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ABSTRACT: We demonstrate a novel nanotextured graphene micro-
pad that can rapidly harvest water from air to generate microscale water
droplets with the desired size in designated positions on demand by
simply applying a negative electric bias of —1.5 to —15 V. More
interestingly, the water droplets can be reversibly dried nonthermally
with the pad at ambient temperature in humid air (~85% RH) by
applying a positive electric bias of +1.5 to +15 V. The harvesting and
drying rates on the glass are 2.7 and 1.5 ym®/s under biases of —15 and
+15 V, respectively, but no apparent harvesting or drying activities are
observed without the bias. The energy consumption is minimal as there
is no Joule current due to the insulative substrate. It is shown that
substrate wettability and ions play an important role in enabling the fast
water harvesting and nonthermal drying. Molecular modeling is
developed to understand the harvesting and drying mechanisms at

A

o -‘;? . ".-'_l.
.‘-“ "’\. B

Vapor Water Harvesting

the atomic scale. The water harvesting/drying approach may be useful for many technological applications such as micro/

nanolithography, 3D printing, MEMS, and biochemical and microfluid devices.

1. INTRODUCTION

Water cycling from vapor water harvesting to drying is an
essential part of our daily lives and is useful for technological
applications such as environmental controls, food production,
and medical treatments. In particular, being able to effectively
control the micro-objects renders them appealing for many
applications such as surface chemistry,’ micro/nanolithogra-
phy,2 nanofabrication,”* MEMS,””” and biochemical® and
microfluid®™"* devices. Traditional solutions to generating
water in micro/nanoscale need complex design of water
channels and controllers.”>™'* An alternative approach is to
directly control the water liquid/gas status by water harvesting
from air and water evaporation to air. In nature, some species,
such as Namib Desert beetles'® and spider silks,'”” have the
ability to harvest water from dew or fog. Many bioinspired water-
harvesting devices have been developed by fabricating hydro-
phobic—hydrophilic structures or periodic spindle-knots,'®"?
Apart from water collection, water removal from surfaces is also
principal for microscale water management. The water can be
dried through evaporation, electrolysis, and chemical reaction.
Among them, chemical reaction and electrolysis are not suitable
in microsystems due to the additional electrodes, reactors, or
products. While thermal evaporation is simple, it is challenging
to target a single water droplet on substrates in the microscale.

In the microscale, atomic force microscopy (AFM) has been
used to form small water bridges from air when electric bias was
applied.”® However, the substrates needed to generate water
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from air are conductive in most case. Here, we demonstrated
that the nanotextured graphene surface showed rapid water-
harvesting capability on insulative substrates (glass, mica, etc.)
under a negative bias. In addition, the collected water droplets
can be reversibly and quickly dried out at ambient temperature
in highly humid air by applying a positive electric bias. This
reversible water management could be applied in water
harvesting, defogging, microsystem controlling, micro/nano-
fabrication, and microrobotics, to name a few.

2. METHODS

2.1. Preparing Micropads on Tipless AFM Probes. Tipless
AFM probes with a length of 225 um (Forta-TL, AppNano) were
selected as cantilevers. N-doped graphene, Teflon (PTEE tape, Harvey
Inc.), LDPE thin films (Cling Wrap, Glad Inc.), and aluminum foils
(Reynolds Inc.) were compressed in a compress machine and cut into
small pads with a suitable size (~30 X 30 gm) under the microscope or
with focused ion beam (FIB). Four probes were made for each pad
material and were randomly selected in the experiments. The wetting
angles of N-doped graphene, Teflon, LDPE, and aluminum were
measured to be >85, 133.7, 55.9, and 86.9°, respectively.2'j The pads
were glued to the end of cantilevers by epoxy glue (30 min slow-cure
epoxy, Kite Studio Co., Inc.). Probes were then installed to atomic force
microscopy (Dimension-Icon AFM, Bruker Co. Inc.) for water
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harvesting and drying experiments. Individual cables were connected to
the probe holder and the sample holder, which were connected to a
wave generator.

