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Circadian humidity fluctuation induced capillary
flow for sustainable mobile energy
Jiayue Tang1, Yuanyuan Zhao2, Mi Wang3,4, Dianyu Wang5, Xuan Yang5, Ruiran Hao6, Mingzhan Wang 7,

Yanlei Wang 3,4, Hongyan He3,4✉, John H. Xin2 & Shuang Zheng8✉

Circadian humidity fluctuation is an important factor that affects human life all over the

world. Here we show that spherical cap-shaped ionic liquid drops sitting on nanowire array

are able to continuously output electricity when exposed to outdoor air, which we attribute to

the daily humidity fluctuation induced directional capillary flow. Specifically, ionic liquid drops

could absorb/desorb water around the liquid/vapor interface and swell/shrink depending on

air humidity fluctuation. While pinning of the drop by nanowire array suppresses advancing/

receding of triple-phase contact line. To maintain the surface tension-regulated spherical cap

profile, inward/outward flow arises for removing excess fluid from the edge or filling the

perimeter with fluid from center. This moisture absorption/desorption-caused capillary flow

is confirmed by in-situ microscope imaging. We conduct further research to reveal how

environmental humidity affects flow rate and power generation performance. To further

illustrate feasibility of our strategy, we combine the generators to light up a red diode and

LCD screen. All these results present the great potential of tiny humidity fluctuation as an

easily accessible anytime-and-anywhere small-scale green energy resource.
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In recent years, several drop-based generators that convert
liquid moving1–5, such as droplet spreading, falling, bouncing,
or dragging, into small-scale electricity have been introduced

with different advantages. In one case, organic or water drop
moving on graphene could output a voltage of a few millivolts
due to the so-called drawing potential effect1, which depends on
the motion velocity. In another case, a strategy containing
impinging water drops that spread over a polytetrafluoroethylene
film was designed to harvest hydraulic power with low water 2. In
addition, a liquid–liquid triboelectric nanogenerator on the basis
of drop falling across liquid membrane is also fabricated with
ultra-high charge collection efficiency3. These works use dynamic
drops, such as rains, to harvest instantaneous electric power and
indicate promising prospects of drop-based generators.

Daily humidity fluctuation is the cyclical variations of air
humidity, a universal natural phenomenon ongoing all over the
world6–8. In this work, we demonstrate that small humidity
fluctuation in the air is able to trigger capillary flow within static
ionic liquid (IL) drops and continuously outputs electric power, a
different power generation mechanism from previous
works1–3,8,9. When a fluid is placed on solid surfaces, the fluid
wets the solid with an equilibrium contact angle (CA) θC, defined
by the Young’s equation10–14. Our design is such that a well-
shaped fluid drop containing IL (1-Octyl-3-methylimidazolium
chloride), selected due to negligible evaporation losses alongside
their large moisture absorption/desorption capability when
exposed to air15, is pinned on poly(dimethylsiloxane) (PDMS)
nanowire array with certain CA (Fig. 1a and Supplementary
Fig. 1). The nanowire array, with the diameter of ~90 nm and
length of ~2 μm, was chemically modified to enhance surface
charge. Electrode (diameter of ~800 μm) was fixed respectively to
both center and edge at the bottom of the drop to collect the
power. Our concept for integrating IL drop with humidity fluc-
tuation to generate electricity is based on the following hypoth-
esis: (1) moisture absorption/desorption within IL drop would
cause directional flow along solid/liquid interfaces, (2) such flow
would induce a potential difference due to ion re-distribution.

