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Low-grade wind with airspeed V,; 4 < 5 m/s, while distributed far more abundantly, is
still challenging to extract because current turbine-based technologies require particular
geography (e.g., wide-open land or off-shore regions) with year-round V4 > 5 m/s
to effectively rotate the blades. Here, we report that low-speed airflow can sensitively
enable directional flow within nanowire-anchored ionic liquid (IL) drops. Specifically,
wind-induced air/liquid friction continuously raises directional leeward fluid transport
in the upper portion, whereas three-phase contact line (TCL) pinning blocks further
movement of IL. To remove excessive accumulation of IL near TCL, fluid dives, and
headwind flow forms in the lower portion, as confirmed by microscope observation. Such
stratified circulating flow within single drop can generate voltage output up to ~0.84V,
which we further scale up to ~60 V using drop “wind farms”. Our results demonstrate
a technology to tap the widespread low-grade wind as a reliable energy resource.

wind energy | contact angle | wettability

Recent decades have witnessed the explosive growth of global wind power capacity from
24 GW in 2001 to 840 GW in 2021 (over 7% of the world’s electricity demand) because
of its renewability, nonpollution, bargain price, ecological compatibility, and worldwide
distribution, etc. (1-11). Currently, wind energy conversion uses wind turbines to trans-
form airflow into mechanical rotation of specially designed blades, which finally actuates
a generator for supplying electricity (2, 4, 12, 13). The power output P, 4 of turbine
under wind velocity V4 (m/s) can be given by (4, 14, 15):

Py= Pairdy Cp vaind ’ 1]
2

where p;, is the air density (kg/ m’), Ay is the swept area of the rotor blade (m?), and G,
denotes the power regulation coefficient. One can see from Eq. 1 that the P 4 is propor-
tional to the cube of V;, ; and a decrease in wind velocity will result in dramatical decline
in power output (16). Unfortunately, high-speed wind is typically abundant only in open
lands without obstacles, such as offshore platforms and mountain tops (17-20). Land
areas with averaged wind speed less than 5 m/s are far richer and more widely distributed
(SI Appendix, Fig. S1) (21-23), including forests and urban areas, where trees and building
structures obstruct wind flow. The above elaborations hint the substantial potential of
global low-grade wind as well as the strong needs for strategies capable of effectively
harvesting low-speed wind energy.

Droplet movement (sliding, bouncing, falling, etc.) actuated by external factors (gravity,
drawing, etc.) have been used to harvest energy from raining or mechanical dragging
(24-29). A signature of droplet moving is interfacial charge redistribution, which arises
because of dynamic deformation and wetting—dewetting compromised by surface tension
(30-38). More recently, droplet impacting on superwetting surfaces is adapted to harvest
hydraulic power from falling water drops (24). Inspired from these drop-based generators,
here, we report a discovery that ionic liquid (IL) droplets sitting on a nanowire array with
capillary-stabilized three-phase contact line (TCL) can sensitively turn wind blowing-
induced air/liquid interfacial friction into internal rotation, as confirmed by microscope
imaging. Our experimental and simulation results reveal that TCL pinning (S/ Appendix,
Fig. S2 and Movie S1), which we create by nanowire array enlarged solid/liquid adhesion
hysteresis and advancing contact angle (39-42), geometrically blocks fluid flow at drop/
air interfaces. To sustain the cap-shaped drop profile under surface tension and remove
excess 1L fluid near TCL perimeter, headwind flow arises along the bottom of the drop
surrounding the nanowire array. Electrical tests, microscope images, and theoretical cal-
culations together confirm that such IL flow within nanoconfined space spontaneously
induces redistribution of positive and negative ions and persistently generates electricity
(43), a clear disparate working mechanism from previous studies (44—49). Specifically,
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water molecule breaks intimate ion pair and differentiate interac-
tions of cations and anions with chemically modified nanowire
walls, which further gives rise to ion redistribution driven by direc-
tional flows for power generation (50-53).

