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Abstract

Micro- and nanoscale wetting phenomena has been an active area of research due to its
potential for improving engineered system performance involving phase change. With the recent
advancements in micro/nanofabrication techniques, structured surfaces can now be designed to
allow condensing coalesced droplets to spontaneously jump off the surface due to the conversion
of excess surface energy into kinetic energy. In addition to being removed at micrometric length
scales (~10 um), jumping water droplets also attain a positive electrostatic charge (~10 - 100 fC)
from the hydrophobic coating/condensate interaction. In this work, we take advantage of this
droplet charging to demonstrate jumping-droplet electrostatic energy harvesting. The charged
droplets jump between superhydrophobic copper oxide and hydrophilic copper surfaces to create
an electrostatic potential and generate power during formation of atmospheric dew. We
demonstrated power densities of ~15 pW/cmz, which, in the near term, can be improved to
~1 uW/cm®. This work demonstrates a surface engineered platform that promises to be low cost

and scalable for atmospheric energy harvesting and electric power generation.
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Energy harvesting or ‘energy scavenging’ is the conversion of ambient energy present in
the environment into electrical energy. Typically, energy harvesting involves the conversion of
small amounts of ambient energy to power small (~1 cm), low-power (~1 pW) electronic
devices. Ambient energy sources suitable for harvesting include: light,” heat,® vibration,""®
movement,® radio waves,'® electromagnetic (EM) fields,*! and airflow". In addition to being
pollution free, the harvested energy is usually derived from waste energy streams that are
otherwise not harnessed for useful work. Energy harvesting has therefore attracted much interest
because of its potential use as a power supply in applications such as low-power wireless sensor
networks'® and electronic systems.™

In this work, we experimentally demonstrated jumping-droplet-based energy harvesting
with nanoengineered superhydrophobic surfaces. Recent studies have shown that when small
water droplets (~10 — 100 um) merge on superhydrophobic nanostructured surfaces, droplets can
spontaneously eject via the release of excess surface energy irrespective of gravity.™*® A number
of works have since fabricated superhydrophobic nanostructured surfaces to achieve spontaneous

droplet removal'" for a variety of applications including self-cleaning,”' condensation heat
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transfer enhancement, thermal diodes, and anti-i(:ing.31'33 Furthermore, we recently
discovered that these jumping droplets are positively charged (~10 — 100 fC), due to electric-
double-layer charge-separation at the hydrophobic coating/condensate interface,** and can be
manipulated with electric fields.?* Here, we take advantage of this unique droplet-charging
phenomenon to demonstrate jumping-droplet energy harvesting, where the charged droplets

jump between superhydrophobic copper oxide (CuO) and hydrophilic copper (Cu) surfaces to



create an electrostatic potential and generate power by direct condensation of atmospheric
moisture. We experimentally demonstrated power densities of ~15 pW/cm? and describe near-
term approaches to increase power densities to ~1 p\W/cm?.

To investigate jumping-droplet energy harvesting, we interdigitated nanostructured
superhydrophobic CuO and hydrophilic Cu combs. The CuO nanostructures (Fig. 1a) were
grown on commercially purchased Cu heat sinks (comb) with overall dimensions 26 x 89 x 75
mm (height x width x depth) (ELU-NPFSS-30, Cooler Master). Each comb had 14 fins which
measured 18.7 mm and 0.48 mm in height and thickness, respectively. Alternating fins were
removed to increase spacing during interdigitation and avoid short circuiting. Each comb was
cleaned in an ultrasonic bath with acetone for 10 min and rinsed with ethanol, isopropyl alcohol
and deionized (DI) water. The combs were then dipped into a 2.0-M hydrochloric acid solution
for 10 min to remove the native oxide film on the surface, then triple-rinsed with DI water and
dried with clean nitrogen gas. Nanostructured CuO films were formed by immersing one of the
cleaned combs into a hot (96+£3°C) alkaline solution composed of NaClO,, NaOH,
NasPO4+12H,0 and DI water (3.75: 5: 10: 100 wt%).*® During the oxidation process, a thin
(=300 nm) Cu,0O layer was formed that then re-oxidized to form sharp, knife-like CuO oxide
structures with heights of h = 1 pm, a solid fraction ¢ ~ 0.023 and a roughness factor r =~ 10. To
render the CuO coated comb superhydrophobic, a P2i hydrophobic coating (Fig. 1(b)) was
applied with plasma-enhanced vapor deposition. This process allowed for the development of a
highly conformal (=30-nm thick) polymer layer that is covalently bonded with the CuO surface.
Goniometric measurements (MCA-3, Kyowa Interface Science) of =100 nl droplets on a smooth
P2i-coated silicon wafer surface showed advancing and receding contact angles of