Results
Drop-based generators under outdoor conditions. First, to
verify feasibility of our designing strategy, we use digital multi-
meter to collect open-circuit voltage VOC of this device after we
expose this device to outdoor air without direct sunlight for two
days to ensure adequate interaction between IL and air RH before
continuous test in natural environment. When the water content
(WC) is below saturated water content (WCS), the drop tends to
uptake moisture from the surroundings. As shown in Fig. 1b, WC
increases from 28.7% to 39.1% with the peak VOC reaching
~110 mV, which is in striking contrast to the VOC in the opposite
direction (peak value of −128 mV) alongside with decrease of
WC. This observation indicates strong correlation between
moisture absorption/desorption and power generation. To pro-
vide further support for our proposal that air RH fluctuation
could induce continuous potential difference within IL drop, we
record VOC across above device for 3 days. Figure 1c shows that
the drop could provide power continuously and the voltage
ranges from approximately −0.15 to 0.14 V when RH fluctuates
between 35 and 81%. This sustainable power supply is attributed
to continuous WCS variation created by the fluctuating RH that
ensures the bulk IL is either unsaturated or oversaturated. Our
work contrasts with previously reported humidity related gen-
erators whose power generation only lasts for several seconds or
hours due to the rapidly saturated solid film9,16–19. All these
results confirm that air humidity fluctuation could become reli-
able energy sources when combined with our drop-based
generators.

Drop-based generators under indoor conditions. To exclude
other interference factors, such as wind or temperature fluc-
tuation, we conduct windless indoor experimental research
under constant temperature (~25 °C) and RH (~40%), which
means a fixed WCS for 1-Octyl-3-methylimidazolium chloride.
When beginning to investigate how IL drop interacts with air
moisture, there are three possible situations. In the first case,
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Fig. 1 Designing details and outdoor tests of the drop-based power generator. a Schematic illustration of the device with IL drop pinned on PDMS
nanowire array and molecular structure of the selected IL. b VOC and IL drop WC curves indicating strong relation between moisture adsorption/desorption
and power generation. c Continuous recording of VOC from above device in outdoor tests for 3 days. The surrounding RH is also provided.
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the bulk IL WC is lower than WCS, such as a dry IL drop placed
on the nanowire array with the initial WC close to 0% (Sup-
plementary Fig. 2a). The drop tends to absorb atmosphere
water and expands continuously, while pinning by nanowire
array prevents advancing of contact line. To keep the spherical
cap regulated by surface tension, we predict that there is a flow
from edge to center to remove excess fluid around the perimeter
(Fig. 2a and Supplementary Fig. 2c), which gives rise to a net
charge transport along electrical double layer and a relatively
stable potential difference at the solid/liquid interfaces. The
streaming potential is monitored and it approaches ~129 mV
after 600 s (Fig. 2c and Supplementary Fig. 2e). The opposite of
above situation is illustrated in Supplementary Fig. 2b. When
WC is higher than WCS (Fig. 2b and Supplementary Fig. 2d),
outward flow within the drop is supposed to generate an
opposite voltage and current (Fig. 2d and Supplementary
Fig. 2f), which is confirmed by continuous electrical measure-
ment. We note that dry and wet drops show short-circuit
current (Isc) of around 2 and −1.4 μA respectively (Supple-
mentary Fig. 2g), which is much higher than previous
humidity-related generators9. We also consider the case when
WC is equal to WCS. Both streaming potential and current are
close to 0 (Supplementary Figs. 2h, i), which is consistent with
the I–V curves. These experiments indicate that the streaming
potential is triggered by moisture absorption/desorption.

Moisture absorption/desorption induced capillary flow. Next,
to experimentally validate our first hypothesis that moisture
absorption/desorption is able to induce flow within the IL drop,
we conducted in-situ microscope imaging with microspheres
included. As shown in Fig. 3a, b (Supplementary Movies 1 and
2), inward flow of 18 μm microspheres from the edge to center
(d1) and outward flow (d2) at inverse direction were captured as
dry/wet IL drop were exposed to air humidity (RH, ~40%),
respectively. Taking the first case as an example, unsaturated
dry IL drop (black solid line) tends to hold more water than
they have done (Fig. 3c), causing drop expansion that may
happen in two ways20,21. One is symmetrical expansion with
unlimited contact line advancing (black dotted line), which is
not allowed in our experiment. The other one is pinning of
contact line enabled asymmetrical expansion (red dotted line).
In this case, absorption flux J(l) causes increase of b(l) at the
point l. And the variation Δb(l) at the edge is 0 as constrained
by the contact line, much smaller than that at the center. To
achieve this, there has to be a flow that transports the liquid
away from the periphery.