Fundamental Concept and Preliminary Power
Output of the Drop Wind Generators (DWGs)

Our DWG comprises a meniscus-shaped fluid droplet consisting
of moisture-saturated IL 3-Methyl-1-octylimidazolium chloride
(water content wy; ¢ ~ 23.3% under relative humidity ¢ ~ 40%)
with the contact a%lgle CA = 61 = 7° (Fig. 1A), selected because
of the inherent nonvolatility and the sensitivity of ion pairs to air
moisture (54). The poly (sodium styrene sulfonate) (PSS) grafted
polydimethylsiloxane (PDMS) nanowire arrays have a height 4 =
1.1 pm, diameter & = 91.5 + 8.7 nm, and center-to-center spacing
P =973 +13.2 nm (Fig. 1 B and C and S/ Appendix, Fig. S3),
roughly consistent with the nanoporous anodized aluminum
(AAO) mold (87 Appendix, Fig. S4). Our strategy for associating
IL droplet and wind to produce electricity is on the grounds of
the sulfonic acid group to enhance the surface charge (SI Appendix,
Fig. S5). Compared with bare PDMS, FTIR spectrum of PSS-
grafted PDMS presents four additional peaks, of which 1,125 and
1,040 cm™" are assigned to antisymmetric vibration absorption
peaks of sulfonate, while the peaks positioned at 1,500 and 1,644
cm™" are ascribed to C-H vibration peaks of the aromatic ring
(Fig. 1D) (55, 56). These results, together with X-ray photoelectron

spectroscopy  (XPS) characterization (S/ Appendix, Fig. S6),
strongly indicate successful grafting of PSS brushes onto PDMS
nanowires. Subsequently, the wind-induced open-circuit voltage
U,. and short-circuit current /. are independently plotted in
Fig. 1E as a function of time. Under ¢ = 40% and V4 ~ 2 m/s,
our device can produce a continuous U,_of ~0.4 V and I of ~20
A, collected with Ag/AgCl electrodes (ST Appendix, Figs. S7 and
S8). The voltage variations in the cyclic wind-on and wind-off
conditions show that U, repeatedly increases to approximately
0.4 V and decreases to ~0 V, exactly responding to surrounding
wind (Fig. 1F), indicating that our power generation mechanism
is greatly associated with wind flows.

Wind-Induced Electricity Generation of DWG. To figure out
the working mechanism of DWG, we perform in situ optical
microscopic analyses by recording suspended polystyrene (PS)
microsphere movements (57) within the IL droplet. Circulating
rotation of PS microspheres (Fig. 2 A and B and Movie S2), under
Viing of ~2 m/s, visually demonstrates the generated directional
flow against wind from the edge to center surrounding the PDMS
substrate, which may give rise to continuous power generation.
As shown in Fig. 2B, we observe from the left side of the droplet
with a focus alignment into its bottom microsphere layer using
an optical microscope. The artificial wind blows from the right
side with the angle between PDMS substrate and wind flow a
= 0°. We find from Fig. 24 that the microspheres at the upper
layer (fuzzy in i) move following the wind toward left TCL ii).
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Fig. 1.

Schematic illustration and power generation capacity of DWG. (A) Designing details of the generator, involving the ionic liquid drop seated on modified

polydimethylsiloxane (PDMS) nanowire arrays under directional wind. (B) Schematic diagram showing the nanowire height (h), diameter (d), and center-to-center
spacing (p). (C) Distribution statistics of d and p of the modified nanowire array. (D) FTIR spectra of PDMS nanowires before and after being grafted with sodium
polybenzene sulfonate (PSS) brushes. (F) Continuous evolution of open-circuit voltage U, (green line) and short-circuit current /. (orange line) output from DWG
device when relative humidity ¢ = 40% and wind speed V,,;,q = 2 m/s. (F) Controllable U, changes with cyclic wind on and wind off operations.
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Fig. 2. Optical microscope observation and simulations of wind-induced electricity generation from DWG. (4) In situ microscope recording of PS microspheres

(diameter of ~10 um) suspended into IL drop (wy

o = 23.3%) under V,,;,q = 2 m/s to demonstrate the circulating flow. (B) Flow velocity V,_ (D,/t,) plotted against

wind speed. The Insets are CA image of IL pIaced2 on PDMS nanowires substrate and the schematic of our device. (C) Averaged U,. and V,_ versus V,,;,q under
a=0°and CA 4, =61°. (D) The number density p, distribution of CI” and Omim" for confined ILs under pressure of 0.22, 0.29, and 0.36 MPa, respectively. (F) The
velocity difference between anion and cation for confined ILs as a function of the external pressure. The Inset is the simulation model. The color of gray, white,
red, bright blue, orange, and green represent the atom of C, H, O, N, Si, and Cl. Meanwhile, the dark purple, olive green, dark blue, and light purple represent

the atom of C, S, O, and Na in the sodium benzene sulfonate group.