0, =124.3°+3.1° and 6, = 112.6°+2.8°, respectively. Meanwhile, the advancing and receding



contact angles on the superhydrophobic CuO surface were measured to be 8, ¢, = 171°+3° and
0 cuo = 164°+4°, respectively.

To harvest energy from the charged jumping droplets, the temperature of the CuO comb
was reduced via a cooling water flow (Fig. 2) until jumping-droplet-condensation occurred. To
visualize the behavior, the interdigitated device was tested in a controlled condensation chamber
interfaced with a high speed camera.”® Due to electric-double-layer charge separation at the
liquid-hydrophobic coating interface, the jumping droplets departed the surface with a droplet
radius dependent electrostatic charge (=10-100 fC). The jumping droplets travelled from the
CuO comb fins and to the Cu hydrophilic comb fins (Movies 1-3),* resulting in an electric
potential buildup by charge accumulation (Fig. 2(c)). Along the droplet trajectory, the electric
field between the fins and viscous drag decelerated the jumping droplets. As the droplets moved
to a location of higher potential (hydrophilic fins), their kinetic energy was directly converted
into electrical energy, analogous to electrostatic energy generation.*”*® Current was drawn from
the high potential hydrophilic fin to do useful work.

To measure the electrostatic power generation of the interdigitated device, we measured
the open circuit voltage (V) and short circuit current (I5.) between the two combs during
condensation using a Keithley 6517B Electrometer. The high accuracy electrometer was
connected to the interdigitated combs via an electrical feed through on the chamber. The
chamber and electrometer chassis were grounded to the optical table beneath them. The chamber
acted as both a ground and a shield for the electrical measurements. (For more details on the
experimental setup and procedures, see sections S.2 and S.3 of the supplementary materials.>®)

To replicate atmospheric dew conditions, the energy harvesting process was studied at a

cooling water temperature of T, ~ 8°C and water vapor pressure of P, ~ 2 kPa.*® Figures 3(a) and



(b) show the independently measured V, and Ig. of the device, respectively. The V,. was
obtained by connecting the positive terminal of the electrometer to the Cu comb, and the
negative terminal to the CuO comb and measuring the voltage potential during condensation.
The I5. was obtained by electrically connecting the Cu and CuO combs in series through the
electrometer and measuring the current during condensation (For electrical circuit diagrams, see

Fig. S4 of the supplementary material.*

). Prior to condensation, V. and Ig were =0 (t < 16
minutes in Fig. 3b). To initiate the condensation process for the electrical measurements, the
cooling water temperature was decreased (t = 16 minutes in Fig. 3b) until jumping droplet
condensation was observed between the fins of the interdigitated device (Movies 1-3).% During
condensation, the vapor pressure (P,) decreased due to the finite amount of vapor inside the
chamber and T, was maintained ~7.1 + 0.5°C. As the condensation process intensified due to
transient cooling of the CuO fins, V. and Is. increased and eventually reached quasi-steady
values of V- = 15V, and I5; = 1.15 nA, respectively (t = 17.5 minutes in Fig. 3b). After =~ 30
seconds of reaching a steady measurement, the cooling water temperature was increased (t = 18
minutes in Fig. 3b) and V, and Is. slowly decayed with time due to the smaller supersaturation
for condensation, and lower droplet jumping frequency. The maximum energy-harvesting rate in
these experiments was approximated by Py 4x = 0.25I¢-V,c =~ 15 pW/cm? whereby the prefactor
of 0.25 accounts for a balanced resistive load being powered by the generator. The relatively low
energy density of our device was mainly due to: i) the low cooling rates (<0.01 W/cm?), and ii)
the non-optimum fin arrangement, resulting in the coldest temperature being at the base of the

superhydrophobic fins (due to cooling at the base) and the inability to maximize the use of the

whole comb area for droplet jumping.