The flow velocity can be evaluated with the flux J(l). Interaction
of IL drop with surrounding atmosphere causes rapid decrease of
water concentration in adjacent air (μa), which, at the earlies
stage, is equal to the saturated humidity of initial dry IL (μS).
While at the infinity, the air water concentration is the ambient
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humidity. According to the normal diffusion law, the flux is
defined by:

JðlÞ ¼ �D∇μ; ð1Þ
where D is the diffusivity. To remove the excess fluid near the
perimeter, there need to be a flow along the bottom of the drop
with the velocity20:

�V / JðlÞ ð2Þ
In addition to the bottom flow, we also found the inverse flow

along the top layer of the drop (Fig. 3d and Supplementary Fig. 3
and Supplementary Movies 3 and 4), which we attribute to the
Gibbs–Marangoni effect22–24.

In contrary to moisture absorption induced bottom inward
flow, moisture desorption reverses the flow direction with
similar reasons. In detail, moisture desorption at the drop edges
is faster because of the larger relative surface area compared
with that at the center. To maintain the surface tension-

regulated spherical cap profile, fluid loss from the edge must be
replenished by fluid from the interior due to the contact line
pinning caused by nanowire array. Therefore, outward flow
arises to transport excess fluid from the center to the perimeter
Supplementary Fig. 3b, d.

Further, to validate our second hypothesis and provide further
insight into the relationship between moisture fluctuation and
directional flow, we expose above dry drop to air with RH ranging
from 5 to 90% and conduct statistical analysis of movement
velocity of the microsphere near the edge (Fig. 4a). Quantification
of depth-averaged velocity revealed a tendency versus air RH at
the early stage. For example, under the RH of 5%, movement
velocity fluctuated in a range of 0.2–0.8 μm/s, and this value is
improved to 65–100 μm/s under the RH of ~90% (Fig. 4b and
Supplementary Fig. 4). This observation of moisture-dependent
microspheres transport is consistent with above-described Eqs.
(1) and (2) as increase in surrounding water concentration μa
results in larger gradient ∇μ and finally accelerates the movement
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�V (Fig. 4c). We also detected the initial voltage under different
RH and at the early stage, there was a positive correlation between
flow rate and VOC, in agreement with previous observations25,26.
The water absorption speed was quantified by weighing the IL
versus time. As shown in Fig. 4d, moisture content of IL drop
under RH of ~90% was much higher than other cases. In addition
to a constant humidity, we also exposed our drop to dynamically
changing humidity using moisture generator (Supplementary
Movies 5 and 6). It showed that improving the surrounding
humidity would obviously accelerate the flow with higher output
voltage (Supplementary Fig. 5).

Mechanism of capillary flow induced power generation. We
subsequently conducted molecular dynamics (MD) simulations to
demonstrate moisture-mediated surface grafted NPDMS-IL interac-
tions and moisture-destructed cation-anion interactions within IL
successively (Fig. 5a). Radial distribution function (RDF)27,28

represents how density of certain atom varies as a function of dis-
tance from a reference atom, typically investigated for assessing the
probability of target atom to interact with the reference atom. Firstly,
we determine RDF in Fig. 5b for the NPDMS–HOmim and NPDMS-Cl−

pair, where NPDMS and HOmim represent the N atom and H atom
grafted onto nanowire array and cation Omim+, respectively. As
water content x(H2O) varies from 0 to 13 (x(H2O) = mol(H2O)/
mol(IL)), the RDF peak position of NPDMS–HOmim shifts from 3.04
to 2.65 Å while that of NPDMS-Cl− varies from 7.35 to 7.95 Å

(Fig. 5c), suggesting the enhanced interaction between PDMS
nanowires and Omim+ and the weakened interaction between
PDMS nanowires and Cl−.

Meanwhile, we summarize the RDF for cation–anion ion pair
in Fig. 5d, where the peak position of Omim+–Cl− RDF increases
and that of Cl−–H2O decreases as x(H2O) rises. The absorbed
water molecule shows high affinity to Cl− and destroys the
hydrogen bond between cation and anion in ILs, which agrees
well with the experimental results (Supplementary Fig. 6).
Overall, moisture-enhanced Omim+ affinity to chemically
modified PDMS nanowires integrated with moisture-decreased
Omim+/Cl− bonding lays the foundation for flow-triggered
cation–anion redistribution and potential difference over PDMS
surfaces29,30.