2.2. Water Harvesting and Drying. Tipless AFM probes (Forta-
TL, AppNano) glued with graphene pads were used in water harvesting
and drying experiments. The spring constant of the probes is between
1.1 and 2.1 N/m. Glass slides (Fisherbrand, Fisher Scientific Co., Inc.),
mica, and sapphire substrates (Bruker Co., Inc.) were dried for 24 h.
The wetting angles of glass slide, mica, and sapphire substrate were
measured to be 41.4, 10.2, and 79.5°, respectively.z’j The experimental
setup is illustrated in Figure 1A. The AFM chamber was filled with

375.0 pm

Figure 1. An overview of AFM testing system and nanoconvex
graphene surface. (A) Schematic of experimental setup of water
harvesting and drying using AFM under electric bias. (B) Image of AFM
cantilever glued with graphene micropad. (C) Image of graphene with
nanoscale concave—convex texture, which resembles topological
structures of the textured surface of the depressed areas on Stenocara
overwing of Namib Desert beetle forewing structures.'® (D) AFM
image of three-dimensional topological surface structure of the
graphene on AFM tip.

mixed air and steam to reach certain RH in the chamber, and the RH
was then maintained for 1 h at room temperature (22 °C) before any
test was made. The probe with graphene pads was installed, and the
substrates were placed on the conductive holder. In water vapor
collection, negative bias was applied on the cantilever, and the
cantilever was then engaged to the substrate surface and maintained
contact with the substrate. After making contact with the substrate for a
certain time, the cantilever was withdrawn from it, and the waterdrop
diameters were measured and recorded as the initial diameter. Since the
generated water may still remain partially on the pad, three to five
contacts without bias were conducted on clean places to calculate the
total water volume on both substrates and graphene pads.

In the water evaporation experiment, waterdrops of a certain size
were produced with the water harvesting method. Positive bias was
applied to the cantilever with the graphene pad, and the pad was
engaged to or near the water droplets. During the drying, the pad was
withdrawn and reengaged by several times for size measurement of the
remaining water droplet. For each set of parameters, we made three
trials with every probe. From the top view, the diameters of the water
droplets were measured, and then the volumes of water droplets were
calculated based on the model of spherical cap. With known cap
diameter and wetting angle of the substrates, we calculated the volume
byV = %,’3(2 + cos 0)(1 — cos 6)* in which r is the radius and @ is the
wetting angle. The standard deviations were calculated based on 12
trials in total for each data point. Because the collected waterdrops were
not circular sometimes, the diameters were only measured along the
horizontal direction no matter what shapes they were. As a result, the

errors were larger with increasing diameters of water and so was it for
water volumes.

2.3. Modeling of Water Vapor Collection. The models for water
harvesting are three-dimensional unit cells consisting of a single
graphene convex, SiO, substrate saturated with silanol groups, and
water molecules between them. The lateral size of the substrate plates is
50—200 A, with a thickness of 15—20 A. The height of the model is kept
large (~100 A), and a number of water molecules were placed in the gap
between the substrate and graphene. To simulate the effect of applied
electric field, positive (or negative) electric charges equivalent to the
applied electric bias were distributed uniformly on the graphene convex.
The bonded interactions for SiO, and graphene are described by
Tersoff potem:ial21 and modified AIRBO pt:)terltialp22 respectively. For
silanol groups on the surface of SiO,, the bonded energies including
contributions from bonds and angles of Si—O—H were described by
force field potential, and nonbonded interactions were taken as the sum
of van der Waals (Lennard-Jones) and electrostatic point charge
potentials centered on the atoms. Water molecules were modeled by
the three-site models (TIP3P).*> The parameters for the force field
potential and nonbonded interactions were described in details.”” The
long-range interactions were computed using the particle—particle
particle—mesh (PPPM) algorithm in reciprocal space. Periodic
boundary conditions were imposed in x and y directions. MD
simulations were performed using LAMMPS with a time step of 0.5
fs for the velocity Verlet 1['1tegmtor.24 The system was equilibrated at
300 K for 1 ns. All the runs were in the NVT ensemble with the
temperature controlled by a Nose—Hoover thermostat with a 100 fs
damping parameter.