To provide insight into the experimental results, and estimate the maximum potential of
jumping-droplet energy harvesting, we developed a model to determine V. and I based on the
heat transfer during condensation. Assuming a jumping-droplet radius of R ~ 10 pm,** and
relating the condensation heat flux (g") to the energy associated with the latent heat of phase
change per droplet (pV ks, ), the frequency of jumping droplets leaving the superhydrophobic
surface per unit area (f)) can be determined explicitly as f = q"/(Vhs4p), where V and p are the
jumping-droplet volume ((4/3)mR?) and density (=1000 kg/m®), respectively. Assuming that all
of the departing droplets leave the superhydrophobic surface and reach the hydrophilic surface,
the short circuit current per unit area can be calculated from I = fQ,4, where Q is the
individual droplet charge (Q, ~ 8 fC for R ~ 10 um).** By considering the parallel CuO and Cu
surfaces as capacitors with a separation distance d, the open circuit voltage can be determined by
considering the case when charged jumping droplets will only be able to reach the hydrophilic
fin with the kinetic energy available. At the open circuit condition, the droplets are decelerated
along their trajectory by the force exerted by the electric field E on the droplet charge Q,, with
the force balance ma = —Q4E — Ff,., Where Fg,. is the drag force due to the surrounding gas
phase. To estimate an upper limit of V,,., we assumed the drag force to be zero. Balancing the
total jumping-droplet kinetic energy (E; = (1/2)pVu?) with the work required to traverse the
electric field (W,; = Q4Ed), we obtained V. = (pVu?)/(2Q,). Therefore, the maximum
theoretical device power per unit area is approximated as Py, 4y = 0.25I.V, for a balanced

load. Explicitly, Py 4x Ccan be re-written in terms of the experimental parameters as:

qnuz

P (1)
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Equation (1) suggests that the most important parameter for further increasing the energy
harvesting power generation is to increase the jumping-droplet velocity (P 4x ~ u?) by
minimizing the jJumping-droplet radius. For the simplest case of two, equally-sized inviscid

spherical droplets coalescing on a surface with no adhesion, the energy-balance gives a

characteristic jumping speed that follows an inertial-capillary scaling u ~ W where y is the
droplet surface tension.*>® Previous condensation experiments on these superhydrophobic CuO
surfaces have shown that jumping water droplets with radii approaching ~10 pm had a maximum
jumping velocity of ~1 m/s.**?* However, limited approaches exist to attain further increases in
jumping-droplet velocity other than minimizing the surface droplet adhesion*® and droplet
departure diameter. A secondary and more practical approach to increase the energy harvesting
rate is to maximize the condensation heat flux (P, 4x ~ q") and jumping-droplet frequency in
order to attain energy harvesting values approaching ~pW/cm? (Fig. 4).

The electrostatic energy harvesting method demonstrated here is similar to but
fundamentally different from the Kelvin water droplet generator.* In the Kelvin generator,
gravity opposes the electrostatic force acting on the droplets, whereas in our device, inertia of the
jumping droplets opposes the electrostatic force. The main advantage of our jJumping droplet
approach stems from the reduced droplet size (R <50 pm) and higher charge densities
(Q4/(pV)) obtainable with microdroplets.** More recently, researchers have demonstrated
highly-efficient ‘ballistic’ electrostatic generation using charged microdroplets pumped through
a micropore directed at a target conductor.®” The fundamental principles of operation
demonstrated with ‘ballistic’ and jumping-droplet generation are identical in nature (inertia
opposes the electrostatic force). However, jumping-droplet electrostatic generation offers three

main advantages: 1) it allows passive energy harvesting from the atmosphere via the formation



of dew, 2) the lack of moving parts and requirement for pumping to create a microjet make it
passive and simpler in design, and 3) it utilizes low quality thermal energy (condensation)
instead of high quality mechanical energy (pressure) to generate power.

