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ABSTRACT: Evaporation from nanopores plays an
important role in various natural and industrial processes
that require efficient heat and mass transfer. The ultimate
performance of nanopore-evaporation-based processes is
dictated by evaporation kinetics at the liquid—vapor
interface, which has yet to be experimentally studied
down to the single nanopore level. Here we report
unambiguous measurements of kinetically limited intense
evaporation from individual hydrophilic nanopores with
both hydrophilic and hydrophobic top outer surfaces at 22
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°C using nanochannel-connected nanopore devices. Our results show that the evaporation fluxes of nanopores with
hydrophilic outer surfaces show a strong diameter dependence with an exponent of nearly —1.5, reaching up to 11-fold of
the maximum theoretical predication provided by the classical Hertz—Knudsen relation at a pore diameter of 27 nm.
Differently, the evaporation fluxes of nanopores with hydrophobic outer surfaces show a different diameter dependence
with an exponent of —0.66, achieving 66% of the maximum theoretical predication at a pore diameter of 28 nm. We
discover that the ultrafast diameter-dependent evaporation from nanopores with hydrophilic outer surfaces mainly stems
from evaporating water thin films outside of the nanopores. In contrast, the diameter-dependent evaporation from
nanopores with hydrophobic outer surfaces is governed by evaporation kinetics inside the nanopores, which indicates that
the evaporation coefficient varies in different nanoscale confinements, possibly due to surface-charge-induced
concentration changes of hydronium ions. This study enhances our understanding of evaporation at the nanoscale and

demonstrates great potential of evaporation from nanopores.
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vaporation from nanopores is essential for plant

transpiration”” and has inspired a variety of technol-

ogies in diverse areas including electronics cooling,”™”
steam generation,'’”'* water desalination,"*”"” and power
generation.'®"?  To further develop nanopore-evaporation-
based technologies and achieve their ultimate performance, it
is critical to understand the ultimate mass-transport-limited
process involved. Evaporation from nanopores consists of three
mass transport processes, i.e., liquid/vapor transport to/from
the liquid—vapor interface, as well as liquid vaporization at the
liquid—vapor interface. However, it has been widely recognized
that the liquid vaporization at the interface, which is governed
by the interfacial evaporation/condensation kinetics, is
eventually the mass transport limit.** This kinetically limited
mass transport process in nanoscale confined spaces has yet to
be completely understood. In fact, existing theoretical models
are incapable of accurately predicting evaporation from
nanopores due to inadequate knowledge of liquid—surface
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interactions and evaporation kinetics and have predicted
different dependence of the evaporation flux on pore
diameter.”"** On the other hand, current experimental studies
based on nanoporous membranes cannot provide much insight
from a fundamental perspective because evaporation from
these membranes is largely limited by the heat/mass transfer to
the liquid—vapor interface’ >’ and away from the liquid—
vapor interface,””*** rather than the interfacial evaporation
kinetics. These issues could be addressed by single nanopore-
based measurements where proper nanofluidic device designs
in conjunction with the utilization of strong advection or
vacuum are used to ensure heat and mass transfer to/from the
interface are no longer the transport limits.”> However,
measurement of ultrasmall mass flow rates (which are only
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Figure 1. Design, fabrication, and characterization of hybrid nanochannel—nanopore devices for capillary evaporation study. (a) Schematic
of the hybrid nanochannel—nanopore capillary evaporation measurement approach. When a water-filled hybrid nanochannel—nanopore
starts drying, two menisci will form at the nanopore and the nanochannel entrances. The capillary pressure difference pins the meniscus at
the nanopore entrance while pulling the other meniscus to continuously recede along the nanochannel. The evaporation flux from the
nanopore can be extracted by tracking the location of the meniscus in the nanochannel. (b) Schematic diagram of the experimental setup
and the hybrid nanochannel—nanopore device (cross-sectional view). The nanochannel and nanopore were fabricated in separate substrates
and then bonded together. The nanopore has a conical shape (Supporting Information S2), and the narrower opening side is the vapor side.
The connecting chamber cannot be seen from this cross-sectional view. (c) Microscope image of a hybrid % nanochannel—nanopore

device. There is only one hybrid nanochannel-nanopore (the middle one). The multiple nanochannels and connecting chambers are
designed to facilitate the bonding alignment. (d) AFM image of the middle nanochannel in ¢ before bonding. The nanochannel has a height
of 206 nm, a width of 3.2 gm, and a roughness of 1 nm. (e) SEM image of the nanopores on the silicon nitride membrane in the same device
(measured from the vapor side).