Then, the microspheres sink down to the bottom near the drop
edge and become clear iii). Finally, along the bottom of the
droplet, the particles move against the wind direction from the
left TCL to the center of the droplet iv). We trace out the complete
internal circulation (Fig. 2B) by microscope observation at various
situations.

To provide deeper insight into how DWG converts wind
blowing into electricity, we further quantify V;; and U,_depend-
ence of V4 under ¢ = 40% with the equilibrium wy,q of
~23.3% (Fig. 2C). We find that both U,_and flow velocity inside
the IL drop V}; exhibit a positive dependence on wind speed.

PNAS 2023 Vol.120 No.38 e2303466120

For example, V;; at the wind speed of 5 m/s is ~150 um/s, almost
three orders of magnitude greater than the Vj; under V4 = 1
m/s, with the U,_ significantly improved up to ~0.68 V. These
results experimentally hint that wind-triggered internal circu-
lating flow may play a critical role in the energy conversion
mechanism.

To confirm the above hypothesis, we carry out molecular dynam-
ics (MD) simulations, where the flow speed is equivalent to the
applied force in the droplet. Fig. 2D shows the density distribution
of anions and cations in the 5.34-nm nano space in consistence with
our nanowire sizes. Due to differentiated interactions between

https://doi.org/10.1073/pnas.2303466120 3 of 8
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[Omim]Cl and nanowire surfaces, the distribution of Omim" and
Cl” within the nanoconfined space is quite different, which is further
enlarged with wind speed increase. In detail, we find that as V; 4
increases, binding of Cl” is decreased because Cl” tends to accumulate
in the bulk IL droplet. While on the contrary, Omim" surrounding
nanowire surface increases. To clarify this, we further calculate the
speed difference between Omim" and Cl under different pressure.
Fig. 2F demonstrates that the velocity difference (simulated AV)
between anions and cations is 1.09, 1.119, and 1.15 for applied
pressure within the IL system of 0.22, 0.29, and 0.36 MPa, respec-
tively. These results indicate that increasing the flow velocity will
cause enlarged distribution differences of ions and further expand
the velocity difference of anions and cations for electricity generation.
'This enhancement can be attributed to the strong adsorption of water
to anion.

Environmental RH-Mediated Power Generation of DWG. To further
validate the abovementioned working mechanism and gain an
insight into the relation between energy conversion performance and
ambient environment, our DWG is exposed to air with controlled
temperature (25 °C) and RH of ~0, 40, and 60%, respectively,
for 2 d to ensure fully adsorption of water (S Appendix, Fig. S9).
‘Thereafter, we measure the equilibrium wyy,, (~0, 23.3, and 38.4%)
and calculate the corresponding water molar ratio defined as x(H,O)
=mol(H,0)/mol(IL) (0, 4, and 8). We find from Fig. 34 that DWGs
within higher RH behave much better with low-grade wind ranging
from 0 to ~5 m/s. For example, when V,; ;= 5 m/s, U,_is ~0, 0.68,
and 0.84 V as x(H,O) is, respectively, 0, 4, and 8, suggesting that
electricity production is closely associated with the presence of water
in the DWG droplet. In our opinion, these results can be ascribed to
two main reasons. First, higher RH causes larger water adsorption,
resulting in higher water content within IL drop and correspondingly
reduce viscosity (58), which finally improves the fluidity and flow
velocity inside the IL drop. As illustrated in Fig. 3B, when V4 =
5 m/s, V}; increases from ~75 to ~163 pm/s as x(H,O) improves
from 0 to 8. Second, water molecules may help to differentiate the
interactions between modified PDMS substrates and Omim*/Cl”
and further enhance the energy conversion performance. To confirm
this, we randomly record U,_dependance of V;; as shown in Fig. 3C.
We find that under the same flow velocity such as ~60 um/s, U,
fluctuates in the range of 0.13 to 0.31 V when x(H,0) = 4, and it
is enhanced to 0.23 to 0.41 V when x(H,0) = 8.

To validate our hypothesis that water molecules differentiate
the interactions between PSS-grafted PDMS and Omim"/Cl, we
conduct MD simulations with different water contents. Fig. 3D
shows that the density distribution of anions and cations when
the applied force of water molecules contained in the device is
0.29 MPa. When the system is water-free, there is little difference
in the distribution of anions and cations because of the strong
interactions between Omim" and Cl". When the water content
of the system increases, the difference in the distribution of anion—
cation inside the droplet increases, resulting in the enlarged veloc-
ity difference as shown in Fig. 3E. That is, when x = 0, 4, and 8,
the velocity difference AV of anion-cation is 1, 1.119, and 1.215,
which accords well with our experimental results.

