
Geometry-Dependent Drying in Dead-End Nanochannels

Quan Xie, Siyang Xiao, and Chuanhua Duan*

Department of Mechanical Engineering, Boston University, Boston, Massachusetts 02215, United States

*S Supporting Information

ABSTRACT: Liquid drying in nanoporous media is a key
process in food, textile, oil and energy industries, but the
corresponding kinetics remains poorly understood due to the
structural complexity of nanoporous media. Here, we directly
observe the drying process and study drying kinetics in single
two-dimensional (2-D) nanochannels with height ranging
from 29 to 122 nm. Two different drying behaviors are
discovered in such nanoconfinements: continuous meniscus
receding and discontinuous meniscus receding due to liquid bridge formation ahead of the meniscus, albeit similar drying rates.
The geometry dependence of the measured drying rates is studied at different humidities and compared with a theoretical model
considering liquid corner flow, liquid thin film flow, and vapor diffusion as contributors to the overall drying rates. Individual
contributions from vapor and liquid transport inside the nanochannels to the drying kinetics are decoupled, and the water vapor
diffusivity is successfully extracted. Our results show that both corner flow and vapor diffusion play important roles on water
drying in nanochannels without sharp corners. Our findings further indicate that water vapor diffusion in nanoscale confinements
can still be described by the classic Knudsen diffusion theory. These results provide new insights of liquid drying in nanoporous
media and have implication in optimizing drying processes in industrial applications.

■ INTRODUCTION

Drying in nanoporous structures is a process related to a variety
of important industrial applications including oil recovery, soil
remediation, evaporative cooling, food/textile preparation and
water management in fuel cell.1,2 Previous studies focused on
nanoporous media have observed drying rates significantly
higher than the theoretical predications of pure vapor
diffusion.3−6 Although liquid flow has been attributed to such
fast drying in porous structures,5,7,8 the quantitative contribu-
tions and detailed kinetics remains unclear. Furthermore, recent
studies on vapor transport in carbon nanotube arrays reveal that
the vapor diffusion inside the nanoconduits can also be
enhanced due to the wall-slip of smooth inner surfaces.9,10

Therefore, fundamental understanding of the drying kinetics in
the nanoporous structures is still needed. However, the
complicated nature of nanoporous structures, including
interconnected nanoscale conduits and the wide distribution
of conduits sizes, makes it difficult to quantitatively study
fundamental drying kinetics. One way to address this issue is to
create individual nanoconduits with simple and deterministic
structures (e.g., nanochannels), and then observe and study
drying kinetics in such nanoconduits.
Thanks to the rapid development of micro/nanofabrication

techniques, 2-D planar nanochannels with well-defined
geometry has been successfully fabricated using top-down
methods.11 The capability of integration with other micro/
nanofluidic components and direct observation make these
nanochannels the ideal structures for many fundamental studies
of mass transport and phase-change phenomena in nano-
confinement, including surface-charge-governed ion trans-
port,12−14 ionic current rectification,15−17 evaporation induced

cavitation,18 capillary condensation,19 etc. Yet, there have only
been limited works that used these nanochannels to investigate
drying kinetics.20,21 Eijkel et al. discovered fast drying in
nanochannels20 and attributed the fast drying to strong liquid
corner flow since its contribution (based on theoretical
calculation) is 1 order of magnitude higher than other
mechanisms such as liquid film flow and vapor diffusion.
However, they only focused their studies in channels with sharp
corners and with a height of 72 nm. Consequently, the
quantitative contributions of all three aforementioned mecha-
nisms, i.e., corner flow, thin film flow and vapor diffusion in
other types of channels (e.g., channels without sharp corners)
and the effect of nanoconfinement on these three mechanisms
have yet to be experimentally investigated.
In this work, we systematically studied drying kinetics in

nanochannels with different channel heights ranging from 29 to
122 nm and quantified the individual contributions of the
aforementioned three mechanisms as a function of the channel
height. Water is chosen as the drying liquid due to its
significance in drying-related industrial applications.1,2 We
observed two different drying modes in these nanochannels,
i.e., continuous meniscus receding and discontinuous meniscus
receding, and discovered that the drying modes would not
affect the overall drying rates. Our results further confirm that
corner flow and thin film flow can be well described by
expressions derived from continuum theories while vapor
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diffusion does not deviate much from the Knudsen diffusion
theory.