on the order of 0.1—10 fL/s based on the classical evaporation RESULTS AND DISCUSSION

kinetics) and/or their corresponding heat transfer rates in We first used the hybrid nanochannel-nanopore devices to

single nanopores have made this task very challenging. In fact, study evaporation from normal hydrophilic nanopores with

none of the state-of-the-art mass or volumetric flow rate hydrophilic inner and outer surfaces, which facilitate capillary
measurement techniques can directly measure such small flow filling of liquid water inside the nanopores and guarantee
rates. sufficient liquid supply to the liquid—vapor interface. In this
We solved this challenge by using a hybrid nanochannel— work, 10 sets of the hybrid nanochannel—nanopore devices
nanopore based measurement approach which transforms the were designed and fabricated (see Figure 1b for device cross-
difficult evaporation rate measurement in a nanopore into a sectional view and fabrication details in Supporting Informa-
simple optical measurement of the receding meniscus in a tion S1). The corresponding nanopore diameters d and
rectangular 2-D nanochannel.”> The hybrid nanochannel— nanochannel heights h are % = 22074nm , 7om - S7nm - G4nm
nm’ 200 nm° 200nm° 200 nm

nanopore based evaporation measurement requires a nano- 7lom - 95nm  102nm  107nm  146nm o4020Sem oy op o
fluidic device where the to-be-tested nanopore is connected to 201 nm’ 206nm’ 199 nm’ 199 nm” 267 nm” 313 nm’

devices, the length of the nanopore I, is fixed at 270 nm. The
length and width of the nanochannel, /. and w, are fixed at 230
and 3.2 pm, respectively. The connecting chamber has exactly
the same height /1 as the nanochannel, but larger lateral
dimensions of 20 X 20 um?”. These specific dimensions of the
hybrid nanochannel—nanopore devices ensure that liquid

supply to the meniscus pinned at the nanopore top entrance

a rectangular 2-D nanochannel with feature size (height) larger
than the nanopore radius. Figure la shows our design of the
required nanofluidic device, which consists of a thin nanopore
and a long 2-D nanochannel, connected through a connecting
chamber. The device is initially filled with water and placed in
a vacuum chamber before the evaporation measurement.

When evaporation starts, because of the difference between the no longer limits the mass transport and the meniscus receding
nanopore radius and the nanochannel height, a capillary in the nanochannel can be unambiguously recorded. Figure lc
pressure difference would be present along the nanofluidic shows a microscope image of the hybrid nanochannel—
device, which in turn pins the meniscus at the nanopore top nanopore device (% _ 29056:::; ). Although a device only consists

entrance while pulling the other meniscus to continuously of a single hybrid nanochannel—nanopore (the middle channel

recede along the nanochannel. By recording the location of in Figure lc), it actually includes an array of parallel

meniscus in the rectangular nanochannel, the evaporation rate nanochannels and connecting chambers on the glass substrate,
in the nanopore can be extracted after quantifying the which facilitates bonding alignment between the nanochannel
contribution of water drying from the nanochannel to the and the nanopore components. The nanochannels’ height is in
meniscus receding speed.”*’ the 200—300 nm range with a typical surface roughness less
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Figure 2. Measurement of kinetically limited evaporation from nanopores. (a) Snapshot of water filling in the hybrid nanochannel—nanopore
device (d = 95 nm) before conducting the evaporation experiment. While the nanochannel (and the connecting chamber) that is connected
with the nanopore (the middle nanochannel) was quickly filled with water, there was still trapped air in all the other nanochannels, which
gradually dissolved within 10 min. (b) Snapshot of receding menisci inside the nanochannels. (c, d) Position of the receding meniscus as a
function of time without PDMS blockage of the nanopore (c) and with PDMS blockage of the nanopore (d). The dashed lines in c and d plot
the curve fittings based on eqs S3 and SS, respectively. Deviation of the theoretical fit from the experiments at the early stage of evaporation

is due to varying vapor pressure in the microchannel.

than S nm, as revealed by atomic force microscopy (AFM)
(see Figure 1d).

Figure le shows the scanning electron microscope (SEM)
image of the nanopore in the suspended silicon nitride
membrane. Because of the high cross-sectional area ratio

between the nanochannel and the nanopore (4—';’), we milled
TTe

multiple nanopores (2—9 in total) with the same size on the
silicon nitride membrane instead of a single nanopore in order
to get a sufficient meniscus receding speed in the nanochannel.
The positions of the nanopores were carefully determined to
minimize possible pore-to-pore interactions and boundary wall
effect. For the hybrid nanochannel—nanopore devices shown
in Figure 1c, three identical pores were milled onto the 4 X 4
um* membrane in a triangular pattern. The suspended silicon
nitride membrane is strong enough to avoid possible
membrane rupture during anodic bonding as well as
membrane deformation/collapse as a result of capillarity-
induced negative pressure during the evaporation process
(Supporting Information S3).