When above moisture-separated loose IL ion pair flows over
modified PDMS nanowire array driven by surface tension gradient,
nonequilibrium MD simulation reveals that asymmetric movement
of Omim+ and Cl− causes charge accumulation and electrical
potential difference (Supplementary Figs. 7 and 8), in strong
contrast to intimately paired IL ions without solvent moisture.
Specifically, for applied pressure gradient ΔF = 0.084 atm/nm
(Fig. 6a), the velocity of Cl- is obviously higher than Omim+ within
1.5 nm distance from the wall, obviously different from the
behaviors of bulk IL. To compare the variation of cation and anion
velocity caused by different flows, the enhance factor (ε = vCl-,wall/
vOmim+,wall) dependence of pressure gradient was illustrated in
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Fig. 6b. Surprisingly, we find the enhance factor for x(H2O) = 13 is
far larger than that for x(H2O) = 4, especially when the pressure
gradient is small. The movement difference between cation and
anion near PDMS wall indicates the possibility of flow-triggered
charge accumulation.

In addition to moisture-mediated intermolecular interactions in
Fig. 5, the nano-confined space within PDMS nanowire array also
restricts the movement of Omim+, which aggregates dynamically to
form clusters under hydrophobic interactions. We find from
Supplementary Fig. 9, larger ionic clusters (containing ~170 atoms)
form in bulk IL with both x(H2O) = 4 and x(H2O) = 13. Overall,
slowed movement of moisture-clustered Omim+ within confined
PDMS nanowire array gaps integrated with moisture-enhanced
affinity of Omim+ onto nanowire walls enables Omim+/Cl−

separation upon flows across PDMS/IL interfaces. MD simulation
shows the interfacial charge stratification when x(H2O) = 4 and 13

(Fig. 6c), in contrary with x(H2O) = 0 that the charge distribution
oscillates wildly due to the not further distinguished migration of
the intimate ion pairs. All these results indicate the critical role of
water for our power generation mechanism.

In natural environments, wind is another important factor that
may interact tightly with the IL drop-based device. As it turns out,
the streaming potential in Fig. 2c, d is further improved to
232 mV and 168mV for moisture absorption and desorption
respectively when exposed to wind (~2.5 km/h) possibly because
of the air flow that dynamically removes the air contacting the
drop surfaces and thus accelerates the moisture absorption/
desorption process. To provide more evidence for this hypothesis,
we quantify the water absorption/desorption rate, respectively.
The results in Supplementary Figs. 10 and 11 demonstrate that,
under the wind speed of ~2.5 km/h, moisture absorption and
desorption are improved from 3.02 and 2.95 mg/h to 4.57 and
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4.72 mg/h. Above results confirmed that performance of our
generator associates strongly with surrounding atmosphere.

Demonstration of application. Finally, we illustrate utility of
humidity fluctuation as an energy resource by integrating the
drop-based device with commercial capacitors. First, we show
that a single drop could quickly (within 1 min) charge capacitors
from 1 to 1000 μF (Supplementary Fig. 12a). Second, a well-
designed circuit (Supplementary Fig. 12b, c) connecting 16
capacitors (22 μF) in series was prepared to store the energy. This
system finally output a voltage of up to ~2.18 V and lighted up a
red LED with the working potential of ~1.8 V. In addition, we
also connect the drop array for powering LCD screen with the
working voltage of 1.5 V (Supplementary Movie 7). Overall, these
results lay the foundation of humidity fluctuation as a new kind
of low-cost green energy resource without strict demand for
particular geography or climate.

Discussion
Overall, the experimental and theoretical results presented above
support our conclusion that circadian humidity fluctuation can be
regarded as another clean energy resources using the two-step
processes involving the humidity fluctuation induced directional
capillary flow and the flow induced power generation. We hope
this finding would expand the potential utility of rarely studied
humidity fluctuation, differing from other natural environmental
conditions, such as the widely used solar irradiance and wind
energy. We wish to emphasize that humidity fluctuation is easily
accessible anywhere and anytime, in contrary to solar and wind

energy that relies on sunlight and strong air flows. Further efforts
will seek to improve power generation efficiency for large-scale
energy applications through material and interfacial designs31,32.
In addition, the suitability for small-scale energy powering, such
as flexible electronics, will also be evaluated.