■ RESULTS AND DISCUSSION

The nanochannels we used for this study are open at one end
and closed at the other end. This dead-end design ensures that
the liquid/vapor transport inside nanochannel is unidirectional
and completely avoids the complexity in nanochannels with
two open ends capillary flow could occur due to slight
difference in channel height and surface properties, resulting in
different meniscus receding speeds at both ends during drying.
In addition, the drying process inside the dead-end nano-
channels is slower than open-end nanochannels, allowing
longer observation time and more accurate analysis.
Figure 1a presents a schematic of our dead-end nanochannel

device. This device is composed of two substrates: glass
substrate and silicon substrate. The silicon substrate has 30
open parallel nanochannels (only seven nanochannels were
drawn in the schematic). The geometry of channel (L: 1000
μm; W: 3 μm; H: 29−122 nm) was well by photolithography
and controlled reactive ion etching. After nanochannels being
etched, 300 nm-thick silicon oxide was thermally grown onto
the silicon substrate to ensure the hydrophilicity of nano-
channel. Due to the conformal silicon oxide growth, the
geometry of nanochannels was well preserved after the
oxidation process (see Supporting Information). The glass
substrate has two open reservoirs and one bridging micro-
channel for liquid introduction. The two substrates were
brought together after fabrication and permanent enclosure of
the nanochannels is formed via anodic bonding. It is worth
noting that the 30 enclosed nanochannels on the same
substrate have the same height and different heights of

nanochannel were fabricated on different substrates. The
height of the nanochannels for each device was characterized
by atomic force microscopy before anodic bonding and Figure
1b shows a typical result of 48 nm-high nanochannel. After
anodic bonding, the microchannel in glass substrate is only in
contact with one end of our nanochannel. Therefore, the liquid
introduction and removal can only happen at the open end of a
nanochannel. Figure 1c shows the microscope image of our
final device. Water is introduced into the nanochannel for
better illustration.
Before investigating water drying in the dead-end nano-

channels, oxygen plasma was applied to the nanochannel device
to ensure hydrophilicity. DI water was then introduced into the
dead-end nanochannel through the reservoir. The entire
microchannel and a major portion of the nanochannel were
filled by water within a few seconds as a result of capillary
filling, while a small amount of air was quickly compressed and
trapped at the dead end of nanochannel. The air trapped inside
the nanochannel was slowly dissolved into the filled water
column. Generally, water would completely fill the dead-end
nanochannel within 10 min. Before running drying experiment,
the dead end of the nanochannel was carefully checked to make
sure no trapped air bubbles can be seen under microscope.
The drying process was initiated by purging dry nitrogen gas

into the microchannel. The DI water in the microchannel was
first blown away by high-speed nitrogen flow. Then the water
meniscus formed at the intersection between nanochannel and
microchannel and water inside the nanochannel started to
evaporate. The meniscus moved further into the nanochannel
as more water evaporated (Figure 1c). The high-speed nitrogen
flow was maintained through the whole drying process until the
meniscus receded to the dead end of nanochannel. To track the

Figure 1. Schematic and characterization of the nanofluidic device for drying study. (a) Schematic of the bonded nanofluidic device. (b) Surface
profile of open nanochannel (48 nm high) characterized by AFM. (c) Microscope image of the device during the drying experiment.

Figure 2. Microscope snapshots of drying nanochannels. (a) Snapshots of drying of 56 nm high nanochannel. (b) Snapshots of drying of 115 nm
high nanochannel.
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meniscus motion inside the nanochannel, a high speed camera
(PHOTRON FASTCAM Mini UX50) mounted on an optical
microscope (OLYMPUS BH2) was used to record the whole
drying process.
We discovered two different drying behaviors in these 2-D