The evaporation measurements were performed at 22 °C in
a vacuum chamber placed on an inverted microscope
(Olympus IX81 ZDC) (see Figure 1b). Before the measure-
ment, deionized water was first introduced into the device
through the reservoirs and the microchannel. Although it
immediately entered all the nanochannels, it would only
quickly fill the entire nanochannel (and the connecting
chamber) that is connected to the nanopores, because the
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trapped air can easily escape through the nanopores. For the
closed-end nanochannels, the remaining air trapped in the
nanochannels would gradually dissolve in the liquid within
~10 min.”® A snapshot of the water filling process is shown in
Figure 2a. After water had filled all nanochannels and
connecting chambers, the vacuum chamber was pumped
down to ~150 Pa to conduct the evaporation experiment, and
the chamber pressure was actively controlled throughout the
experiment to ensure water vapor could be quickly removed
from the chamber and vapor transport from the interface was
also not the mass transport limit. The location of the receding
meniscus in the nanochannel was recorded using a high-speed
camera (Hamamatsu ORCA-Flash4.0) positioned on the
inverted microscope. Figure 2b shows a snapshot of the
evaporation process for d = 95 nm. The evaporation process
was recorded and converted to Figure 2¢, which shows the
position of the receding meniscus as a function of time. Since
water drying through the nanochannel would also cause
meniscus receding in the nanochannel,”®*” an additional
control experiment was performed after the entirety of the
water evaporated. In this control experiment, after introducing
water into the device, a 2 mm thick PDMS layer was placed on
top of the membrane window to block evaporation through the
nanopores, and the meniscus receding process in the
nanochannel was recorded again (Figure 2d). The evaporation
rate Q from the nanopores can be extracted by fitting these
two evaporation curves with the corresponding theoretical
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Figure 3. Experimental results of kinetically limited evaporation from normal hydrophilic nanopores with diameters ranging from 27 to 225
nm. (a) Measured evaporation rates and the corresponding theoretical predictions of the capillary limits (water supply limits). Since the
capillary limits are much larger than the measured evaporation rates, evaporation in the nanopores is only limited by evaporation kinetics at
the interface. (b) Measured kinetically limited evaporation fluxes in nanopores (red solid squares) and nanochannels (blue solid circles).
The red and blue dashed lines are power law fits to the experimental data for the nanopores and nanochannels, respectively. The black
dashed line is the theoretical prediction of the maximum evaporation flux based on the classical Hertz—Knudsen (H—K) relation. The error
bars for the diameter correspond to the experimental uncertainty in the SEM characterization (Supporting Information S2). The error bars
for the evaporation flux correspond to the uncertainties of pore diameter characterization and meniscus receding speed estimation. The
error bars for the evaporation rates are smaller than the marker size.

models (Supporting Information S4). It is worth noting that
when water starts to evaporate in the hybrid nanochannel—
nanopore device, there is still water in the microchannel which
would significantly influence the local vapor pressure. There-
fore, we fit the meniscus receding curve only after the entirety
of the water in the microchannel evaporated.

The nanopore evaporation rates for all 10 different nanopore
diameters are presented in Figure 3a. We notice that the
evaporation rates are different from each other and there is an
increasing trend with the increasing diameter. Figure 3a also
plots the liquid water transport limits due to capillary pressure
difference between the menisci in the nanochannel and the
nanopore (referred to as the capillary limits, see Supporting
Information SS). Despite similar diameter dependence, the
capillary limits are at least 1 order of magnitude larger than the
corresponding measured evaporation rates, confirming that the
whole evaporation process is not limited by liquid water
supplies to the menisci pinned at the top entrances of the
nanopores.

To further understand evaporation from the hydrophilic
nanopores, we calculated the evaporation flux j for each
4Q
d
results in Figure 3b, along with the kinetically limited
evaporation fluxes from 2-D nanochannels (see our previous
work in ref 25). A first key observation of Figure 3b is that the
nanopore evaporation flux shows a strong dependence on the
nanopore diameter. A power law fit to the evaporation flux data
yields an exponent value of —1.51 with an R-squared value of
0.923. This diameter dependence of the evaporation flux in
nanopore is different from that in 2-D hydrophilic nano-
channels. In fact, a power law fit to the 2-D nanochannel
evaporation flux data only yields an exponent value of —0.978

(R* = 0.984). The second key feature of Figure 3b is the
ultrafast evaporation fluxes in small nanopores. When the
diameter of the nanopore is below 120 nm, the measured
evaporation flux exceeds the maximum theoretical limit
predicted by the classical Hertz—Knudsen (H—K) relation
(assuming the projected area is the same as the evaporation

nanopore based on the expression j =

and plotted the
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area and a maximum evaporation coefficient of 1, plotted with
black dashed line in Figure 3b). A maximum evaporation flux
of 27.4 mm/s is obtained for 27 nm nanopores at 22 °C, which
is 11-fold larger than the theoretical prediction (referred to as
the H—K limit later) and three times larger than the measured
kinetically limited evaporation flux in 27 nm nanochannels. It
is worth noting that the evaporation flux is expected to be
further increase in smaller nanopores because of the strong
diameter dependence. In fact, if we extend the power fitting
curve to 1 nm diameter, the evaporation flux reaches ~3 m/s at
22 °C, corresponding to a mass flux of 3 X 10° g/m? s. Such a
high flux may corroborate the unexpected ultrahigh water
permeation flux (10° g/m* s) in sub-1 nm nanoporous
graphene membranes when placed between a liquid water
phase and the atmosphere, which has not been well
understood despite their promising potentials for water
desalination."