This work demonstrates that jumping-droplet condensation can be used for electrostatic
energy harvesting. In the future, it would be interesting to investigate the performance of the
device under different load resistances. The use of variable load resistances will change the
potential build-up in the device, and alter the overall device performance. In addition, the
fabrication of high surface area devices promises to further increase the energy density of the
energy harvesting, in addition to reducing the environmental footprint. Furthermore, the
inclusion of frictional drag and other associated energy dissipation mechanisms into the
theoretical calculations will provide insights to further improve device design by identifying
additional critical parameters (i.e., surrounding gas density and viscosity) to maximize power
output.

In summary, we demonstrated jumping-droplet electrostatic energy harvesting, whereby
charged droplets jump between superhydrophobic copper oxide and hydrophilic copper surfaces
to create an electric potential and generate power during formation of atmospheric dew. Through
experiments and modeling, we demonstrated power densities of ~15 pW/cm?, which can be
improved in the near-term to ~1 pW/cm?. Future devices with higher condensation rates
(>1 W/cm?) and high-surface-area designs have the potential to achieve energy harvesting rates,
making them more attractive to power small electronic devices (>1 uW, i.e., chemical batteries,

thermoelectrics, and piezoelectrics).**?

This work demonstrates a surface engineered platform
that promises to be low cost and scalable for atmospheric energy harvesting and electrostatic

power generation.
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FIGURES

FIG. 1. (Single Column, AR = 2.45)
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Figure and table legends

FIG 1. Field emission scanning electron micrographs (FESEM) of (a) a 10 minute oxidized CuO
surface (Inset: Water droplet contact angle on the clean nanostructured CuO surface, 6, ~ 0°)
and (b) a CuO surface coated with an =30 nm thick layer of P2i fluoropolymer (Inset: Water
droplet advancing contact angle on the superhydrophobic nanostructured surface, 6, = 171°+3°).

FIG 2. (a) Schematic of the jumping-droplet energy harvesting device showing the two combs in
an interdigitated arrangement. The combs were electrically and thermally isolated from each
other. Images of the jumping-droplet electrostatic generator showing (b) an isometric view of
the two combs integrated in the test chamber for experimentation. Commercially purchased Cu
combs were used (478 copper) with overall dimensions 26 x 89 x 75 mm (height x width x
depth) and fin thickness of 0.48 mm (E1U-NPFSS-30, Cooler Master). To observe droplet
jumping, the interdigitated device was tested in a controlled condensation chamber. (c) False-
color time-lapse images captured via high speed imaging of droplet jumping (green) from the
superhydrophobic CuO comb fin to the hydrophilic Cu comb fin (orange). High speed movie
recorded at 1000 frames per second (P, =2 £ 0.2 kPa, T, = 8 = 0.5°C). (For experimental
setup/procedure details and movies, see supplementary material.*®)

FIG 3. Experimentally measured (a) open circuit voltage (V) and (b) short circuit current (Ig.)
of the interdigitated device. The maximum electrostatic energy harvesting rate in these
experiments (Pyax = 0.25V,clsc) was ~4.3 nW or ~15 pW/cm? (based on an approximated
prototype active jumping area of 278 cm?). The experiments were conducted by filling the
controlled chamber with saturated water vapor and closing off the vapor inlet valve. Once
pressure and temperature equilibrium was reached, the cooling water temperature (T,) was
gradually decreased and the water vapor began to condense. Due to the finite volume of water
vapor in the chamber, the saturation pressure decreased as well, resulting in a corresponding
decrease in droplet-jumping frequency, V. and Isc (B, = 2 + 0.2 kPa, T, = 8 + 0.5°C).*®

FIG 4. Theoretically calculated electrostatic energy harvesting rate from jumping-droplet
condensation. By considering the parallel CuO and Cu surfaces as capacitors with a separation
distance d, the open circuit voltage V. and short circuit current Is. was calculated by
considering the case when charged jumping droplets will only reach the hydrophilic fin with the
kinetic energy available. From these results, the maximum theoretical device power per unit area
can be approximated for a balanced resistive load as Py 4x = 0.25I5-V, . The results show that
increasing the condensation heat flux (g") and decreasing the jumping-droplet radius (R)
increases the electrostatic power generation. This is due to the corresponding increase in
jumping-droplet frequency (current) and larger jumping-droplet initial velocity (u). The model
assumes a droplet departure velocity of 1, 0.7, and 0.6 m/s for droplet radii of 5, 10, and 15 um,
respectively.™®
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S.1 HIGH SPEED MOVIES