3. RESULTS

3.1. Water Harvesting from Humid Air. Water harvesting
from humid air was carried out in an AFM system (Figure 1A).
AFM tipless probes glued with N-doped graphene flakes (Figure
1B) were used to collect water. The N-doped graphene (~$
layers) was fabricated with chemical vapor deposition (CVD)
method.”™ After it was doped with nitrogen, the graphene
became wrinkled, with a nanoscale concave—convex texture
(Figure 1C,D). This nanoconcave—convex structure could form
alternative hydrophobic and hydrophilic areas due to the tip
effect under an applied electric potential, resembling Namib
Desert beetle forewing structures, which promotes local
wettability of chemical species such as water molecules.”*>°
Theoretical analysis shows that concave—convex structures are
important in determining the wettability.*' An electric double
layer (EDL) will also be formed on the surface of the graphene
under an electric potential. In addition, wrinkled surface of
graphene also provides a larger surface area to store more
charges and attract water molecules.

We observed that a microscale water droplet was rapidly
generated undemeath the graphene pad when the pad contacts
flat glass surface under a negative electric bias (Figure 2A and
Movie S1). Although the growth of nanoscale water bridges
between conductive AFM tip and conductive substrates was
observed previously,’® here in our experiment, the microscale
water droplet was generated on an insulative substrate (glass)
with a relatively low electric potential (~—10 V). In addition,
there is no electric current flow in the system during the water
harvesting, indicating that energy consumption is minimal.
Figure 2B shows the water harvesting rate of the graphene pad as
a function of time on different substrates. The diameter of the
droplet is linearly proportional to the cubic root of time for all
the substrates including glass, mica, and sapphire. But the
harvesting rate (the slope of the lines) seems to associate with
the substrate wettability. Among the substrate tested in the
experiment, mica shows the highest water collecting rate,
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Figure 2. Water vapor harvesting of nanotextured graphene pads, driven by negative electric potential. (A) Water droplet grown on glass substrate in
10 min under a tip bias of —15 V (scale bar: 20 um). (B) Size of water droplet growth on glass substrate as a function of time under atip bias of —10 V at
85% humidity, collected with graphene pad. (C) Harvesting volume of water droplets as a function of the graphene tip bias for a contact time of $s on
glass slides at 85% humidity. The experimental results were fitted using eq 1 (red dotted line), which agrees well with the experimental results for f§ =
0235 um®/Vs. (D) Water harvesting rate for different pad materials on glass substrates under a tip bias of —10 V.

corresponding to the smallest wetting angle (highly hydro-
philic), but there is no visible waterdrop collected on the Teflon
substrate with the highest wetting angle (highly hydrophobic).
On the other hand, with increasing electric bias, the collected
water volume increases linearly but there is a lower limit of bias
(~—1.5 V) below which no apparent water harvesting activity
was observed (Figure 2C). Therefore, both the bias and surface
wetting properties play an important role in water harvesting.
The amount of water collected by the pad also corresponds to
the force between the pad and substrate. As shown in Figure
3A,B, the force curve at the tip—substrate separation point is
sharp without a tail at the beginning of the water harvesting
because of the van der Waals force in action only, but the tail
becomes larger and larger in the retreating as the amount of
collected water increases.

To gain more insight into the effect of the materials properties
of the AFM pads, we selected three more materials, low-density
polyethylene (LDPE), aluminum and Teflon thin films, for the
harvesting experiment according to their surface properties
(wetting angle, 6). Among these selected materials, Teflon and
LDPE are insulative, but the former is the most hydrophobic (6
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= 133.7°) while the latter is the most hydrophilic (8 = 55.9°).”°
In contrast, aluminum is conductive, and its wetting angle is
86.9° below but close to 90°° similar to the graphene (6 >
85°).% For all the materials, the harvested water volume
increases linearly with the time (Figure 2D). The graphene pad
has the highest water harvesting rate on mica, while the
insulative pads (Teflon and LDPE) do not have the capability to
harvest water at all. The excellent harvesting capability of the
graphene pads may be attributed to the unique concave—convex
structure and larger surface area of the N-doped graphene
compared with the aluminum and tipless probe pads. The
wrinkled area of graphene would be more attractive to water
molecules and ions under an electric bias. Therefore, among the
materials and structures tested in this experiment, the graphene
stands out as the best materials probably owning to its unique
nanoconcave—convex structures.

