes based on MoS2
22, cellulose23, silk24 and MXene/Kevlar nano�ber

composites25 etc. Among above examples, nano�uidic channels with tailored ion transport dynamics
could enable high-performance RED. However, their power densities are generally small, ranging from 10
µW cm− 3 to 4 mW cm− 3 in recent reports21,26. In addition, fabrication of osmotic power source based on
nano�uidic materials typically relies on expensive deposition/lithography techniques or nanoporous
templates with sophisticated growth and processing steps. Such fabrication methods usually have better
de�ned geometries, but limited applications due to the cost and sophistication. Jiang et al.27 reviewed
progress on enhanced ion regulation in nano�uidic devices for osmotic energy conversion. The essential
challenges on their real world applications lie in the small energy and power densities, operation
limitations on humidity and temperature, and feasibility of large-scale production.

Results
Planar ultrathin osmotic power source based on 2D nano�uidic material of GO. Planar con�nement in 2D
nano�uidic material of GO expands translational degrees of freedom for ionic transport engendering
unusual ion dynamics6,7. Graphene nanopores28 were found to preferentially transporting K+ over its
counter anions such as Cl− with selectivity ratios over 100 and hydrated K+ diffuses orders magnitude
more quickly than most hydrated ions28 within the 2D nano�uidic channels. It was reported that
potassium hydroxide (KOH) could partially remove the oxygen-containing groups of GO sheets through a
series deoxygenation reaction leaving cations between graphene layers29,30. The mixture of GO with KOH
was referred to as reduced GO (rGO) in our previous work and K+ was observed to migrate from rGO to GO
when solid-state GO/rGO junction was formed at ambient humidity environment31. In this paper, rGO
containing large amount of K+ was chosen as the cation reservoir in the iontronic device. The schematic
of the planar osmotic power source and its mechanism is shown in Fig. 1a, GO ink was deposited on one
side of the electrode and rGO ink was deposited on the other, overlapping to form a junction. To avoid
interference reactions, gold (Au) electrode32 was used as charge collectors and K+ will transport from rGO
through 2D nano�uidic channels of GO to the cathode side of Au electrode under humidity. The scanning
electron microscopy (SEM) image (Fig. 1b) clearly shows the cross section of stacked layers of GO
formed from the ink is similar to that of the GO paper made from the �ltration8,33. Ionic conductivity as a
function of salt concentration was measured through GO nano-channels (Supplementary Fig. 1a). The
conductivity curves of the deposited GO layer shows characteristic properties of 2D nano�uidic channel
network similar to those from GO paper3. SEM image in Fig. 1c shows that the cross section of rGO layer
was different and some salt crystals seemed to be embedded inside the layered structure. The atom force
microscopy (AFM) reveals different topographic morphology between GO (Supplementary Fig. 1b) and
rGO (Supplementary Fig. 1c). The GO �lm had twisted �ake-like topography, while the rGO �lm presented
aggregates to form a more porous structure. The surface pro�le of the osmotic power source was shown
in Supplementary Fig. 1d. The dotted white line in the photograph shows where the probe took place. The
total thickness of the coating was about 10 µm, including the thickness of the charge collector.
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The current-voltage (I-V) characteristics of the osmotic power sources based on 2D nano�uidic material
exhibited strikingly nonlinear effects, which may be due to the asymmetric transport of K+ through the GO
and rGO junction (GO/rGO). The open circuit voltages (VOC) and short circuit currents (ISC) could be
obtained by reading the intercepts on the current and voltage axes by applying a sweeping voltage from 2
V to -2 V. VOC of the Au/GO/rGO/Au power source was about 1.2 V at room temperature under RH around
70% as shown in Supplementary Fig. 2a. Although the voltage of such osmotic power source was high,
the current was low as it purely came from the ion gradient and there was no Faradaic reaction when
using Au as charge collectors, however, addition of Room temperature ionic liquids (RTILs) was found to
boost up the current31. RTILs are molten salts with a melting point close to or below room temperature34.
Unlike organic electrolytes, RTIL will not evaporate away in the encapsulated power source and it can also
signi�cantly accelerate charging dynamics in nanopores35. Different RTILs, 1-butyl-3-methylimidazolium
bis(tri�uoromethanesulfonyl)imide (BMIMTFSI), triethylsulfonium bis(tri�uoromethylsulfonyl)imide
(TESTFSI) and 1-ethyl-3-methylimidazolium tetra�uoroborate (EMIMBF4) were tested, and they have
increasing ionic conductivity at room temperature. TESTFSI was �nally chosen for the development of
anti-freezing osmotic power source since it has a relatively high ionic conductivity of 7.1 mS cm− 1 with a
low melting point of -35.5°C36. Addition of RTIL enhanced the current but the VOC of Au/GO/RTIL/rGO/Au
kept the same around 1.2 V (Supplementary Fig. 2a), thus the current increase from RTIL may come from
the enhanced ionic conductivity instead of redox reactions. Supplementary Fig. 2b also did not show any
redox peaks coming from addition of RTIL and only capacitive currents existed in the cyclic
voltammogramme (CV). The multimeter measurement veri�ed consistent voltage of around 1.2 V with
and without RTIL in osmotic power source (Supplementary Fig. 2c). Inspired from RED, electrochemical
redox reaction was introduced at the interface between GO and Au charge collector to increase the
current. Saturated silver nitrate (AgNO3) aqueous solution was sprayed on top of Au at the cathode side
before deposition of GO. The multimeter measurement showed voltage reached around 1.5 V
(Supplementary Fig. 2d) unaffected by RTIL. The linear sweep voltammogramme in Supplementary
Fig. 2e showed the VOC and ISC of Au/GO/RTIL/rGO/Au was 1.2 V and 1.4 µA respectively. In comparison,
the VOC and ISC of Au/AgNO3/GO/RTIL/rGO/Au power source was 1.5 V and 11 µA respectively. ISC