Movies 1, 2, and 3. Droplet jumping during condensation and electrostatic power generation
between superhydrophobic CuO (dark vertical fins) and hydrophilic Cu fins (bright vertical fins)
captured with a high speed camera (Phantom v7.1, Vision Research). The fins were aligned by
interdigitating Cu heat sinks (combs) with dimensions 26 x 89 x 75 mm (height x width x depth)
(ELU-NPFSS-30, Cooler Master). The fin surfaces were oriented vertically (gravity facing
downwards). Many small droplets jumped laterally from the CuO surfaces and landed on the
adjacent Cu surfaces. Some jumping droplets reversed direction after jumping due to vapor flow
entrainment and electrostatic repulsion and travelled back towards the CuO surface.* Once the
returning droplets returned to the surface, they a) coalesced with other droplets on the surface
and underwent a second jump,?® or b) adhered to the CuO surface and grew via condensation
until coalescing with a neighboring droplet and jumping from the surface again.” The vapor
pressure was ~1.8 kPa. The video was captured at 1000 fps and is played back at 20 fps. The
field of view is 12.8 mm x 9.6 mm. Movie 2 corresponds to the false-color time-lapse images

shown in Fig. 2(c) of the manuscript.

S.2 CONDENSATION CHAMBER SETUP
The custom environmental chamber used for this work (Kurt J. Lesker) consists of a stainless
steel frame with a door (sealed with a rubber gasket), two viewing windows, and apertures for

various components. Resistive heater lines were wrapped around the exterior of the chamber
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walls to prevent condensation at the inside walls and then insulated on the exterior walls. The
output power of the resistive heater lines was controlled by a voltage regulator (Variac). Two
insulated stainless steel water flow lines (Swagelok) were fed into the chamber via a KF flange
port (Kurt J. Lesker) to supply cooling water to the chamber from a large capacity chiller
(System 111, Neslab). The cooling water flow rate was measured via an in-line liquid flow meter

(0-5 L/min L-Series liquid flow meter, Alicat)

A secondary stainless steel tube line was fed into the chamber via a KF adapter port that served
as the flow line for the incoming water vapor supplied from a heated steel water reservoir. The
vapor line was wrapped with a rope heater (60 W, Omega) and controlled by a power supply
(Agilent). The vapor reservoir was wrapped with another independently-controlled rope heater
(120 W, Omega) and insulated to limit heat losses to the environment. The access tubes were
welded to the vapor reservoir, each with independently-controlled valves. The first valve
(Diaphragm Type, Swagelok), connecting the bottom of the reservoir to the ambient, was used to
fill the reservoir with water. The second valve (BK-60, Swagelok), connecting the top of the
reservoir to the inside of the chamber, provided a path for vapor inflow. K-type thermocouples

were located along the length of the water vapor reservoir to monitor temperature.

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the
ambient and inside of the chamber. In order to monitor temperatures within the chamber, K-type
thermocouple bundles were connected through the chamber apertures via a thermocouple feed
through (Kurt J. Lesker). To provide electrical connections inside the chamber for LED lighting
and electric field generation, insulated copper electrical wires were connected through the
chamber apertures via an electrical feed through (Kurt J. Lesker). A pressure transducer
(925 Micro Pirani, MKS) was attached to monitor pressure within the chamber. The
thermocouple bundles and the pressure transducer were both electrically connected to an analog
input source (RAQ DAQ, National Instruments), which was interfaced to a computer for data
recording. A second bellows valve (Kurt J. Lesker) was integrated onto the chamber for the
vacuum pump, which brought down the chamber to vacuum conditions prior to vapor filling.
A liquid nitrogen cold trap was incorporated along the line from the chamber to the vacuum

which served to remove any moisture from the pump-down process and ultimately assist in



yielding higher quality vacuum conditions. A tertiary bellows valve (Kurt J. Lesker) was
integrated on a T fitting between the vacuum pump and liquid nitrogen reservoir to connect the
vacuum line to the ambient to release the vacuum line to ambient conditions once pump down
was achieved. In order to visually record data, a high speed camera (Phantom v7.1, Vision
Research) was placed in line with the 5” viewing windows on the chamber. The schematic of the
exterior of the environmental setup is depicted in Fig. S1(a). Images of the front and rear of the

experimental setup are shown in Fig. S1(b) and Fig. S1(c), respectively.
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FIG. S1. (a) Schematic of experimental setup (not to scale). (b) Image of the experimental
setup shown from the front (high speed camera and data acquisition system not shown).
(c) Image of the experimental setup from the rear of the chamber showing the cooling water inlet
and outlet and water vapor reservoir. Reprinted with permission from *. Copyright 2012
American Chemical Society.