3.2. Nonthermal Drying of Water Droplets. While water
vapor can be harvested rapidly by the textured graphene pads
under negative bias, we also observed for the first time that the
collected water droplets on substrates can be dried reversibly in
highly humid air by simply applying positive electric bias on the
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Figure 3. Relationship between droplet size and force during collecting/drying. (A) Photographs of a water droplet being generated under an applied
bias of =10 V. (B) Force—distance curves measured during water collecting. (C) Photographs of a water droplet under an applied bias of +15 V. (D)

Force—distance curves measured during water drying, Scale bars: 50 pm.

graphene pads at room temperature (22 °C). The water drying
process was shown by Movies (water vaporization under a
positive electric bias, Movie 52). Figure 4A shows the drying rate
as a function of time for a droplet underneath or near the pads
with a distance from 0—45 pm under an applied bias of +10 V at
~85% RH. A 10 um water droplet on the glass disappeared in
just 30 s. Even a water droplet near the graphene pad can also be
dried, as illustrated in Figure 4C, where the drying rate reduces
with the distance from the pad (Figure 4B). Without the applied
bias, there was no visible change in the size of the waterdrop as
long as the humidity and temperature were maintained. The
drying rate of the water depends on the electric bias and the
distance from the pad to waterdrops. The amount of remaining
water during the drying also corresponds to the force between
the pad and substrate. The tail of force curves becomes smaller
and smaller in the retreating of the AFM probe with reducing
amount of water (Figure 3C,D). No tail was observed after
drying because the van der Waals force dominates the process.

‘We have tested LDPE, aluminum, and Teflon thin films under
the same conditions as well but only conductive AFM pads show
water drying capability. It was reported that attoliter (107* L)
water droplet was evaporated with a tip bias of —10 V after 24
min.** The droplet evaporation in this case was caused by an
ionic current and Joule heating induced by the bias applied on
two conductive electrodes. However, in our experiment, again,
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there is no apparent current flow because of the insulative
substrate during the drying by the graphene pad. If there were
current flow through ions, the water should have been heated up
and vaporized during water harvesting under a negative bias
because the heat is independent of the current direction.
However, we observed the water removal by the positive bias as
well as the water capture by the negative bias. Thus, no Joule
heat is generated at the pad or substrate to heat up the droplet.
This nonthermal drying process is not a natural drying because
no apparent water drying activity was observed without the
applied bias at ambient temperature. This unusual water drying
ability provides an effective approach to enhance the
evaporation of water into a nearly saturated humid atmosphere,
preventing unwanted condensation in local area.

The water harvesting and drying processes can even be made
repeatedly by alternatively turning the negative and positive
biases, respectively, as shown in Movie S3. To directly observe
the growth of water droplets at the microscale, we used a special
silicon AFM tip, an elephant nose-like probe, to visualize the
water harvesting—drying cycles at the tip. As shown in Figure 5, a
drop of water with a diameter of ~20 yim was generated at the tip
under a bias of —15 Vin 6 min. This waterdrop was dried in 3 h
by applying +15 V bias, but it remained almost unchanged
without the applied bias. Such a water management is useful in
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Figure 4. Water drying by graphene pads, driven by positive electric potential. (A) Water evaporation volume as a function of time at 85% RH. (B)
Water evaporation rate as a function of the distance from the pad (red dotted curve: fitting curve). All the experiments were done at 85% RH and
ambient temperature. (C) Photographs (scale bar, 15 ym) of water drying near and under the graphene pad at different times, under an applied bias of
+10 V. Before the pad made contact with the substrate, there were water droplets on the surface of the substrate. After ~3 min, all the droplets
disappeared in the area marked by red circle. Even the droplets near the pad (arrow) rapidly evaporated.
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Figure 5. Water droplets during the collection/drying with elephant nose-like tip on glass. (A) Four upper row pictures of water droplet growing at the
tip under a bias of —15 V at 85% RH. (B) Four lower row pictures of water droplet drying at the tip under a bias of +15 V at 85% RH. Scale bars: 50 ym.