increased almost 10 times with addition of AgNO3, and the VOC of 1.5 V was consistent with that
measured directly by the multimeter. The introduction of AgNO3 signi�cantly enhanced the energy and
power density of the osmotic power source. As Supplementary Fig. 2f showed, the VOC of the
Au/AgNO3/GO/rGO/Au power source may consist of both the diffusion potential (Ediff) generated from
ion gradient and the redox potential (Eredox) from electrochemical reactions. Eredox may come from the

reduction of Ag+ on the cathode side between GO and Au interface, which is about 0.4 V as calculated in
the Supplementary Discussion. Ediff comes from harvesting the Gibbs free energy existing in the ion
gradient and it can be estimated by the Nernst equation. Due to the large salt intake and unimpeded
water permeation, highly concentrated solutions that were close to saturation were formed within rGO,
maintaining a large concentration gradient and enabling ultrafast ion permeation of hydrated K+ from
rGO to GO driven by the gradient through 2D nano�uidic channels. The planar osmotic power source is in
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a solid-state form and it is impractical to calculation the concentration, however, the VOC of 1.2 V from
Au/GO/rGO/Au power source came mainly from Ediff since there were no redox reactions in it. Thus the
theoretical VOC of the Au/AgNO3/GO/rGO/Au power source is calculated to be 1.6 V that matches the
measurement of 1.5 V. Furthermore, electrochemical impedance spectrum (EIS) con�rmed the charge
transfer resistance decreased signi�cantly with addition of RTIL as shown in Supplementary Fig. 2g. To
reduce the in�uence from the diffusion controlled current caused by mass transfer, slow scan rate of 0.1
mV s− 1 was used to reveal more information on the electron transfer process as the CV illustrated in
Supplementary Fig. 2h. The device made of pure GO without ion gradient (Au/GO/RTIL/GO/Au) was used
as benchmark, and it shows that whenever GO and rGO junction was formed (in case of
Au/GO/RTIL/rGO/Au and Au/AgNO3/GO/RTIL/rGO/Au), strong ionic recti�cation-like curve appeared
below 0.2 V. The largest ion current from the Au/AgNO3/GO/RTIL/rGO/Au may be due to the combination
of ion gradient current from Ediff and the Faradaic current from Eredox. Inset of Supplementary Fig. 2h

demonstrated an obvious peak that may be correlated to the Ag+/Ag redox potential. It seemed that 2D
nano�udic channels enabled the con�ned electrochemical reactions at the interface between GO and Au
charge collector. The image in Supplementary Fig. 3a, b also demonstrated the change in the AgNO3

coating underneath GO on the cathode side, from crystal salts of AgNO3 before discharge reduced to
metallic silver particles after multi-cycles of discharge.

To evaluate the energy density of the ultrathin �exible Au/AgNO3/GO/RTIL/rGO/Au osmotic power
source, it was discharge at 0.1 µA. The discharge pro�le in Fig. 1d shows the voltage decades with time
and energy capacity is calculated to be 0.69 µWh as shown in Supplementary Fig. 3c. Although the
capacity decreased within the �rst 5 charge–discharge cycles (Supplementary Fig. 3d), the results
con�rmed that the osmotic power source could be regenerated and its total weight is only 30 mg.
Addition of AgNO3 enabled the partially reversible redox reactions, similar to the process in RED

systems37. The directional ion migration was then converted to electron transportation through redox
reactions at the electrode surface. RTIL helps to accelerate K+ transport in nanocon�ned structures. The
calculated maximum volumetric speci�c power density of 28 mW cm− 3 from I-V characteristics (Fig. 1e)
is as high as supercapacitors and in good accordance with the measurement of output power as function
of load resistance (Supplementary Fig. 3e). The maximum volumetric speci�c energy of the planar
osmotic power source is 6 mWh cm− 3 that is comparable to lithium thin-�lm batteries38,39 as shown in
the Ragone plot in Fig. 1f.