dead-end nanochannels. Successive snapshots of these two
behaviors are presented in Figure 2a,b, respectively. For both
images, the open end of nanochannel is located on the left side,
and the menisci recede from left to right. Figure 2a shows the
drying behavior of a 56 nm-high nanochannel, in which the
meniscus in the nanochannel did not recede continuously.
Instead, the upper half of nanochannel was dried first and the
gas started to invade into the liquid column. After a certain
length of gas invasion, the whole width of channel was occupied
by purging gas. A short length of the liquid water column
(referred to as the liquid bridge later) was thus separated from
the rest of the water. This liquid bridge served as a barrier for
water transport from the apparent meniscus to the open end of
channel. After the formation of a liquid bridge, the receding
speed of the apparent meniscus started to decrease. This can be
explained by the gap between liquid bridge and apparent
meniscus, which was filled with saturated water vapor. Under
such a condition, evaporation at the apparent meniscus was
impeded, and the liquid bridge became the new evaporation
front. As a result, the liquid bridge continuously shrunk right
after its formation. After the liquid bridge was completely dried,
the apparent meniscus resumed its receding toward the dead
end of the channel until a new liquid bridge was formed.
(Supporting Video 1)
This drying process associated with liquid bridge formation

and discontinuous meniscus receding was observed in all
nanochannels with heights of 29, 38, 48, and 56 nm. However,
this phenomenon was not observed in higher nanochannels.
Figure 2b presents the typical drying behavior of a 115 nm-high
nanochannel. It can be clearly seen that the meniscus in this
nanochannel is sharp, and it moves continuously toward the

dead end of the nanochannel. No liquid bridge was observed
during the whole drying process. (Supporting Video 2)
To identify the origin of the discontinuous meniscus

receding, we repeated the drying experiments for all the 56
nm-high nanochannels for five times and found that
discontinuous meniscus receding always occurred in these
channels. Although positions of the liquid bridges varied from
channel to channel, for the same channel, the liquid bridges
always occurred at the same position(s) in every run of the
experiment. In addition, the size and the shrinking speed of
each liquid bridge also remained the same for all repeated
experiments.
Thus, we attribute the formation of liquid bridge in the

shallower nanochannels to the surface defects and/or uneven
edges introduced during nanochannel fabrication. During the
drying (meniscus receding) process, these local surfaces defects
can serve as distortion sources. When the receding meniscus
passes a defect, the meniscus is distorted from its original shape
to achieve lower free energy. This led to the gas invasion into
part of the liquid column and eventually the formation of the
liquid bridge. For higher nanochannels, the surface defects can
also distort the meniscus during the drying process (See
Supporting Video 2 for more details). However, due to the
relatively low profile of the surface defects, such distortion
effect becomes less apparent and will not lead to gas invasion
into the liquid column and the break of the meniscus.
Therefore, the menisci in these nanochannels receded
continuously without formation of liquid bridge.
To further investigate the drying kinetics, successive

snapshots of nanochannels are stacked together to generate
spatiotemporal diagrams using a MATLAB image processing
program. Figure 3a−h reveals the representative drying curves
for nanochannels with eight different heights. The darker area
indicates that the channel area is filled with water, while the
brighter area indicates that the channel area is dry. The black
bar on top of each diagrams represents the open end of the

Figure 3. Spatiotemporal diagrams for nanochannels with different heights. The height of channel is marked at the bottom left corner of each
subfigure: (a) 29 nm (b) 38 nm (c) 48 nm (d) 56 nm (e) 68 nm (f) 100 nm (g) 115 nm (h) 122 nm. The red dash line in each subfigure is the best
parabolic fit to the meniscus motion.
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nanochannel (microchannel area), where the purging gas is
introduced to remove the evaporated water vapor. The dead
end of the nanochannel can only be seen in some of the
diagrams (Figure 3f−h) due to the limited size of field of view.
Clearly, there are two types of drying diagrams, correspond-

ing to the two aforementioned drying behaviors for all
nanochannels being investigated. Nanochannels with the
discontinuous meniscus receding behavior exhibited rough
vapor/liquid interface on spatiotemporal diagrams with a few
water spikes. Each of these spikes corresponds to the formation
and disappearance of one water bridge in front of the apparent
meniscus. By contrast, nanochannels with the continuous
meniscus receding behavior exhibited smooth vapor/liquid
interface on the diagrams. Obviously, in these nanochannels,
the water drying speed is equal to the meniscus receding speed.
Since the resistance of water transport R (both vapor phase and
liquid phase) is proportional to the meniscus receding length L
from the position of meniscus to the open-end of the
nanochannel, it is expected that the meniscus receding speed