In principle, there are only two possible mechanisms that
can explain the observed strong diameter dependence and the
ultrafast evaporation fluxes beyond the H—K prediction in
hydrophilic nanopores: (1) change in evaporation area and (2)
change in evaporation coefficient. It is possible that the actual
evaporation area may be significantly larger than the projected
area due to surface water interactions induced meniscus
extension inside nanoscale confinements”' and/or liquid
evaporating thin film outside of the nanopores.””*° On the
other hand, the evaporation coefficient, which is believed to be
bounded by unity, may exceed this value under nonequilibrium
evaporation conditions and display a confinement dependence
because of changes in the interfacial water structures in
different confinements.’'

By virtue of the fact that the evaporation rates from the
nanopores are at least 1 order of magnitude smaller than the
maximum liquid flow rates that capillary pressure can supply,
the apparent contact angles at the nanopore entrances can be
calculated, which are in fact quite close to 90° (Supporting
Information S6). The evaporating meniscus thus would not
extend much inside the nanopore and the evaporation area
should not be significantly different from the projected area. As
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Figure 4. Proof of presence/absence of liquid water thin film outside of the nanopores. Scale bars in parts (b), (c), (e), (f), and (g) represent
200 nm. (a) Schematic of evaporation for a normal hydrophilic nanopore. Because of the strong interactions between the hydrophilic surface
and liquid water, liquid water may wet certain areas outside of the nanopore after initial liquid water introduction to the nanochannel—
nanopore device and form an evaporating thin film on top of the nanopore during evaporation. The actual evaporation area for the
hydrophilic nanopore thus could be much larger than the nanopore cross-sectional area. (b) Top side SEM image of a nanopore (d = 146
nm) after FIB. (c) Top side SEM image of the same nanopore after the evaporation experiment using 10~> M KClI solution. The presence of
KCI crystals outside of the nanopore indicates that liquid water indeed can wet certain areas outside of the nanopore, which therefore may
significantly contribute to evaporation. (d) Schematic of evaporation for a hydrophilic nanopore with hydrophobic top outer surface. The
meniscus is pinned inside the nanopore, and consequently there is no evaporation contribution from any area outside of the nanopore. (e)
Top side SEM image of nine hydrophilic nanopores with 40 nm-thick Au coating on the top of the nanopores (d = 140 nm) after FIB. (f)
Top side SEM image of the same nanopores after the hydrophobic coating. The coating process does not change the diameter of the
nanopores. (g) Top side SEM image of the same nanopores after the evaporation experiment using 10~ M KCl solution. There are no KCI
crystals outside of the nine nanopores.