Experimental and Simulation Studies of Wind Directions
Mediated Power Generation. Fig. 4 A and B plot the variation
and mean average of measured voltage in experiments over a span
of 100 s, which indicate intensive circulation inside anchored
droplets under a given airflow. For the airflow coming from
the righthand side (& = 0°) and the lefthand side (o = 180°), a
counterclockwise loop and a clockwise loop form, respectively,
inside the anchored droplets (S Appendix, Fig. S10 and Movie
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S3), leading to roughly identical voltage values with an opposite
sign (~0.4 V and -0.4 V). Yet, the airflow coming from the
top (a = 90°) results in two symmetric loops inside the droplet
(SI Appendix, Fig. S11 and Movie S4). Therefore, the direction of
the airflow plays an important role in the formation of circulating
fluid behavior and electricity output.

To reveal the physical principle behind the phenomenon, we
conduct numerical simulations through computational fluid
dynamics (CFD) modeling using the commercial software Ansys
WorkBench R19.0 (S Appendix, Fig. S12). The CFD model pro-
vides a numerical approximation to the equations that govern fluid
motion, which is an efficient approach to solve differential equa-
tions by discretizing the fluid domain. We adopt the volume of
fluid (VOF) method to build simplified two-dimensional models
for the wind flow around the stationary droplet (see SI Appendix,
Methods for details). We select Navier—Stokes (NS) equations to
describe the dynamic motion of the fluid mixture assumed to be
homogeneous and incompressible, consisting of the governing
mass and momentum equations as follows:

9 Y. ()= 2
. +V0)=S,, 2]
0 (pv)
ot

+V- (pro)==Vp+ V- [u(Vv+ (VW) )| +pg+f,
(3]

where v is the velocity vector, p is the pressure, S, is the mass
source item, fis the other volumetric force, g is the acceleration
of gravity, p is the fluid mixture density, and y is the fluid mixture
viscosity defined by the VOF model for our multiphase flow
problem.

Similar to the experimental results, we observe the exact same
rotation directions inside anchored droplets under the airflow with
a = 0° 90°, and 180°, as shown in Fig. 5 A-C. Our numerical
results also provide a map of the velocity field nearby the surface
of the droplet, and a slower velocity is identified close to the
droplet surface due to interfacial friction. This friction force
induces shear stress (zy;,,;,) at the air—droplet interface, which
drives the inner circulation of the anchored droplets. When a is
equal to 0° and 180°, the 7y, value along the circumferential
direction increases from the bottom corners and reaches the largest
value at the top. The 7y ;,;, value on the windward side and corre-
sponding shear stress becomes smaller due to resistance, and the
center of the vortex inside the droplet thus moves slightly to the
leeward side. When « is equal to 90°, a symmetric airflow passes
around the droplet surface, resulting in a symmetric Ty ,;, distri-
bution that leads to two vortex flows inside the droplet.

These findings are derived from the use of a nanowire array, which
serves to stabilize the TCL and restrict the movement of fluidic IL
within a defined boundary. Previous research has indicated that the
coffee ring effect, whereby a droplet’s outer edge exhibits a ring-like
deposit, occurs due to the geometric constraints imposed by a pinned
TCL. This constraint forces the fluid to be pushed outward to com-
pensate for evaporative losses. The pinned TCL prevents the drop’s
radius from shrinking, necessitating outward liquid flow to prevent
drop shrinkage. The pinning of the TCL is facilitated by surface
irregularities and is particularly pronounced when solutes are present,
as evidenced in previous studies (59, 60). Similarly, in our proposed
system, the immobilized TCL assists in restricting the expansion of
the droplet when exposed to wind. Consequently, this leads to an
accumulation of IL at the downwind position of the droplet. In
contrast, an upwind IL flow is established to remove excess fluid and
maintain the cap-shaped droplet, with the process being regulated
by surface tension. In Fig. 5D, we also conduct a parametric study
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Fig. 3. RH regulated power generation of DWG. (4) U, variation of DWG with incremental wind speed when x(H,0) is 0, 4, and 8, respectively. (B) V,_ variation
versus x(H,0) under V,,;,q of 2 and 5 m/s, respectively. (C) U, versus V, under x(H,0) of 0, 4, and 8, respectively. (D) The number density distribution of CI” and
Omim" for confined ILs with x(H,0) of 0, 4, and 8, respectively. () The velocity difference between anion and cation for confined ILs as a function of x(H,0).

to identify the effect of the airflow speed on the average velocity (V)
along the bottom surface inside the droplet which is associated with
the velocity of the vortex. The CFD model estimates a linear increase
of the velocity as the airflow intensity becomes larger. Guided by our
simulation, we conduct a testing series and normalize the absolute
values for comparison. We find that the normalized V}; values
(Fig. 5E) and U, (Fig. 2C) in experiments show a similar trend as
simulation results.