(C) Water droplet without bias at 85% RH.

controlling micro-objects for many technological implementa-
tions.

3.3. Water Harvesting/Drying Mechanisms. To under-
stand the mechanism of the unusual water harvesting and drying,
we conducted more experiments on the substrate under
different conditions. First, we put the graphene pad near a
water droplet on the mica surface under a given bias and
observed that the water droplets were sucked toward the pad
and dried out in a couple of minutes (Figure 6). This experiment
indicates that the graphene pad also collects the water from the
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surface of the substrates. Second, we built a ring barrier on glass
slides with the epoxy glue that has similar wetting angle as glass
slides (Figure 7A). The ring barrier is about 10 um in height and
thus prevents the water outside the ring from moving across it. A
top visual AFM probe (elephant nose-like probe, VIT P, NT-
MDT Inc.) was engaged inside the ring for 1 h with a —15 V bias
on, and a small waterdrop was observed (Figure 7B), but the
same amount of water was collected in just 7 min outside of the
ring (Figure 7C,D. The collection rate reduced significantly
within the epoxy cage because of the inhibition of water
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Figure 6. Optical images of transport process of water droplets on mica toward the pad at an electric bias of —10 V. The optical images (scale bar, 30
pum) at (A) 0, (B) 2, (C) 4, (D) 6, (E) 8, and (F) 10 min after the bias was applied. At the beginning, only a small amount of water was collected at the
AFM cantilever. After bias is on, waterdrops (~25 um) near the cantilever were moving toward the cantilever, leaving water marks, and the end of
cantilever was almost immerged in water. Finally, a large amount of water was left on the mica after the cantilever was retracted. The average loading
force was 50 nN on the mica at 86% RH and 22 °C.

Figure 7. Water vapor harvesting of an elephant nose-like visual AFM tip inside/outside the epoxy ring barrier, driven by negative electric potential.
(A) Inside of the epoxy ring barrier without the applied bias. (B) The water droplet generated inside of the epoxy ring barrier after 1 hunder an applied
bias of —10 V at RH of 85%. (C) No water droplet outside of the epoxy ring barrier at the beginning. (D) The water droplet generated outside of the
epoxy ring barrier after 7 min under an applied bias of —10 V at RH of 85%.

movement on the glass surface. As a result, only water in air and outside the cage. The drying rate outside the cage is much faster
on the limited surface could be attracted by the charged tip. A than that inside the cage, suggesting that water was pushed away
similar experiment was performed for water drying inside/ along the surface and evaporated on a larger area surrounding
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Figure 8. Water collection on the glass slide washed with 0.001 M NaHCO, solution. The water collected in (A) 105, (B) 16 h, and (C) 22 h, with an
elephant nose-like tip at a bias of —15 V and a humidity of 85%. (D) NaHCOj crystal after the collected waterdrop was dried naturally at low RH.

the probe. Thus, substrates serve as a medium that significantly
enhances both water harvesting and water drying processes.

We further investigated the role of ions in water harvesting
and drying, We noticed that water collection hardly works on the
glass slides that were cleaned with deionized water by an
ultrasonicator. After immersing the cleaned slides into dilute
solutions such as 0.001 M NaCl or NaHCOj;, the AFM pad
regain the water collection ability. Moreover, visible solute
crystallization was observed after a long period (16 h) of water
collection if the glass slide was treated by the dilute solutions
(Figure 8). A similar phenomenon occurred on unwashed glass
slides as well. On the other hand, the waterdrops on the
retreated glass slides can be dried, and NaHCO; crystal was
observed after drying (Figure 8D). Therefore, the solute or ions
on the substrate played a considerable role in water harvesting
and drying.