a result, the change of evaporation area due to surface water pores with hydrophobic top outer surfaces (contact angle is
interactions induced meniscus extension is unlikely to be the 105°). These devices have similar dimensions and geometry as
major mechanism for the two observed key features. It is worth those prepared for studying evaporation from normal hydro-
mentioning that the curvature-induced change of the philic nanopores. They were also fabricated by almost the same
equilibrium vapor pressure has also been used to explain fabrication process except for two additional steps: (1) we
diameter-dependent evaporation of sessile droplets under deposited a 40 nm gold thin film on the silicon nitride
saturated or near saturated vapor conditions.* However, this membrane before milling the nanopore(s), and (2) we coated
mechanism still cannot explain the observed ultrafast diameter- a l-octanethiol self-assembly layer on the gold thin film over
dependent evaporation from hydrophilic nanopores under our the silicon nitride membrane to form the hydrophobic surface
experimental conditions. In fact, for all the nanopores that we (see fabrication details in the Methods section). These two
investigated (d = 27—225 nm), the equilibrium vapor pressure additional steps guarantee that the top outer surfaces of the
can only change by up to 1% based on the Kelvin’s equation resulting nanopores are hydrophobic while the inner walls are
and the estimated apparent contact angle. As our experi- still hydrophilic. Consequently, liquid water can still fill the
ments are always performed in a vacuum chamber (P = 150 nanopores during water introduction, but would never wet any
Pa), the evaporation driving force, which is the vapor pressure area outside of the nanopores and the menisci would be
difference between the interface and the ambient, will have a pinned inside the nanopores at a location very close to the top
negligible change with the change of the nanopore diameter. entrance (~40 nm down from the top surface, corresponding
To check if there are surface water interactions induced to the thickness of the hydrophobic layer, see the schematic in
liquid thin film outside of the nanopore (see the schematic in Figure 4d). In this work, 8 sets of the hybrid nanochannel—
Figure 4a)’ we Conducted evaporation experiments using 10_2 nanopore devices Wlth such hydrophobic tOP outer Surface
M KClI solutions instead of deionized water and examined the were fabricated and tested. The corresponding nanopore
pore morphology before and after the experiments via SEM diameter d and nanochannel height h are 4 _ m, ¥om
(see SEM images in Figure 4b,c). We noticed that there were 9 B 4nmT1ss om
. ) nm  95nm 110nm 11Snm 233 nm 305 M T absence of
KCl crystals outside of the nanopore after the evaporation 1140m’ 114nm’ 155nm’ 155 nm’ 114 om’ 156 nm
experiment, covering circular areas with diameters of ~2 ym. liquid water outside of the nanopores (and thus the absence of
The presence of KCI crystals indicates that liquid water has at evaporating thin films) was confirmed by the evaporation
least wetted certain area outside of the nanopore and thus experiments of using 107> M KCl solution. Figure 4e—g shows
could form evaporating thin film, although we cannot the SEM images of an array of nanopores (d = 140 nm) after
quantitatively determine how much the wetted area would the FIB milling, the hydrophobic coating, and the evaporation
contribute to evaporation. test, respectively. No KCI crystals were detected outside of the
To further separate the evaporation contributions from nanopores after the evaporation test, and the nanopore size
outside and inside the nanopores, we created and tested hybrid remained exactly the same compared with that before the
nanochannel—nanopore devices which have hydrophilic nano- evaporation test.
3367 DOI: 10.1021/acsnano.8b09258
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Figure 5. Experimental results of the evaporation flux and the evaporation coefficient for hydrophilic nanopores with hydrophobic top outer
surface. (a) Measured evaporation fluxes of hydrophilic nanopores with hydrophobic/hydrophilic top outer surface. The red squares
represent the results from hydrophilic nanopores with hydrophilic top outer surfaces, which has also been shown in Figure 3b. The green
diamonds represent the results from hydrophilic nanopores with 40 nm-thick hydrophobic coating on their top outer surfaces. The orange
triangles represent the “corrected” evaporation fluxes for nanopores with zero-thickness hydrophobic coating, which correspond to the true
kinetic limits of the evaporation fluxes inside the nanopores. The red and orange dashed lines are power law fits to the data for the pores
with hydrophilic surface and the kinetic limit, respectively. The black dashed line is the theoretical prediction of the maximum evaporation
flux based on the classical Hertz-Knudsen (H—K) relation. (b) Evaporation coefficient as a function of nanopore diameter. The evaporation
coefficient was extracted based on the kinetically limited evaporation flux (orange triangles in Figure 5a). The error bars on the diameter
correspond to the uncertainty in the SEM characterization. The error bars for the evaporation fluxes and the effective evaporation
coeflicients correspond to the uncertainties of pore diameter characterization and meniscus receding speed estimation.

Figure Sa plots the measured evaporation fluxes from the
eight sets of nanopores with hydrophobic top outer surface
along with the results from normal hydrophilic nanopores with
hydrophilic top outer surfaces. The evaporation fluxes for
nanopores with hydrophobic outer surface vary from 0.22
mm/s (at d = 305 nm) to 12 mm/s (at d = 28 nm),
corresponding to mass fluxes of 0.22 X 10°~1.2 X 10* g/m? s
and heat fluxes of 54—294 W/cm?. Although these evaporation
fluxes are still very high, there is a significant decrease when
comparing them with the evaporation fluxes measured from
normal hydrophilic nanopores for any given pore diameters.
The evaporation fluxes for nanopores with hydrophobic outer
surface are actually smaller than the H—K limit and show a
different diameter dependence. To ensure that such a decrease
in the evaporation flux and the different diameter dependence
are not a result of additional vapor transport resistance from
the thin hydrophobic layer (which is essentially a 40 nm-thick
hydrophobic pore on top of the hydrophilic nanopore), we
quantified the influence of the vapor transport resistance on
the evaporation flux and calculated the evaporation flux for
nanopores with zero-thickness hydrophobic top outer surface
(Supporting Information S7). The results are also plotted in
Figure Sa. These “corrected” evaporation fluxes actually
correspond to the true kinetic limits of evaporation from the
nanopores. We found that the “corrected” (or kinetically
limited) evaporation fluxes are only slightly larger than the
measured evaporation fluxes of hydrophilic nanopores with the
40 nm hydrophobic layer and they are still smaller than the
H—K limit. Moreover, they are still much smaller than the
evaporation fluxes measured from normal hydrophilic nano-
pores for any given pore diameter and show a different
diameter dependence with an exponent of —0.66 (see Figure
5a).