Having validated of our CFD model and understood the mechan-
ics behind the circulation inside the anchored droplet, we further
evaluate the effect of droplet profiles on the resulting behavior of the
droplet. S Appendix, Fig. S14A4, presents five anchored droplets in
an experimental series with various contact angles 6. We gradually
reduce the apparent CA by removing IL from the drop, and five

PNAS 2023 Vol.120 No.38 e2303466120

angles are approximately tested ranging from 11° to 51°. The meas-
ured relationship between their drop heights and 6, is plotted in
SI Appendix, Fig. S14B, showing a linear increase through a proce-
dure of geometries generation (see SI Appendix, Merhods for details).
We take advantage of our CFD model and compare the distribution
of shear stress 7y ,,;, on the air—droplet interface under the same
airflow with a = 0°. Numerical results shown in S/ Appendix;
Fig. S14C, indicate that as the 8] decreases, the shear stress distribu-
tions become smaller. A smaller shear stress distribution would lead
to a lower circulation velocity inside the droplet which is associated
with reduced energy conversions (S Appendix, Fig. S15). This trend
was also observed in the experiment as indicated in S/ Appendix;
Fig. S14D, where the normalized velocities in the simulation and
experiment agree very well. Nevertheless, energy conversion is still
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Fig. 4. Wind directions mediated energy conversion. (A) U,. recording of DWG with a = 0°, 90°, and 180°, respectively. (B) Averaged U, versus wind directions
a. The Inset is a schematic illustration of a, the angle between PDMS substrate and wind flow.

possible for anchored droplets with different geometries, although
their capacity might be changed.

Finally, we illustrate utility of low-grade wind as a promising
energy resource through drop wind farms for powering elec-
tronics, such as liquid crystal display (LCD) screens. First, we
show scalability of DWG by connecting IL drop in series. Wind

farms comprising 81 drops can supply an open-circuit voltage
approaching ~60 V under the RH ¢ = 65% (8] Appendix,
Fig. S14E). In addition, we use three drops to light up LCD
screens for digital computation (S7 Appendix, Fig. S14F and
Movie S5). All these results confirm that our energy conversion
strategy works still well for practical applications.
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Normalized V4

Internal circulation and shear stress distribution of the anchored droplet. (A-C) The simulated single and double circulation inside the anchored droplets

driven by the external airflow with an angle of « = 0°, 90°, and 180°, respectively (S/ Appendix, Fig. S13). (D) Simulated shear stress () distribution on the droplet
surface that demonstrates the drive of internal flow fields inside the droplet. () Comparison of normalized average velocity in experiments and simulation at

the bottom edge of the anchored droplet when a = 0°.

6 of 8 https://doi.org/10.1073/pnas.2303466120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2303466120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303466120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303466120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303466120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303466120#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITY OF CHICAGO THE JOHN CRERAR LIBRARY on January 8, 2024 from | P address 205.208.116.24.

Conclusions

Overall, our experimental and theoretical results shown above sup-
port our hypothesis that directional circulating flow within the
anchored IL droplet created by external airflow in any directions can
be adapted to trigger cooperative process involving surface charge
redistribution and continuous low-speed wind energy conversion,
as we have shown in Figs. 2 and 3. We have also designed the mod-
ified nanowire array to proactively provide confined space for regu-
lating ion transport and droplet anchoring under wind blowing.
Given the widespread distribution and easy accessibility of low-grade
wind, these findings expand the great potential of currently untapped
low-speed wind as an attractive energy resource for powering elec-
tronics, such as LCD screen. Future efforts will be focused on mate-
rial upgrade to provide well-tuned intermolecular interactions
between IL and the solid base supporting the droplet and to enhance
flow-directed redistribution of cations and anions for power
generation.

Methods

Fabrication Method of the PDMS Nanowire Arrays. PDMS prepolymer
hybrid (Dow Corning, Sylgard 184) was fabricated by blending prepolymer and
its hardener in a mass ratio of 10:1 and then manually agitating for 10 min and
continuously outgassing in vacuum for 30 min. More detailed information about
the materials and methods is available in S/ Appendix.
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