Conformable triboiontronic device. The ultrathin and printable osmotic power source could be readily
integrated with energy harvesting triboelectric nanogenerator (TENG) to form a self-charging
triboiontronic device. Iontronics are effective in modulating electrical properties through the electric
double layer (EDL) assisted with ion migration. GO with abundant K+ can realize a faster migration of
cations under electric �eld to form the EDL. Through EDL capacitive coupling, a triboiontronic energy
harvesting and storage device was demonstrated. This device utilizes triboelectric potential and current
originated from mechanical displacement to charge the osmotic power source. Due to the universal
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existence of the triboelectricity, TENG is promising for applications in scavenging small mechanical
energy from human activities. In our TENG unit, polyimide (PI) tape was chosen as the triboelectric
material, which also served as the encapsulation layer. Rectangle copper foils with dimensions of 2 cm ×
2 cm by 50 µm thickness was attached on the PI tape as electrode. The total thickness of the TENG was
less than 200 µm and it could be connected to the osmotic power source to form an ultrathin device that
is conformal to human body (Fig. 2a). In order to elucidate the electrical output performances of the
TENG unit, a linear motor was used to provide periodic contact-separation motion and a rabbit fur was
used to be the contact material. With a recti�er in the integrated triboiontronic device as shown in Fig. 2b,
the negative voltage and current can be reversed into positive as shown in Fig. 2c and 2d. The generated
voltage and current of the TENG were tested under 3 different frequencies, and the maximum voltage and
current generated is 45 V and 0.7 µA respectively at 3 Hz. The energy generated from such TENG was
able to power a 1.5 V LED (Supplementary Video 1). The voltage pro�le of the integrated energy
harvesting (TENG) and storage triboiontronic device was shown in Fig. 2e. When the osmotic power
source was discharged to about 0.7 V, TENG can charge it back to 1.2 V in 200 s repeatedly. During
sports, the motion frequency of human body may be even higher than 3 Hz, and larger energy generation
could be expected. Such self-charging triboiontronic device can be directly pasted on the surface of the
item, and capable of adapting to any amorphous curved surface of supporting objects in any irregular
shape with its conformability and bendability.

Osmotic power source with nanocon�nement enhancement in 3D. To extend the nanocon�nement
enhancement in 3D, we then further developed a nanoporous GO aerogel-based osmotic power source
with self-healing ionogel electrolytes. Two GO aerogels with different ion concentrations were
sandwiched between charge collectors and separated by an ionogel consisting of RTIL and polymer
matrix. GO aerogel was fabricated through a self-assembled chemical reduction and freeze-drying
process40 as shown in Fig. 3a. SEM images in Fig. 3b showed the ordered interconnected network within
the GO aerogel. For the GO + KOH aerogel, GO hydrogel was soaked in KOH aqueous solutions before
freeze-drying to introduce ion concentration difference. The uniform distribution and high concentration
K+ were con�rmed by the SEM images and energy dispersive X-Ray spectroscopy (EDS) results (Fig. 3c).
The element composition analysis shows that the K+ concentration in GO + KOH aerogels could reach up
to 17.3%, owing to the 3D architectures of the aerogel and the large salt intake of GO materials. To
enhance the physical stability and control the size of nanopore, the GO aerogel was made by partially
reduction under a mild condition in the presence of leucocyte ascorbic acid (LAA). GO aerogels with
different GO:LAA ratio was fabricated to investigate the in�uence of the LAA concentration. As shown in
Fig. 3d, Raman spectroscopy was employed to study the disorder degree of GO materials. The peak
located near 1,350 cm− 1 is the disorder-induced band (D peak) and the peak close to 1,580 cm− 1 is the
graphite band (G peak)30. The area ratio of two peaks (ID/IG) decreases from 2.15 to 1.55 with increasing
LAA concentration, meaning the structure disorder of GO aerogels decreases with increasing reduction
degree. This is consistent with the morphology characterized by SEM (Supplementary Fig. 4a), which
shows increasing sheet stacking and densely packed interconnected GO network with increasing LAA
concentration. The four-point resistance measurement shows that the resistivity of the aerogels
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decreases dramatically with increasing LAA concentration (Supplementary Table 1). The surface area of
the porous GO aerogel and the pore distribution were characterized by nitrogen adsorption/desorption
measurements as shown in Fig. 3e and 3f. The Brunauer-Emmett-Teller (BET) surface area decreased
from 403.5 m2 g− 1 to 15.6 m2 g− 1 with increasing in LAA concentration, since the interaction between GO
sheets increase with higher reduction degree and the restacking of the 2D sheets results in smaller
surface area. In this case, charge is transported through the pore by the �ux of ions that interact with the
immobile negative surface charges from carboxyl groups. Osmotic energy conversion could be boosted
by such 3D aerogel interface, when pore diameter of around 2 nm or less is in the order of Debye
screening length like in the 2D nano�uidic channels. The Poisson-Nernst-Planck (PNP) model41 was used
to simulate the osmotic potential from the ion gradient of the 2D nano�uidic material and it also showed
that the appropriate pore size for membrane-scale osmotic energy conversion should be around 2 nm,
matching our experimental results.