Such a dramatic change of the evaporation flux, along with
the proof of water wetting outside of the nanopore, suggests
that the ultrahigh evaporation fluxes obtained from normal
hydrophilic nanopores and 2-D nanochannels mainly result
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from extended evaporating thin films outside of the nano-
pores/nanochannels (see Figure 4a). Consequently, the
observed diameter/height dependences for the hydrophilic
nanopores/nanochannels are closely related to the area change
of the extended evaporating thin films outside of the
nanopores/nanochannels. The fact that the evaporation flux
from the 2-D nanochannels showed almost a h™ dependence

(j o h7') suggests that the evaporating thin film area outside
of the 2-D nanochannels must remain roughly unchanged for
all nanochannels regardless of the channel height. On the other
hand, the d~ dependence of the evaporation flux for normal
hydrophilic nanopores (j o d~"*) indicates that the evaporat-
ing thin film area outside of the nanopores would change and
continuously decrease with the decreasing nanopore diameter
(otherwise a d™ dependence would be observed). We found
that such different changes of the evaporating thin film areas
and the resulting different dependences of the evaporation
fluxes on the channel/pore confinement can be qualitatively
explained by different liquid water supplies to the evaporating
thin films outside of the nanochannels/nanopores. Assuming
that the evaporating thin films outside of different nano-
channels/nanopores have the same disjoining pressure, the
driving force AP for liquid transport from the nanochannel to
the evaporating thin film would be the same for all
nanochannels/nanopores regardless of their confinement.
Consequently, there would be an inverse correlation between
the total evaporation rate Q (which is essentially the rate of
liquid water flow toward the evaporating thin film) and the

total hydraulic resistance of the system (Q = %), which
hy

mainly includes the hydraulic resistance of the test nano-
channels/nanopores and the hydraulic resistance of the
evaporating thin film outside of the nanochannels/nanopores
(Ry, ®R, + Rfilm)' However, in the meantime, both the total

evaporation rate and the hydraulic resistance of the
evaporating thin film would increase with the increasing area

DOI: 10.1021/acsnano.8b09258
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of the evaporating thin film. For 2-D nanochannels, since the
nanochannel hydraulic resistance is relatively small, it is
possible that the total hydraulic resistance would be mainly
dominated by the resistance from the evaporating thin film.
Therefore, the evaporation area would not change, and a
constant evaporation rate should be observed, leading to the
h™' dependence of the nanochannel evaporation flux. In
contrast, because of the drastically larger hydraulic resistance of
the nanopores, the total hydraulic resistance for the nano-
channel—nanopore device is dominated by the resistance from
both the evaporating thin film and the nanopore itself.
Decreases in the nanopore diameter and the resulting increase
in the hydraulic resistance of the nanopore will inevitably
decrease the total evaporation rate and the hydraulic resistance
of the thin film simultaneously to ensure the product of the
total hydraulic resistance and the total evaporation rate
remains unchanged (Q(Rn + Rfilm) = AP). As a result, the

nanopore evaporation flux would show a diameter dependence
with an exponent value higher than —2.

Although the above hypothesis can reasonably explain the
diameter dependences of the evaporation fluxes in hydrophilic
nanochannels/nanopores, it cannot explain the diameter
dependence of the kinetically limited evaporation fluxes,
corresponding to the cases of hydrophilic nanopores with
zero-thickness hydrophobic top outer surfaces where menisci
are pinned at the top entrance of the nanopores and there are
no evaporating thin films outside. By comparing the
corresponding evaporating rates with the capillary limits, we
find that almost all the pinned menisci also have apparent
contact angles close to 90° (Supporting Information S6) and
thus would not extend much inside the nanopores.
Consequently, this diameter dependence cannot be explained
by the area change of evaporating thin films of fully extended
menisci, which was used to explain the diameter dependence of
kinetically limited evaporation flux measured in microtubes

(j « d7")** and to predict kinetically limited evaporation in

nanopores (j o< d~***° at 90 °C).*!

We believe that this different diameter dependence must
result from the change of evaporation kinetics itself inside
different nanoconfinements. The best representative of the
evaporation kinetics is the evaporation coeflicient, which
represents the ratio of water molecules actually crossing the
liquid—vapor interface to the maximum number that could
cross. The evaporation coefficient is correlated with the
evaporation flux by the classical H-K relation (Supporting
Information S7),

R(T)) P,

\/?il \/Ftv (1)

where gand g, are the effective evaporation and condensation

M
=.|—|e¢
J 2R | ¢

2

coefficients, M is the molar weight, R is the gas constant, P( Til)
is the equilibrium vapor pressure at the interface, P, is the

partial pressure of the vapor in the gas phase, and TiZ and T/
stand for liquid and vapor temperature at the interface,
respectively.