The setup used to run experiments inside the chamber is shown in Fig S2. Stainless steel bellows
tube lines (1/4”, Swagelok) were connected to the external water flow lines (Fig. S1(c)). T-
connection adapters (Swagelok) with bore through Ultra-Torr fittings (Swagelok) were used to

adapt K-type thermocouple probes (Omega) at the water inlet and outlet.

The interdigitated comb test platform consisted of a 10.1 x 8.7 x 0.49 cm custom made copper
cold plate which was connected via a Swagelok compression fitting onto the T-connection. The
cold plate was manufactured by bending a heat treated a 1/4” Cu tube into and S-shape to
increase contact area (Fig. S2(a)), milling a channel in the shape of the tube into a Cu block (Fig.
S2(b)), and soldering the Cu tube to the channel (Fig. S2(c, d)). The back side of the cold plate
remained flat in order to hold the interdigitated comb device (Fig. S2(e)). The cold plate tube
was then connected via a Swagelok compression fitting onto the stainless steel cooling water
flow bellows tube lines (Fig. S3). Chilled water flows through the inlet bellows tube, along the
inside of the cold plate and through the outlet. One support was used to hold the cold plate and

the entire configuration in place.

FIG. S2. Image of the cold-plate fabrication steps showing (a) 1/4" Cu heat treated tube after
bending, (b) milled Cu cold plate block, (c) the tube resting in the milled cold plate block, (d) the
cold plate after soldering, and (¢) the cold plate front side (opposite of the soldering side).



S.3 CONDENSATION PROCEDURE

For each experimental run, a set of strict procedures were followed to ensure consistency
throughout the experiments. The first step of the process was to turn on the voltage regulator to
heat up the environmental chamber walls, which prevented condensation on the chamber walls.
Simultaneously, the water vapor reservoir was filled with approximately 3.5 liters of DI water
(99% full) using a syringe through the vapor release valve. After opening the vapor inflow valve
and closing the vapor release valve, the rope heater around the water vapor reservoir was turned
on with the heater controller set to maximum output (120 W). Then the rope heater connected to
the vapor inflow valve was turned on. The temperature of the water reservoir was monitored with
the installed thermocouples; the temperature at the top of the reservoir was higher than that of the
middle/bottom of the reservoir due to the water thermal-mass present at the middle/bottom
section. Hence, we ensured that the regions of the water reservoir of higher thermal capacity
were brought to a sufficiently high temperature for boiling. During the boiling process,
aluminum foil was placed on the bottom surface of the inner chamber to collect any of the water
leaving the vapor inflow line. Once boiling was achieved and all thermocouples on the reservoir
were >100°C for at least 10 minutes, the vapor inflow valve was closed. The excess water that

spilled inside the chamber during de-gassing of the reservoir was removed.

To install the cold plate onto the rig (Fig. S2), the Swagelok female adapters at the ends of the
cold plate were connected to the 90 degree male elbow connecters on the rig. Before installing
the cold plate in the chamber, all adapters/connecters were tightened to ensure that there were no
leaks that could affect vacuum performance. The cold plate was then placed on top of the steel
support and the bellows tubes (for the water inflow/outflow) were connected to the water lines
(Fig. S3). After installation of the cold plate, the superhydrophobic CuO comb was placed on the
cold plate surface with fins facing upwards and fin gaps aligned with the high speed camera
viewport. To offset the hydrophilic Cu comb, four cylindrical Teflon spacers were placed at the
four corners of the CuO comb (Fig. S3(b)). The Cu comb was placed on top of the spacers facing
downward and aligning the fins to fit between the CuO fins and not make contact (interdigitating
the two combs). The Teflon spacers not only electrically isolated the two combs, they acted as
thermal insulation to ensure that only the CuO comb is cooled by the cold plate and avoid
condensation on the Cu comb.