3.4. Molecular Modeling of Water Harvesting. It is well
known that electric double layer (EDL) on the surface of the
substrate (e.g., Si0,) can be induced by the adsotbed water from
humid air.”*** There usually are a number of water layers
adsorbed on substrates, depending on the RH, and the first one
to two water adlayers on mica show an ice-like structure with a
typical thickness of ~3.7 A’ Similar structures have been
reported for the case of water layers trapped between graphene
and hydrophilic sapphire and S$iO, *”** An EDL is formed with
negatively charged substrate surface and positively charged
water layer through the dissociation of silanol groups: SiOH —
SiO™ + H".* Thus, there are counterions in the diffuse layer of
the EDL. When a negative bias is applied to the pad, a radial
electric field parallel to the surface is established in the direction
to the pad (Figure 9A). The negatively charged pad would drive
the conterions that drag the water to flow toward the pad,
harvesting water from the surface. In addition, if there are ions in
the surface water layers, under the electric field, the cations
would drive water toward the tip as they are better carrier than
anions. The solute in collected water also reduces the vapor
pressure according to Raoult’s Law and Kelvin equation, which
lowers the speed of water revaporation.*’ In addition to driving
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Figure 9. Schematics of effective electric field and fast water harvesting
and drying. (A) Nonuniform electric field is generated by graphene pad
in which water molecule (dipole) was pulled toward to the pad due to
the electric field gradient. (B) Schematic of water harvesting system
with an effective harvesting region (R,). Illustrations of (C) water
harvesting mechanism and (D) water drying mechanism.

the surface water flow toward the pad, the applied electric field
also reduces the vapor pressure."' As a result, the water vapor in
the effective distance of the electric field (R,) would condense
on the substrate surface (Figure 9B). Thus, depending on the
magnitude of the electric field, the effective water-harvesting
area would be much larger than the pad itself, making this water
harvesting even more effective. As illustrated in Figure 9C,
during this process, water vapor in air would continue
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Figure 10. Snapshots of water harvesting from air using the graphene pad with nanoconcave—convex structure (A) before applying bias and (B) under
a bias. Red, yellow, and blue balls refer to oxygen, hydrogen, and carbon (graphene) atoms, respectively. (C) 3D snapshots of water harvesting undera
bias. Snapshots of vapor water harvesting from the SiO, surface (D) before applying bias and (E) under a bias. Red, small yellow, blue, large yellow, and
purple balls represent oxygen (water), hydrogen, carbon (graphene), silicon, and oxygen (substrate) atoms. (F) 3D snapshots of water harvesting

under a bias on the SiQ, surface.

condensating on the surface area covered by the electric field,
and the cations with condensed water were driven to flow
toward the pad to form water droplets. Thus, the electric field
significantly enhances the water condensation and accelerates
harvesting speed by the surface effect.

The mechanisms of water harvesting were verified with MD
simulations and its simulation procedure is described in
Methods. As shown in Figure 10A—F, water molecules in air
are pulled toward the pad. The water molecules far from the pad
first condense to small droplets on the substrate surface and then
flow toward the pad along the surface. With increasing electric
bias, the effective area is enlarged, which accelerates the water
harvesting rate.

The water harvesting rate is determined by a number of
factors such as RH and applied bias. We assume that there is an
effective radius R, (Figure 9B) within which (R < R,) the water

molecules are accelerated to the pad due to the nonuniform
electric field; but outside the region, the water molecule motion
is controlled only by water diffusion in air or on the substrate
surface. From fluid dynamics (Appendix A), the volume water
harvesting rate (v) can be correlated with the applied voltage
(U) and humidity (Hy) by

v = fHU (1)

where f is the constant related to the water diffusion coefficient,
temperature, and system geometry. According to eq 1, the
volume water harvesting rate is proportional to Hy and U, which
is in good agreement with our experimental results (Figure 2C).

The water drying capability is also attributed to the positively
charged (counterion-containing) waterdrop collected from air
and the substrate surface. When a positive bias is applied to the
pad, the positively charged pad surface would push the cations
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that drag water away from the graphene pad to the surrounding
area, where water rapidly evaporates from the surface in a larger
area, as illustrated in Figure 9D. With the enhanced effect, the
pad and surrounding area are kept dry after a short period of
time.