Assuming that there is no temperature discontinuity across
the liquid—vapor interface (Til = T/), the vapor pressure is the
same as the ambient pressure (P, = P,), and the evaporation

coefficient is equal to the condensation coefficient (g, = ¢),
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we extracted the evaporation coeflicient for each nanopore
using the classical H—K relation and plotted the result in
Figure Sb. The extracted evaporation coeflicient decreases with
the increase of the nanopore diameter, changing from 0.66 (at
d = 28 nm) to 0.08 (at d = 305 nm). Such a change of the
evaporation coeflicient has not been reported. A recent
experimental study of evaporation from alumina nanoporous
membranes actually reported that the pore diameter had little
effect on evaporation performance when the meniscus is
pinned at the mouth of the nanopore.’® This interesting
diameter dependence cannot be explained by possible kinetics
changes due to intense evaporation under nonequilibrium
conditions, which has been proposed by Persad and Ward in
their recent review paper.’’ In fact, Persad and Ward have
proposed a model based on the quantum-mechanically based
statistical rate theory (SRT) to calculate the evaporation flux
and the evaporation coefficients under nonequilibrium
conditions. However, based on their model, the evaporation
coefficient should be larger than 1 and should not change for
the same evaporation conditions,”" which thus contradicts our
observation. It is also worth noting that the extracted
evaporation coefficients are consistent with limited exper-
imental studies of nanoporous evaporators that reported the
evaporation coefficients under quasi-equilibrium conditions,”
further indicating that intense evaporation under nonequili-
brium conditions may not significantly change the evaporation
kinetics as proposed by the SRT model.

On the other hand, the increasing evaporation flux and
evaporation coefficient with the decreasing pore diameter seem
contradictory to our current understanding of interactions
between water and hydrophilic surfaces. It is well-known that
the strong electrostatic interactions and hydration forces
between water and such surfaces would lead to the formation
of a thin stagnant hydration layer (typically 2 or 3 layers of
closely packed, immobile water molecules, 6—7 A in
thickness).**™** Since water molecules in the hydration layer
are immobile, one would expect that they are harder to
evaporate and thus would slow down the overall evaporation
kinetics. Consequently, smaller nanopores would exhibit
slower evaporation kinetics due to the increasing portion of
immobile water molecules, and the opposite trend for the
evaporation flux and the evaporation coefficient with respect to
the pore diameter would be expected.

We hypothesize that the change of kinetically limited
evaporation flux and the resulting change of the evaporation
coeficient are related to the surface-charge-induced concen-
tration change of hydronium ions (H;O") inside the
nanopores. It has been reported that hydronium ions in acidic
aqueous solutions may perturb the local water—water structure
at the liquid—vapor interface and consequently increase the
possibility of water molecules leaving the liquid—vapor
interface.”’ Rizzuto et al. in a recent study of Raman
thermometry measurements of freely evaporating micro-
droplets showed that the evaporation coefficient for 0.1 M
HCI solution is 45% larger than the evaporation coefficient of
pure water.*" It is well-known that silicon nitride surfaces are
negatively charged when in contact with water due to
dissociation of surface silanol groups.””~*® Such negatively
charged surfaces will repel co-ions and attract counterions,
leading to the formation of an electrical double layer. For water
confined inside the nanopores, because of the long-range
electrostatic force and the resulting overlap of the electrical
double layer (characterized by the Debye screening length, I,
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which is roughly 1 pm for fresh deionized water with pH of 7
and 200 nm for CO, saturated water with pH of 5.68)," all co-
ions, including OH™ and possible HCO;™ and CO;*~ due to
CO, adsorption and dissociation will be repelled from the
nanopores. In contrast, the only cations, H;O" ions, will
accumulate inside to neutralize the nanopore surface charges.
Consequently, the co-ion concentration will be negligible and
the H;O" concentration will be closely related to the surface
charge density o, and the nanopore diameter d by a simple

. 4g, . .
relation [H3O+] = ﬁ (where e is electron charge) to maintain

the electroneutrality.***’ This relation reveals that smaller
nanopores would have higher concentrations of hydronium
ions, which in turn could disturb the interfacial water structure
outside of the hydration layer more and thus lead to higher
evaporation coefficient. To verify this hypothesis, we
experimentally measured ionic conductance of single silicon
nitride nanopores filled with deionized water and extracted the
nanopore surface charge densities and the H;O" concen-
trations inside the nanopores based on the measured
conductance (see Supporting Information S8). Our results
showed that the surface charge densities of our silicon nitride
nanopores are between —0.7 and —1.8 mC/m? which is
consistent with previous studies.*”*>*> Furthermore, our
results showed that the H;O" concentration inside the
nanopore indeed increases with the decreasing nanopore
diameter ([H,O'] o d~%7° according to power law fit). The
different dependence of the evaporation coeflicient and the
H;0" concentration on the pore diameter may result from
change of the surface charge density due to different
confinements*’ and composition of the pore walls and/or
nonlinear correlation between the evaporation coeflicient and
the H;O" concentration, which deserves further study.