Methods
Atomic model and computational details. The large-scale atomic/molecular
massively parallel simulator (LAMMPS) is chosen to perform the MD simulations
to study the characteristic of the structure and flow behavior of ILs. The water
molar ratio in ILs is 0, 4, and 13, which could enough cover the day and night
humidity changes. The PDMS basement is aminated and the area density of
functional group is 1.25 #/nm2. Nine models were constructed, including SY0/4/13,
SYm0/4/13, SYDm0/4/13, where 0/4/13 is the water content in IL, m represents
modified PDMS basement, D represents two PDMS basement. The sizes of three
dimensions of the PDMS basement are close to 4.5 × 4.5 × 3.6 nm3. The length of
nanochannel in SYDm0/4/13 approximates to 7.8 nm.

Periodic boundary conditions (PBC) are applied in x and y direction, and open
boundary is used in z direction. Data of 5 ns is generated for analysis after the system
equilibrium in NVT ensemble. The Nose-Hoover thermostat keeps the temperature at
300 K. Time step is 2 fs. A coarse-grained model (the −CH2 and −CH3 groups in
[Omim]+ are simplified as the united atoms (UA)) is applied to represent the cation
Omim+, because the high-frequency vibrations contribution of hydrogen atoms is
tiny33–36. The nonpolarizable all-atom optimized potentials for the liquid simulation
(OPLS-AA) force field, SPC/E model, and CVFF force field are adopted for IL, H2O,
and modified PDMS, respectively, which are all widespread used37–39. The charge of
atoms in IL is scaled by a factor of 0.8 considering the effect of polarization between
cations and anions40. The interatomic interaction parameters are calculated by the
arithmetic mixing rules. Van der Waals interactions are modeled by 12-6
Lennard–Jones potential, and the cutoff is 1.2 nm. Long-range coulombic interactions
are computed by particle-particle particle-mesh (PPPM) algorithm.

Simulation details of flow. Analysis of the radial distribution function (RDF) and
cluster is based on VMD and OVITO open-source software41,42, respectively.
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Average applied pressure gradient is shown in the following equation

ΔF ¼ N ´ f 0
S ´ L

; ð3Þ

where N is the total atomic number of water molecules in the system, f0 is the force
added to every atom of water, and S and L are the cross-sectional area and length of
the nanochannel respectively. Due to the solvation and viscosity of water-IL
mixture, the cation and anion will also start to move along the water. Then the
velocity distribution of cation and anion in system SYDm4&13 can be further
obtained. Considering the effect of PDMS and formation of cluster, the velocity of
cation and anion within the interface possess an obvious difference. Hence, the
enhance factor is proposed, that is the ratio of average anion velocity (van) to cation
velocity (vca) within 1.5 nm distance from the wall.

Fabrication of the nanowire array. We prepared PDMS prepolymer mixture
(Dow Corning) by mixing 5 g prepolymer (Sylgard 184) with 0.5 g curing agent,
followed by hand stirring for 5 min and degassing in vacuum for 30 min succes-
sively. Fabrication of the device was conducted according to Supplementary Fig. 1a.
Specifically, two drops containing 0.2 μL conductive adhesive (SPI) alongside with
the Ag wires were deposited onto AAO (2 cm × 2 cm, pore diameter of 90 nm,
depth of 2 μm, TopMembranes Inc.) with the distance of 0.4 cm. The AAO was
rinsed before using with water (18 MΩ cm, Merck Millipore), acetone (99%) and
ethanol (95%) for 6 min, respectively. After curing under 80 °C (MS7-H550-Pro)
for 2 h, the solid Ag was roughened by abrasive paper (P2000, Suisun Company) to
enhance adhesion between Ag and PDMS substrate, which was prepared by casting
and leveling of 0.2 mL prepolymer mixture before curing under 80 °C for 3 h.
Finally, we removed the AAO template using 1 M aqueous NaOH at 60 °C and got
the PDMS nanowire array with carefully embedded solid Ag. The device was
cleaned with water and ethanol before chemical modification. Ag/AgCl electrode
was prepared on the basis of this device.