Overall, although according to Butt’s work,*" water is always
driven to the electrode by electrical field, the ions in the droplets
may play a dominant role in water harvesting and drying under
electric field. The ions in the water or on the substrate surface
serve as water couriers by forming ion—water complexes,
promoting water transport. Under negative bias, the positive
ions such as Na*, K*, and Mg”* on the glass would bring water to
the negatively charged pads to harvest water. Under positive
bias, the ions take water away from the positively charged pad.
However, according to Butt et al,*' pure water will be attracted
to the probe no matter what the sign of bias is. Consequently, in
the evaporation process, it has to overcome the condensation
effect of water induced by the electric field. Thus, the overall
drying rate with positive bias is always lower than the harvesting
rate with negative bias, as observed in our experiment.

4. CONCLUSIONS

In summary, we have achieved fast growth and evaporation of
microscale water droplets on demand by designing the graphene
surfaces with nanoconcave—convex texture, which are further
enhanced and modulated by external stimuli (electric bias).
Among the pad materials tested in this study, N-doped graphene
stands out as the best one for water harvesting and drying in
humid air at ambient temperature. To achieve the fast water
harvesting and drying, the pad materials should be conductive
and have large specific area while the substrate should have pre-
existing water layer on their surface or highly hydrophilic
surface. The harvesting and drying rates increase with increasing
the bias. Ions in the water play an important role in enhancing
the water harvesting and drying. The rapid water droplet growth,
combined with the ability of re-evaporation with the non-Joule
effect, is crucial not only for water-harvesting and drying
applications, particularly for heat-sensitive products, but also for
many phase transfer applications. Because of no Joule heating,
the energy consumption is minimal in the water harvesting and
drying processes. We envision that this approach can be applied
to a wide range of applications such as desalination, air
conditioning, and distillation towers, to name a few.

Bl APPENDIX A

Theoretical modeling of water harvesting

The applied electric field on the pad has effective distance R,
beyond which water molecules in air are not affected by the field
(Figure 9B). Thus, the water harvesting system can be divided
into two regions, the inner region (R < R.), where water
molecules are pulled toward the pad due to the dominant
electrical potential energy (G) compared with thermal motion
(namely, G > KgT) leading to a velocity of water molecules
toward the pad and the outer region (R > R_), where motion of
water molecules is controlled by diffusion in air. Since the water
molecules are accelerated toward the pad, there is a
concentration gradient of the water molecules between the
inner and outer regions, which determines the water harvesting
rate. According to Fick’s law, the diffusion flux (J) of water
molecules from outer (R > R,) to inner (R > R,) region is given
by

12397

(A1)

where D and ¢ are the diffusion coefficient (D, unit m* s™!) and
volume concentration of water molecules in air, respectively.
Therefore, the mass of water accumulated from vapor in a
certain time can be expressed by

JSt D% 4nr 2t
m = JSt = D—4x

ar  ° (A2)
for simplicity, the concentration gradient can be approximated
as

dc

dR

c

R

e

(a3)

where «a is a factor. The volume concentration of vapor ¢ can be
related to humidities of air by

¢ = HyHg (A4)

where Hy and Hg are the relative humidity (dimensionless
quantity) and the saturated humidity in certain temperature and
pressure, respectively. In addition, based on the equilibrium
between electrical potential energy and thermal motion of water
molecules (G = K;T), we can obtain the effective radius.

R, = AQ"? (a3)

where A is the constant related to temperature and Q is the
charges on the convex surface of the convex-structured
graphene, as mentioned above. Thus, the effective radius R,
and electric bias U are related by

R, = UA’/K (A6)

where K is the electrostatic constant. Combining eq A2—A6
yields the volume (V) of the water accumulated from vapor in a
certain time ().

V = fH,Ut (A7)
B = 4:raDczHS
pK (A8)

where f3 is a constant. Equation A7 establishes the relationship
between the volume and time at a certain bias and/or relative
humidity. According to eq A7 , the harvested water volume is
simply proportional to time (t), relative humidity (Hg), and
electric bias (U), which is in good agreement with our
experimental results (Figure 2C).
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