CONCLUSION

In summary, we experimentally measured the kinetically
limited water evaporation from individual thin silicon nitride
nanopores with diameters ranging from 27 to 305 nm using a
hybrid nanochannel—nanopore design. We found that the
evaporation fluxes for hydrophilic nanopores with hydrophilic/
hydrophobic top outer surfaces are significantly different,
although both of them show strong dependence on the
nanopore diameter. The evaporation fluxes for nanopores with
hydrophilic outer surface show a d™'* dependence and reach
ultrahigh values up to 27 mm/s, being 11 times of the H-K
limit. We found that such strong diameter dependence and the
ultrahigh values of the evaporation flux mainly result from
evaporating thin films outside of the nanopores. Consequently,
such high evaporation fluxes would only be achieved in
individual nanopores or small nanoporous membranes with
large outer surfaces that allow the development of evaporating
thin films. On the other hand, the evaporation fluxes for
nanopores with zero-thickness hydrophobic top outer surface
also show a strong diameter difference with an exponent of
—0.66, reaching as high as 1.7 mm/s in 28 nm nanopores
(which is 66% of the H—K limit). As there is no contribution
from the evaporating thin film, these evaporation fluxes
represent the true kinetic limits inside the silicon nitride
nanopores and thus are expected to be achieved even in large
nanoporous membranes without extra outer surfaces. The
corresponding evaporation coeflicients change from 0.66 at d =
28 nm to 0.08 at d = 305 nm. We believe that the change of the
kinetically limited evaporation flux and the evaporation
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coefficient are closely related to surface-charge-induced
concentration change of the hydronium ions inside the
nanopores. Findings from this work advance our under-
standing of nanoscale evaporation in nature processes and
enable nanopore-evaporation-based technologies for flow
control in lab-on-a-chip systems, electronics cooling, and
water desalination.

METHODS

Device Fabrication. The hybrid nanochannel—nanopore devices
were realized using a fabrication method that includes separate
fabrication of the nanopore and nanochannel components as well as a
subsequent chip-to-chip aligned anodic bonding (see Figure S1). The
nanopore component, including the nanopores and two liquid/vapor
access reservoirs, was fabricated on a silicon substrate. As the first
step, a 270 nm-thick LPCVD silicon nitride layer was deposited on a
500 um thick, 4 in. diameter (100) silicon wafer (Figure Sla).
Following this step, standard lithography and reactive ion etching
(RIE) were used to etch square windows on one side of the wafer.
The silicon wafer was then anisotropically etched along the [100]
crystal direction using 30% potassium hydroxide (KOH) to create
four reservoirs and a free-standing silicon nitride membrane. The etch
window size and the etching time is carefully controlled to obtain
desired membrane sizes for stability purposes. The reservoirs are 2 X
2 mm? through holes (Figure S1b). Afterward, a dual column focused
ion beam (FEI Quanta 3D FEG FIB) with 10 pA current at 30 keV
was used to mill the pores in the membranes (Figure Slc). The
nanochannel component, including the nanochannels, connecting
chambers, and microchannels that connect the nanochannels to the
access reservoirs, was fabricated on a glass substrate. First, the
nanochannels and the connecting chambers were created by standard
lithography and RIE on a borosilicate glass wafer (Figure S1d). Next,
a patterned layer of chromium was prepared using the lift-off method,
serving as a mask for microchannel RIE etching (Figure Sle). The
etched microchannels are 6 mm in length, 0.8 mm in width, and 3 pm
in depth (Figure S1f). After the fabrication of the two separate
components, both the silicon and the glass wafers were cut into 1.3 X
1.3 cm’ chips, which were then carefully aligned with the help of a
microscope and bonded together using anodic bonding at 500 V and
400 °C (Figure Slg). Before bonding, the two chips were cleaned
thoroughly in Piranha solution (3:1 ratio of 98% H,50,:30% H,0,)
for 10 min.

To prepare nanopores with hydrophobic outer surface, two
additional steps have been added compared to the aforementioned
fabrication method. First, after fabricating a free-standing silicon
nitride membrane, a 40 nm-thick gold film with 5 nm-thick titanium
adhesion layer was deposited on the silicon nitride membrane using
E-beam evaporator (CHA Industries). Then, nanopores were drilled
through both the silicon nitride membrane and the gold layer by FIB
using same method as described previously. Second, after the anodic
bonding, the nanochannel—nanopore devices were immersed into a 1-
octanethiol solution for 3 h to form a hydrophobic self-assembly
monolayer on top of the gold layer. The I-octanethiol solution was
prepared by mixing 2 mM of 1-octanethiol (1-octanethiol >98.5%,
Sigma-Aldrich) in ethanol (ethyl alcohol, pure >99.5%, Sigma-
Aldrich). After the hydrophobic layer coating, the devices were rinsed
with pure ethanol to remove extra thiol.
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