Fabrication of the drop-based generator. To enrich surface functional group, we
first activated the PDMS substrate nanowire array with oxygen plasma at 100W for
20 s and then immersed the as-prepared PDMS into (3-aminopropyl) trimethox-
ysilane (97%, Aladdin) solutions (1 wt%) for 20min to allow condensation of silanol.
The whole device was repeatedly rinsed with ethanol to remove unreacted chemicals
and dried in air for 25min. To enable stable pinning of IL drop on above PDMS
nanowire array, we deposited 75 μL (1-Octyl-3-methylimidazolium chloride) to the
center electrode and exposed the device to air with saturated humidity within a
polymethyl methacrylate container for two days to ensure full water absorption. The
drop diameter approaches ~1 cm and the IL could be dried in vacuum oven
overnight.

Characterization of the generator. SEM imaging was conducted with Nova
NanoSEM 450 at an acceleration voltage of 5.0 kV and probe current of 15 μA. EDS
characterization of chemical elements distribution was finished at the acceleration
voltage of 10.0 kV. X-ray photoelectron spectroscopy (PHI5802) measurements
were performed with 300W Al Kα radiation. We investigated the capillary flow by
adding polystyrene microspheres (diameter of ~18 μm, Sigma-Aldrich) into 1-
Octyl-3-methylimidazolium chloride followed by hand stirring for 5 min and
ultrasonic dispersion (Kun Shan Ultrasonic Instruments, KQ-100E) for 10 min.
Optical observation of the polystyrene microsphere movement was recorded with a
computer-connected Nikon microscope (Eclipse Ni-U). Water content and weight
of the IL drop were characterized using analytical balance (ME54T, Mettler-Toledo
International Inc.) with real-time recording.

Power generation measurement under different environments. The open-
circuit voltage and short-circuit current were recorded with a digital multimeter
(DMM6500, Keithley Instruments). We controlled surrounding environments in
different ways according to experimental requirements. For outdoor tests (Fig. 1), the
device was exposed to outdoor environment without direct sunlight for two days to
exclude photovoltaic effect. Then we expose the device to unadjusted outdoor physical
environments for evaluating the powering performance under ever-changing condi-
tions. In brief electric or optical measurements requiring fixed surroundings (Figs. 2
and 3), the device was placed in indoor air with air conditions monitored con-
tinuously (thermometers and humidity meters, COS-03). In short-term measure-
ments requiring different humidity (Fig. 4), we tested the device within a closed
container and used ultrasonic humidifier or CaCl2 (AR, Sinopharm Chemical Reagent
Co., Ltd) to adjust the humidity before carrying out the experiments.

Data availability
The authors declare that the main data supporting the findings of this study are
contained within the paper and the Supplementary information files. All other relevant
data are available from the corresponding author upon reasonable request.

Code availability
The simulation files that support the plots and data analysis within this paper are
available from the corresponding author upon request.

Received: 28 July 2020; Accepted: 23 February 2022;

References
1. Jun Yin, X. L., Jin, Y. U., Zhang, Z., Zhou, J. & Guo, W. Generating electricity

by moving a droplet of ionic liquid along graphene. Nat. Nanotechnol. 9,
378–383 (2014).

2. Xu, W. H. et al. A droplet-based electricity generator with high instantaneous
power density. Nature 578, 392–396 (2020).

3. Nie, J. H. et al. Power generation from the interaction of a liquid droplet and a
liquid membrane. Nat. Commun. 10, 2264 (2019).

4. Hao, C. L. et al. Superhydrophobic-like tunable droplet bouncing on slippery
liquid interfaces. Nat. Commun. 6, 7 (2015).

5. Cira, N. J., Benusiglio, A. & Prakash, M. Vapour-mediated sensing and
motility in two-component droplets. Nature 519, 446–450 (2015).

6. Mwimba, M. et al. Daily humidity oscillation regulates the circadian clock to
influence plant physiology. Nat. Commun. 9, 4290 (2018).

7. Arazoe, H. et al. An autonomous actuator driven by fluctuations in ambient
humidity. Nat. Mater. 15, 1084–1089 (2016).