The output performance of the power sources with different GO aerogels was evaluated by the
potentiostatic linear sweep voltammetry with RTIL electrolyte. The GO aerogel with pore size of 2.1 nm
made by GO:LAA ratio of 1:0.5 (Fig. 3f) shows the maximum VOC of 0.679 V and ISC of 402 µA (Fig. 3g).
Besides the optimized size effect in the nanocon�nement, this might be also due to the balance of lower
internal resistance with increasing in LAA concentration and higher ion storage capacity with larger
surface area (Supplementary Table 1). The thickness of the aerogels also in�uences the output
performance of the power source. As shown in Fig. 3h, although the VOC remains the same for aerogels
with same LAA concentration under different thickness of 30, 15 and 10 µm, the aerogels with the
thickness of 15 µm has the highest ISC of 613 µA. The maximum output power density is calculated to be

22 mW cm− 3 (Fig. 3i), which is similar to that of the ultrathin planar osmotic power source (28 mW cm− 3)
and 8 times higher than that of the ink-jet printed moisture-enabled power source (2.5 mW cm− 3) reported
before31. The improved electrochemical performance might come from the large surface area of the 3D
aerogel architecture and the superior ionic conductivity of ionogel electrolyte. The optimized LAA
concentration and aerogel thickness were used in the following study. To study the effects of the K+

concentration, GO aerogels were soaked in KOH solutions with different concentrations during the
preparing process. As shown in Supplementary Fig. 4b, with the increasing in KOH concentration, the
surface of the aerogels showed increasing number of small particles, indicating larger salt intake. These
GO + KOH aerogels were paired with GO aerogels without KOH to test the VOC of the power sources

(Supplementary Fig. 4c). With increase in KOH concentration, the K+ content raises from 0–17.3% and the
VOC increases from 0.01 V to 0.69 V. However, further increase in the KOH concentration could lead to
crystallization and unevenly distributed cations, affecting the stability and reproducibility of the power
sources. These results further suggest that the voltage of the power source mainly origins from the ion
gradient between the two electrodes (Ediff), which is consistent with our previous results and other reports

in power sources utilizing the ion gradient31,32. This also means that by selecting aerogels with different
cation concentrations as building blocks, the voltage output could be customized based on the energy
requirement. The directional ion migration needs to be converted to electron transportation to power
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external circuits. This electrochemical process is usually based on the chemical redox reactions or the
physical adsorption of ions on the electrode surface. CV of such devices with and without RTIL in
Supplementary Fig. 4d exhibit typical electric double layer capacitor (EDLC) behavior and no obvious
redox peaks within the voltage window. RTIL accelerates ionic conductivity in the nanopores avoiding the
humidity limitation for the osmotic power source and could even further overcome temperature
limitations. Similar to the planar osmotic power source, the I-V characteristics show that the ISC increases
with increasing ionic conductivity while the VOC remains almost the same (Supplementary Fig. 4e) It
should be noted that ISC is much higher than that of the power sources without RTIL, suggesting that RTIL
electrolytes could signi�cantly improve the output performance of GO aerogel the power sources as well.
The CV curves and galvanostatic charge-discharge results (Supplementary Fig. 5a, b) recon�rm EDLC
behavior of the power source based on GO aerogel. To eliminate the effect of the charge collectors, Ag,
Au, copper (Cu), and carbon were all tested as conductive substrates and the CV curves showed similar
shapes (Supplementary Fig. 5c). It should be noted that the CV of the devices without RTIL shows
capacitive behavior with various types of charge collectors, different from the previous planar osmotic
power sources and moisture-based power sources with redox reactions31. This might be due to the large
amount of ion adsorptions on porous aerogel surfaces which dominates the electrochemical process.
VOC equals to Ediff in the osmotic power source made of nanoporous GO aerogels and the current purely
comes from the ion gradient.

Self-healing ionogels. The challenge of application of RTIL in devices is related to its ‘liquid’ nature. The
ionogel electrolyte consisting of RTIL (TESTFSI) with poly(vinylidene �uoride-co-hexa�uoropropylene)
(PVDF-HFP) was used here. It is reported that the cations in the ionic liquid and the PVDF-HFP polymer
chain in the �uoro-elastomers could interact via ion-dipole interactions, giving rise to self-healing
capability43,44. Such ionogel could be cut and then placed together, exhibiting fast self-healing capability
in ambient conditions without external stimulations shown in Supplementary Fig. 6a. This self-healing
ionogel with tunable ionic conductivity and antifreeze properties could improve the output performance
and allow versatile design strategies of the power sources for portable devices. The ionic conductivity of
the ionogels was also evaluated by the EIS (Supplementary Fig. 6b-c) and the conductivity increases by
three orders of magnitude from 10− 6 S cm− 1 to 10− 3 S cm− 1 as the RTIL content raised from 30 wt.% to
70 wt.%. By tuning the mass ratio of the RTIL and polymer matrix, the ionic conductivity of the electrolyte
could be customized on demands. The Tg of the ionogels with 70 wt.% RTIL obtained from the
differential scanning calorimetry (DSC) test is -72°C, signi�cantly lower than − 19.7°C for the pure PVDF-
HFP polymer (Supplementary Fig. 6d). This could be attributed to the ion-dipole interaction of the RTIL
and the polymer chain. The RTIL could act as a plasticizer weakening the interactions between host
polymer chains, therefore increase the �exibility and processability of the ionogels45. The mobile polymer
chains could also facilitate the self-healing and increase the ionic conductivity44. The ionic conductivity
of the ionogels with 70 wt.% RTIL increases with the increasing temperature from − 40°C to 50°C
(Supplementary Fig. 6e-f).
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Lego-like design and scalable integration of the osmotic power source. A Lego-like design concept could
be demonstrated (Fig. 4a), in which the output performance of the osmotic power sources could be
tailored on demands by assembling building blocks with customizable properties. GO aerogels with
adjustable cation concentrations are selected based on the voltage requirements and ionogels with
programmable conductivities could be drop-casted onto aerogels affecting the current output. The
component parts are stored separately before use, avoiding self-discharge. When needed, GO aerogel
electrodes could be adhered together by ionogels through the self-healing process without external
stimulation. As shown in Fig. 4b, the power source with optimized GO aerogels and ionogels with 70 wt.%
RTIL has the VOC of 0.6 V and the ISC of 440 µA. The Lego-like design could enable the construction of
custom-built power sources with pre-fabricated components and meet the energy requirements of various
integrated electronic systems. By adopting the ionogels as electrolyte, the iontronic power source could
operate in harsh environments like low humidity and subzero temperature. As shown in Fig. 4c, the
assembled power source exhibit VOC of 0.54 V and the ISC of 57 µA at -10°C under nearly 0% relative
humidity. With raising temperature, the ISC increases due to the enhanced ionic conductivity, while the VOC