FIG. S3. (a) Image of the experimental setup inside the chamber with a (b) magnified view of
the cold-plate showing the interdigitated CuO and Cu combs sitting on top. The base of the
superhydrophobic CuO comb was in contact with the cold plate, while the hydrophilic Cu comb
rested on top of the four Teflon spacers (white cylinders) and was electrically and thermally
insulated from the CuO comb. To electrically insulate the CuO comb from the cold plate, Kapton
tape was applied on top of the cold-plate surface.

Electrical Measurement Setup

To measure the electrostatic power potential of the interdigitated device, we measured the open
circuit voltage (Voc) and short circuit current (lIcs) during condensation. A high accuracy
electrometer (6517B, Keithley Instruments) was electrically connected with a triaxial cable to the
interdigitated combs via an electrical feed through (Kurt J. Lesker) mounted on a chamber
aperture. Inside the chamber, the combs were connected to the electrical feed through via



insulated copper electrical wires. The electrometer was electrically connected (GPIB) to an
analog input source (RAQ DAQ, National Instruments), which was interfaced to a computer for

data recording.

Figures S4(a) and S4(b) show diagrams of the electrical connections used during the experiments
to measure Voc and lsc, respectively. The chamber and electrometer chassis were grounded to
the optical table. The chamber acted as both a ground and a shield for the electrical

measurements.
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Condensation Procedure

Once the experimental setup was installed inside the chamber and the electrical connections
(Fig. S4) were double checked for electrical shorts, the next step was to begin the vacuum pump-
down procedure. Initially, the liquid nitrogen cold trap was filled to half capacity. The ambient
exposed valves connecting the chamber and the vacuum pump were both closed and the valve
connected to the liquid nitrogen cold trap was opened. The vacuum pump was then turned on,
initiating the pump-down process. The pressure inside the chamber was monitored during the
pump-down process. This process took approximately one hour in order to achieve the target
vacuum conditions (0.5 Pa < P < 1 Pa). The experimental operating pressure of non-condensable
was set to be a maximum of 0.25% of the operating pressure. In our experiments, extreme care
was taken to properly de-gas the vacuum chamber and water vapor reservoir prior to

experimental testing.

The setup of the water flow-loop is described as follows. The Neslab water pump reservoir was
filled and turned on to a flow rate of 5 + 0.25 L/min. The flow rate was monitored with the flow
meter integrated in the inflow water line (0-5 L/min L-Series liquid flow meter, Alicat). In order
to bring the chilled water into the flow loop and to the tube sample, the external chilled water

lines were opened.

Prior to beginning the experiments, the high-speed camera was turned on for visual recording of
the sample during condensation. Afterwards, the rope heater around the water reservoir was
turned off and the vapor inflow valve was slowly turned open until the operating pressure was
reached. Once the operating pressure was reached, the vapor inflow valve was closed and the
vapor was allowed to reach thermal equilibrium inside the chamber. To initiate the condensation
process for the short circuit measurement (Fig. S5), the chilled water supply temperature (T¢)
was decreased (t = 16 minutes) until jumping droplet condensation was observed between the
fins of the interdigitated device (Movies 1-3). During condensation, the vapor pressure (Py)
decreased due to the finite amount of vapor inside the chamber and T, was maintained at =7.1°C.
As the condensation process intensified due to transient cooling of the CuO fins, Isc increased
and eventually reached a quasi-steady value of Isc ~ 1.1+ 0.05 nA (t = 17.5 minutes). After
approximately 30 seconds of reaching a steady measurement, the cooling water temperature was

increased (t ~ 18 minutes) and Isc slowly decayed with time due to the smaller supersaturation



for condensation, and lower droplet jumping frequency. At t ~ 22 minutes, the chamber was
vented via the bellows vent valve and condensation abruptly ended, resulting in the short circuit

current decreasing rapidly to zero.

Note, during the short circuit test, T, was lower than the saturation temperature at the water
vapor pressure (Tsx(Py)) in the chamber prior to condensation initiating (t < 16 minutes). This
was due to the fin conduction resistance and temperature drop from the fin surface to the cooling
water. In actuality, the fins surface was above Te(Py) until the cooling water temperature was

lowered below 8°C.
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