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

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

10. Manu Prakash, D. Q. & John, W. M. Bush surface tension transport of prey by
feeding shorebirds: the capillary ratchet. Science 320, 931–934 (2008).

11. Daniel, D., Timonen, J. V. I., Li, R. P., Velling, S. J. & Aizenberg, J.
Oleoplaning droplets on lubricated surfaces. Nat. Phys. 13, 1020–1025 (2017).

12. Jiang, J. K. et al. Directional pumping of water and oil microdroplets on
slippery surface. Proc. Natl Acad. Sci. USA 116, 2482–2487 (2019).

13. Li, C. X. et al. Bioinspired inner microstructured tube controlled capillary rise.
Proc. Natl Acad. Sci. USA 116, 12704–12709 (2019).

14. Courbin, L. et al. Imbibition by polygonal spreading on microdecorated
surfaces. Nat. Mater. 6, 661–664 (2007).

15. Kong, J. & He, H. Challenge and opportunity of ionic liquids—An
interview with Prof. Douglas R. Macfarlane. Green. Enregy Environ. 5,
243–245 (2020).

16. Liang, Y. et al. Electric power generation via asymmetric moisturizing of
graphene oxide for flexible, printable and portable electronics. Energy Environ.
Sci. 11, 1730–1735 (2018).

17. Luo, Z. L., Liu, C. H. & Fan, S. S. A moisture induced self-charging device for
energy harvesting and storage. Nano Energy 60, 371–376 (2019).

18. Zhao, F., Liang, Y., Cheng, H. H., Jiang, L. & Qu, L. T. Highly efficient
moisture-enabled electricity generation from graphene oxide frameworks.
Energy Environ. Sci. 9, 912–916 (2016).

19. Zhao, F., Wang, L. X., Zhao, Y., Qu, L. T. & Dai, L. M. Graphene oxide
nanoribbon assembly toward moisture powered information storage. Adv.
Mater. 29, 1604972 (2017).

20. Deegan, R. D. et al. Witten capillary flow as the cause of ring stains from dried
liquid drops. Nature 389, 827–829 (1997).

21. Yunker, P. J., Still, T., Lohr, M. A. & Yodh, A. G. Suppression of the coffee-
ring effect by shape-dependent capillary interactions. Nature 476, 308–311
(2011).

22. Kundan, A. et al. Thermocapillary phenomena and performance limitations of
a wickless heat pipe in microgravity. Phys. Rev. Lett. 114, 146105 (2015).

23. Petrovic, S., Robinson, T. & Judd, R. L. Marangoni heat transfer in subcooled
nucleate pool boiling. Int. J. Heat. Mass Transf. 47, 5115–5128 (2004).

24. Deegan, R. D. et al. Contact line deposits in an evaporating drop. Phys. Rev. E
62, 756–765 (2000).

25. Lu, F. Z. & Kwok, D. Y. The validity of static EDL theory as applied to
streaming potential of pressure-driven flow in parallel-plate microchannels.
2004 International Conference on Mems, Nano and Smart Systems,
Proceedings, 650–653 (IEEE, 2004).

26. Revil, A., Pezard, P. A. & Glover, P. W. J. Streaming potential in porous media
1. Theory of the zeta potential. J. Geophys. Res. 104, 20021–20031 (1999).

27. Li, B., Wang, C., Zhang, Y. & Wang, Y. High CO2 absorption capacity of
metal-based ionic liquids: a molecular dynamics study. Green. Energy Environ.
6, 253–260 (2021).

28. Gao, Q. et al. Physicochemical properties and structure of fluid at nano-/
micro-interface: Progress in simulation and experimental study. Green. Enregy
Environ. 5, 274–285 (2020).

29. Wang, Y. et al. Molecular insights into the regulatable interfacial property and
flow behavior of confined ionic liquids in graphene nanochannels. Small 15,
1804508 (2019).

30. Wang, M. et al. Abnormal enhanced free ions of ionic liquids confined in
carbon nanochannels. J. Phys. Chem. Lett. 12, 6078–6084 (2021).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28998-y

8 NATURE COMMUNICATIONS |         (2022) 13:1291 | https://doi.org/10.1038/s41467-022-28998-y | www.nature.com/naturecommunications

www.nature.com/naturecommunications


31. Lin, S., Xu, L., Chi Wang, A. & Wang, Z. L. Quantifying electron-transfer in
liquid-solid contact electrification and the formation of electric double-layer.
Nat. Commun. 11, 399 (2020).