remains almost the same (Fig. 4d). In contrast, the moisture-based power source without RTIL electrolyte
has low current output and could not work at temperature below zero (Supplementary Fig. 7), while this
power source has much larger current output and could work even at the temperature of -40°C, greatly
broadening the application conditions. By manipulating different components of such new type of power
source, it offers a handy assembling process and abundant potential designs, for example, a simple
Origami design of foldable power source was fabricated by connecting 20 devices in series on both sides
of the �lm substrate (Fig. 4e and Supplementary Fig. 8a). A repeating series of device components on the
�at substrate were stacked together forming a sandwich structure by taking advantage of the folding
strategy. The tiny bulk of the folded osmotic power source from pure ion gradient has the VOC of
approximate 10 V and can power not only electrochromic devices (Fig. 4f, Supplementary Fig. 8b and
Supplementary Video 2) but also the liquid crystal display screen (Fig. 4g and Supplementary Fig. 8c),
providing a versatile design for powering various electronic devices by osmotic energy from just ion
gradient. Such Lego-like power source offers the areal power density of 1.3 mW cm− 2 at ambient
environment that is signi�cantly higher than 0.5 mW cm− 2, which has been �agged as the target for
making salinity gradient power economically viable46.

Discussion
GO is an ideal candidate to fabricate iontronics due to the surface charge and the 2D nano�uidic
channels could be readily formed from GO when restacked. Such nanoscale con�nement is very similar
to the transport of ions passing through nanometer-sized biological channels accounting for a wide array
of physiological processes. The asymmetric charge distribution of GO/rGO and ion transport inside GO
lead to the osmotic energy. Remarkably, the osmotic power source reported in this paper yielded ionic
currents in the microampere regime, which are orders of magnitude higher than those reported previously.
The volumetric speci�c energy density (6 mWh cm− 3) of the planar osmotic power source is comparable
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to thin-�lm lithium batteries and the power density (28 mW cm− 3) is as high as supercapacitors. Such
printable planar power source could be conveniently integrated into other electric circuit and/or devices.
Self-charging triboiontronic device with total thickness less than 200 µm was shown by coupling energy
harvesting TENG with ultrathin GO osmotic power source, which was conformal to various irregular
surface. Generally speaking, the voltage from the GO osmotic power source mainly comes from K+

concentration gradient (Ediff) between rGO and GO. The output current can be enhanced either by con�ned
electrochemical redox reactions between GO and Au charge collector in the planar power source, or by
amplifying ion current through incorporating nanoporous GO aerogels and self-healing ionogels with
programmable conductivities in 3D. The osmotic power source based on GO aerogels with nanocon�ned
structure (pore size ~ 2 nm) can convert the chemical potential energy of the ion gradient to electric
energy through ion transportation driven purely by the ion gradient. RTIL accelerates the kinetics of ion
diffusion in nanocon�ned channels and it also imparts the osmotic power source to overcome the
operation limitation on humidity and temperature. Bene�ting from the antifreeze RTIL ionogels, the power
source could operate even at the temperature of -40°C, bringing it further step towards practical
applications. The output performance of such power source could be tailored based on demands of the
electronic systems by selecting pre-fabricated building blocks like Lego. An Origami inspired foldable
power source was constructed demonstrating the handy assembling process and abundant potential
designs for powering electronic devices by ionic power. Lego-like power source offers areal power density
of 1.3 mW cm− 2 at ambient environment making salinity gradient power economically viable. This work
advances the fundamental understanding of function of 2D nano�uidic material in iontronics and the
iontronics based on GO has distinct advantages such as low cost, safe, ease of scaling up to support
high ionic currents and �exibility. By combining 2D nano�uidic material in such ion gradient system, it
also opens up abundant potential designs for development of ionic diode/transistor, ionic circuits and
photo-induced iontronics etc. The iontronic devices possess the ability to regulate ion �ow in direction
and magnitude, and they especially could �nd applications in the development of wearable or
implantable iontronic devices or even neuronal-computer interfaces in the future.

Methods
Materials. GO was prepared from graphite powders (XFNANO, INC) using a modi�ed Hummers method45.
All related chemicals of NaNO3, H2SO4, KMnO4, H2O2, H3PO4 etc. were purchased from Sigma-Aldrich and

were used as received. The GO solution (5 mg mL− 1) was prepared by dissolving the GO with deionized
water. The rGO solution was prepared by adding 0.1 mol L− 1 KOH into the GO solution (5 mg mL− 1) with
a 1:2 (vol/vol) ratio. KOH, acetone, LAA, BMIMTFSI, TESTFSI and EMIMBF4 etc. were purchased from
Sigma-Aldrich. PVDF-HFP was purchased from 3M Company. Deionized (DI) water, having a resistivity of
above 18 MΩ cm− 1 was collected from a Mili-Q Biocel system. The target material Au (99.9999%) was
purchased from ZhongNuo Advanced Material (Beijing) Technology Co., Ltd.

Fabrication of �exible Au charge collector. Commercial polyethylene terephthalate (PET) �lm was
thoroughly cleaned by abundant acetone, alcohol and deionized water with a bath sonicator. A computer-
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controlled commercial CO2 laser cutter system was used to cut the PET �lm into predesigned patterns as
the shadow mask, and then it was pasted on the no patterned PET �lm with the Kapon both side tape. Au
was then deposited on the exposed PET substrate with the aid of the mask via the magnetron sputtering
�lm deposition system (Denton Discovery 635). GO and then rGO solutions were deposited onto PET
substrate with sputtered gold strips as charge collectors.

GO aerogel and PVDF-HFP ionogel preparation. GO aerogel was fabricated through a self-assembled
chemical reduction and freeze-drying process. The GO sheets with abundant functional groups could be
partially reduced forming a GO hydrogel in a glass vial under a mild condition in the presence of
leucocyte ascorbic acid (LAA)40. GO aerogel was then obtained through a freeze-drying process to
remove the excessive water while maintaining the ordered interconnected network with limited sheet
restacking or structure collapsing. For the GO + KOH aerogel, GO hydrogels were immersed into different
concentrations of KOH aqueous solution (0.005M, 0.01M, 0.05M, 0.1M) at room temperature for
overnight before freeze-drying. To form the ionogel �lm, PVDF-HFP was dissolved by acetone and mixed
uniformly with TESTFSI (0, 30, 50, 70, 100 wt.%) at room temperature. After obtained through a casting
and drying process at 75°C for 48 hours in a vacuum oven, the ionogel �lm was prepared.

Lego-like power source construction. The prepared GO aerogels and GO + KOH aerogels were pressed with
10 MPa for 10 minutes and cut into circular electrodes with the diameter of 16 mm. For mechanism
study, GO aerogel electrodes and GO + KOH aerogel electrodes were clamped between two conductive
charge collectors on polyethylene glycol terephthalate substrates and separated by the cellulose
separator soaked with RTIL electrolyte to avoid direct contact. For foldable power source, �rstly the
electrodes were put onto the substrate with screen-printed silver patterns. Then the RTIL and polymer
mixture were drop-casted on top of the electrodes and subsequently dried in the vacuum oven at 55°C for
2 days to remove acetone solvent.

Characterization and measurements. Morphologies of devices were observed by the SEM (SU8020,
Hitachi) with the 5.0 kV accelerating voltage, 10µA emission current and EDS was used for the element
analysis. AFM was performed at room temperature with an Asylum Research MFP-3D in tapping mode
with a scanning rate of 0.2 Hz. Dektak XT™ stylus pro�ler (Brucker) was used to pro�le the morphology of
the planar osmotic power sources and provides information on volume values for the calculation of
speci�c energy and power density. All electrochemical measurement were carried out with the
electrochemical workstation (Multi Autolab M204). Electrochemical impedance spectrum (EIS) was
measured on an extended range from 1 MHz to 0.01 Hz. Temperature and relative humidity were
controlled by an environmental simulation test chamber (Vötsch Technik). The BET measurement was
carried out on a MicrotracBEL BELSORP-max instrument by N2 physisorption at 77 K. Raman spectra
were collected with the LabRAM HR Evolution (Horiba) with a 532 nm laser. The resistivity and the
thickness of the aerogels were tested by the four-point probe method and the digimatic indicator
(Absolute 543-490B, Mitutoyo Corp.) respectively. The DSC measurement were performed using the DSC
Q2000 from − 90°C to 30°C with the speed of 5°C/min. For the TENG characterization, A step motor
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(LinMot E1100) was used to provide the input of mechanical motions. The voltage and current output
were recorded by a Keithley electrometer 6514.

Declarations
Data availability

The data that support the �ndings of this study are available from the corresponding author upon
reasonable request.

Acknowledgements

We thank P.G. Peng from Xiangtan University for drawing some illustration pictures. The authors
appreciate the technical assistance from the instrument & equipment platform of Beijing Institute of
Nanoenergy and Nanosystems.

Author contributions

D.W. and Z.L.W. proposed the idea and the project. D.W. and F.Y.Y. designed the experiment and performed
the device fabrication and characterization. Z.H.J. performed the TENG fabrication and characterization.
D.W. and Z.L.W. supervised the project. All the authors discussed the results and commented on the
manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to Di Wei or Zhong Lin Wang.