32. Lin, S., Chen, X. & Wang, Z. L. Contact electrification at the liquid–solid
interface. Chem. Rev. https://doi.org/10.1021/acs.chemrev.1c00176, (2021).

33. Bhargava, B. L., Devane, R., Klein, M. L. & Balasubramanian, S. Nanoscale
organization in room temperature ionic liquids: a coarse grained molecular
dynamics simulation study. Soft Matter 3, 1395 (2007).

34. Fajardo, O. Y., Bresme, F., Kornyshev, A. A. & Urbakh, M. Electrotunable
friction with ionic liquid lubricants: How important is the molecular structure
of the ions? J. Phys. Chem. Lett. 6, 3998–4004 (2015).

35. Son, C. Y., Mcdaniel, J. G., Schmidt, J. R., Cui, Q. & Yethiraj, A. First-
principles united atom force field for the ionic liquid BMIM+ BF4–: an
alternative to charge scaling. J. Phys. Chem. B. 120, 3560–3568 (2016).

36. Yoo, B. et al. Molecular mechanisms of ionic liquid cytotoxicity probed by an
integrated experimental and computational approach. Sci. Rep. 6, 19889
(2016).

37. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J.
Comput. Phys. 117, 1–19 (1995).

38. Xie, Q. et al. Fast water transport in graphene nanofluidic channels. Nat.
Nanotechnol. 13, 238–245 (2018).

39. Xu, S., Wang, Y., Hu, J., & Liu, Z. Atomic understanding of the swelling and
phase transition of polyacrylamide hydrogel. Int. J. Appl. Mech. Eng. 8,
1640002 (2016).

40. Hollóczki, O., Malberg, F., Welton, T. & Kirchner, B. On the origin of ionicity
in ionic liquids. Ion pairing versus charge transfer. Phys. Chem. Chem. Phys.
16, 16880–16890 (2014).

41. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J.
Mol. Graph. 14, 33–38 (1996).

42. Stukowski, A. Visualization and analysis of atomistic simulation data with
OVITO—the Open Visualization Tool. Modell. Simul. Mater. Sci. Eng. 18,
015012 (2010).

Acknowledgements
S.Z. thanks the funding support from Yellow River Conservancy Technical Institute.
D.W. thanks the funding support from the China Postdoctoral Science Foundation
(2021T140035). Y.W. and H.H. thank the National Natural Science Foundation of China
(21922813, 22078322, and 22178344), the Youth Innovation Promotion Association of
CAS (2017066 and 2021046).

Author contributions
S.Z. conceived the project. S.Z., Y.Z., and J.T. designed the research. J.T. and Y.Z. con-
ducted the experiments. D.W., R.H., and M.W. helped to characterize the materials. J.T.
and X.Y. fabricated the circuits. S. Z., Y. Z., J.T., and J. X. analyzed the data. M.W., Y.W.,
and H.H. performed and drafted the simulation. S.Z. and J.T. drafted the manuscript. S.Z.
and H.H. supervised the research. J.T. and Y.Z. contributed equally.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-28998-y.

Correspondence and requests for materials should be addressed to Hongyan He or
Shuang Zheng.

Peer review information Nature Communications thanks Sheng Xu and the other
anonymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28998-y ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:1291 | https://doi.org/10.1038/s41467-022-28998-y |www.nature.com/naturecommunications 9

https://doi.org/10.1021/acs.chemrev.1c00176
https://doi.org/10.1038/s41467-022-28998-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Circadian humidity fluctuation induced capillary flow for sustainable mobile energy
	Results
	Drop-based generators under outdoor conditions
	Drop-based generators under indoor conditions
	Moisture absorption/desorption induced capillary flow
	Mechanism of capillary flow induced power generation
	Demonstration of application

	Discussion
	Methods
	Atomic model and computational details
	Simulation details of flow
	Fabrication of the nanowire array
	Fabrication of the drop-based generator
	Characterization of the generator
	Power generation measurement under different environments

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