References
1. Chen, C. et al. Bio-inspired nanocomposite membranes for osmotic energy harvesting. Joule 4, 247–

261 (2020).

2. Stein, D., Kruithof, M. & Dekker, C. Surface-charge-governed ion transport in nano�uidic channels.
Phys. Rev. Lett. 93, 035901 (2004).

3. Raidongia, K. & Huang, J. Nano�uidic ion transport through reconstructed layered materials. J. Am.
Chem. Soc. 134, 16528–31 (2012).

4. Esfandiar, A. et al. Size effect in ion transport through angstrom-scale slits. Science 358, 511–513
(2017).

5. Joshi, R. K. et al. Precise and ultrafast molecular sieving through graphene oxide membranes.
Science 343, 752–4 (2014).



Page 13/19

�. Chmiola, J. et al. Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer.
Science 313, 1760–3 (2006).

7. Futamura, R. et al. Partial breaking of the Coulombic ordering of ionic liquids con�ned in carbon
nanopores. Nat. Mater. 16, 1225–1232 (2017).

�. Cheng, C. et al. Low-voltage electrostatic modulation of ion diffusion through layered graphene-
based nanoporous membranes. Nat. Nanotechnol. 13, 685–690 (2018).

9. Nair, R. R. et al. Unimpeded permeation of water through helium-leak-tight graphene-based
membranes. Science 335, 442–4 (2012).

10. Xue, Y. et al. Atomic-scale ion transistor with ultrahigh diffusivity. Science 372, 501–503 (2021).

11. Zhang, Z. et al. Engineered asymmetric heterogeneous membrane: A concentration-gradient-driven
energy harvesting device. J. Am. Chem. Soc. 137, 14765–72 (2015).

12. Zhang, X. et al. Asymmetric electrokinetic proton transport through 2D nano�uidic heterojunctions.
ACS Nano 13, 4238–4245 (2019).

13. Zhang, Z., Wen, L. & Jiang, L. Bioinspired smart asymmetric nanochannel membranes. Chem. Soc.
Rev. 47, 322–356 (2018).

14. Huang, Y. et al. Interface-mediated hygroelectric generator with an output voltage approaching 1.5
volts. Nat. Commun. 9, 4166 (2018).

15. Wang, H. et al. Bilayer of polyelectrolyte �lms for spontaneous power generation in air up to an
integrated 1,000 V output. Nat. Nanotechnol. 16, 811–819 (2021).

1�. Siria, A. et al. Giant osmotic energy conversion measured in a single transmembrane boron nitride
nanotube. Nature 494, 455–8 (2013).

17. Xue, G. et al. Water-evaporation-induced electricity with nanostructured carbon materials. Nat.
Nanotechnol. 12, 317–321 (2017).

1�. Zhang, X., Chia, E., Fan, X. & Ping, J. Flow-sensory contact electri�cation of graphene. Nat. Commun.
12, 1755 (2021).

19. Feng, J. et al. Single-layer MoS2 nanopores as nanopower generators. Nature 536, 197–200 (2016).

20. Qin, Y. et al. Constant electricity generation in nanostructured Silicon by evaporation-driven water
�ow. Angew. Chem. Int. Ed. 59, 10619–10625 (2020).

21. Liu, X. et al. Power generation from ambient humidity using protein nanowires. Nature 578, 550–554
(2020).

22. Ries, L. et al. Enhanced sieving from exfoliated MoS2 membranes via covalent functionalization. Nat.
Mater. 18, 1112–1117 (2019).

23. Li, T. et al. A nano�uidic ion regulation membrane with aligned cellulose nano�bers. Sci. Adv. 5,
eaau4238 (2019).

24. Xin, W. et al. High-performance silk-based hybrid membranes employed for osmotic energy
conversion. Nat. Commun. 10, 3876 (2019).



Page 14/19

25. Zhang, Z. et al. Mechanically strong MXene/Kevlar nano�ber composite membranes as high-
performance nano�uidic osmotic power generators. Nat. Commun. 10, 2920 (2019).

2�. Schroeder, T. B. H. et al. An electric-eel-inspired soft power source from stacked hydrogels. Nature
552, 214–218 (2017).

27. Zhang, Z., Wen, L. & Jiang, L. Nano�uidics for osmotic energy conversion. Nat. Rev. Mater. 6, 622–
639 (2021).

2�. Rollings, R. C., Kuan, A. T. & Golovchenko, J. A. Ion selectivity of graphene nanopores. Nat. Commun.
7, 11408 (2016).

29. Fan, X. et al. Deoxygenation of exfoliated graphite oxide under alkaline conditions: A green route to
graphene preparation. Adv. Mater. 20, 4490–4493 (2008).

30. Pei, S. & Cheng, H.-M. The reduction of graphene oxide. Carbon 50, 3210–3228 (2012).

31. Yang, L. et al. A moisture-enabled fully printable power source inspired by electric eels. Proc. Natl.
Acad. Sci. U.S.A. 118, (2021).

32. Hu, K. et al. Self-powered electronic skin with biotactile selectivity. Adv. Mater. 28, 3549–56 (2016).

33. Dikin, D. A. et al. Preparation and characterization of graphene oxide paper. Nature 448, 457 – 60
(2007).

34. Wei, D. & Ivaska, A. Applications of ionic liquids in electrochemical sensors. Anal. Chim. Acta 607,
126–35 (2008).

35. Kondrat, S., Wu, P., Qiao, R. & Kornyshev, A. A. Accelerating charging dynamics in subnanometre
pores. Nat. Mater. 13, 387–93 (2014).

3�. Matsumoto, H., Matsuda, T. & Miyazaki, Y. Room temperature molten salts based on
trialkylsulfonium cations and bis(tri�uoromethylsulfonyl)imide. Chem. Lett. 29, 1430–1431 (2000).

37. El-Kady, M. F. & Kaner, R. B. Scalable fabrication of high-power graphene micro-supercapacitors for
�exible and on-chip energy storage. Nat. Commun. 4, 1475 (2013).

3�. Pech, D. et al. Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon. Nat.
Nanotechnol. 5, 651–4 (2010).

39. Wu, Z. S., Parvez, K., Feng, X. & Mullen, K. Graphene-based in-plane micro-supercapacitors with high
power and energy densities. Nat. Commun. 4, 2487 (2013).

40. Zhang, J. et al. Reduction of graphene oxide via L-ascorbic acid. Chem. Commun. (Camb) 46, 1112–
4 (2010).

41. Cao, L. et al. On the origin of ion selectivity in ultrathin nanopores: Insights for membrane-scale
osmotic energy conversion. Adv. Funct. Mater. 28, (2018).

42. Huang, Y. et al. All-region-applicable, continuous power supply of graphene oxide composite. Energy
Environ. Sci. 12, 1848–1856 (2019).

43. Cao, Y. et al. A transparent, self-healing, highly stretchable ionic conductor. Adv. Mater. 29, (2017).

44. Cao, Y. et al. Self-healing electronic skins for aquatic environments. Nature Electronics 2, 75–82
(2019).



Page 15/19

45. Osada, I., de Vries, H., Scrosati, B. & Passerini, S. Ionic-liquid-based polymer electrolytes for battery
applications. Angew. Chem. Int. Ed. 55, 500–13 (2016).

4�. Xiao, K., Jiang, L. & Antonietti, M. Ion transport in nano�uidic devices for energy harvesting. Joule 3,
2364–2380 (2019).

Figures

Figure 1

The planar osmotic power source. a, Schematic illustration of GO/rGO junction and its mechanism of K+

conduction in 2D nano�uidic channels within the planar osmotic power source. b, SEM image of the GO
layer (cross section). c, SEM image of the rGO layer (cross section). d, Galvanostatic discharge
performance of Au/AgNO3/GO/RTIL/rGO/Au at 0.1 μA. Inset picture shows the photograph of the
osmotic power source. e, I-V characteristics and power density of Au/AgNO3/GO/RTIL/rGO/Au. f,
Comparison of energy and power density of Au/AgNO3/GO/RTIL/rGO/Au in the Ragone plot (Data for
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lithium thin-�lm batteries, supercapacitors and Al electrolyte capacitors are collected from
references44,45).

Figure 2

Design and characterization of the triboiontronic device. a, the integrated energy harvesting (TENG) and
storage (osmotic power source) triboiontronic device is bendable and its thickness is around 200 μm. b,
Structure of the integrated device. c, Current and d, Voltage generated by the TENG. e, Voltage pro�le of
the integrated self-charging triboiontronic device. The planar osmotic power source
(Au/AgNO3/GO/RTIL/rGO/Au) could be charged by TENG at frequency of 3 Hz and discharged at 1 µA.
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Figure 3

GO aerogel preparation process and parameters for optimized osmotic power source in 3D. a, Schematic
illustration of preparation process. The GO sheets were reduced by LAA at 60 °C forming a GO hydrogel
and then dried through a freeze-drying process. For the GO+KOH aerogel, GO hydrogels were soaked in
KOH aqueous solutions to introduce ion concentration difference before freezing. b, SEM image of the GO
aerogel. Inset photo of the obtained GO aerogel. c, SEM image of the GO+KOH aerogel. Inset is the EDS
element mapping of the GO+KOH aerogel. d-f, The Raman spectroscopy (d), BET tests (e), surface area
and pore size (f) of GO aerogels with different GO:LAA ratio. g-h, I-V characteristics of power sources with
GO aerogels that have different GO:LAA ratio (g) and thickness (h). i, Power density of the power sources
with different GO aerogel thickness.
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Figure 4

Lego-like osmotic power source. a, Schematic illustration of the Lego-like device construction. Two GO
aerogels with different K+ concentrations are sandwiched between charge collectors and separated by an
ionogel that consists of RTIL (TESTFSI) and PVDF-HFP polymer matrix. b, I-V characteristic and power
density of the GO aerogel-based power source with ionogel electrolyte at 25°C. c, I-V characteristic of the
power source at -10°C. d, The output performance of the power source at different temperatures. e, The
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foldable design of 20 devices in series connection on both sides of the substrate enabled by self-healing
ionogels. f-g, The foldable power source could power the electrochromic device (f) and the liquid crystal
display screen (g).
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