v ( = ∝v
L

t R

d

d

1 ) would continuously decrease as the meniscus

moves further into the nanochannel. Consequently, the
meniscus receding length should follow a square root of time
function (L ∝ t1/2). We thus used the square root functions to
fit all drying diagrams and plotted the best fitting curves in
Figure 3. Not surprisingly, the menisci motions for deeper
nanochannels (68, 100, 115, and 122 nm) perfectly match the
fitting drying curves and a constant drying rate, defined as

=u
L

t

2

, can be calculated for each channel.20 However, quite

unexpectedly, the menisci motions for the channels with
discontinuous meniscus receding also show good matches to
square root of time fitting curves, indicating that the
intermittent presence of water bridges did not significantly
affect the fundamental mechanism(s) of the drying kinetics. As
a result, constant drying rates can also be calculated for these
channels.
We extract the drying rate from more than 20 nanochannels

for each channel height and plot the height dependence in
Figure 4. The extracted drying rate ranges from 1500 to 3500
μm2/s and is highly geometric-dependent. It has been reported
that the water drying rate inside the nanochannel can be
contributed from three different mechanisms: vapor diffusion,
thin film flow and corner flow (Figure 4a).20 Vapor diffusion
refers to the process in which water molecules vaporize from
the liquid−vapor interface and subsequently diffuse out of the
nanochannel. Thin film flow and corner flow refer to two
different liquid pathways from the apparent meniscus to the
open end of the nanochannel. Due to the significance of van
der Waals force in nanoscale, a thin film of liquid water would
appear on the inner wall of the vapor-filled channel. In addition,

the corner area in noncylindrical channel can also hold liquid
water based on the hydrophilicity of inner surfaces. The liquid
water on surfaces and corners can extend all the way to the
open end of the nanochannel and thus function as alternative
pathways for water removal. As a result, the overall drying rate
can be described as the sum of the drying rates induced by
these three mechanisms.

= + +u u u uv f c (1)

Here, uv, uf, and uc represent the drying rate induced by vapor
diffusion, thin film flow and corner flow, respectively. The
analytical expression and the corresponding quantitative
contribution of each mechanism are discussed in the following
paragraphs. Details of derivation can be found in the
Supporting Information.

Vapor Diffusion. The drying rate induced from vapor
diffusion uv can be written as

= −u
DV

RT
p p

2
( )v

w

m e (2)

Here, D is the overall vapor diffusivity, Vw is molar volume of
water, R is gas constant, and T is temperature. pm and pe
correspond to the water vapor pressure at the position of
meniscus and the open end of the nanochannel. Since the
height of our nanochannels ranges from 29 to 122 nm and the
mean free path at atmosphere λ is ∼70 nm, the Knudsen
number (Kn = λ/h) ranges from ∼0.6 to ∼2.4, and the water
vapor diffusion falls into the transitional regime between pure
molecular diffusion and Knudsen diffusion. Therefore, the
overall vapor diffusivity should be contributed by both
molecular diffusivity DAB and Knudsen diffusivity DKN.
However, according to our control experiments performed in
a vacuum chamber (see Supporting Information), the
contribution from the molecular diffusivity to the overall
diffusivity is negligible, and the overall vapor diffusivity is thus
roughly equal to the Knudsen diffusivity, which can be

expressed as =
π

D
h RT

MKN 3

8

w

based on the classic Knudsen

theory.22

Figure 4b shows the effective drying rate of vapor diffusion
predicted by eq 2. For comparison, the drying rate extracted
from our experimental study for nanochannels with different
heights is shown in Figure 4b as well. Obviously, the
experimental drying rate (1500−3500 μm2/s) is much higher
than the theoretical estimation from vapor diffusion. It also
shows a complicated channel height dependence compared
with the simple monotonic increasing trend of the theoretical
estimation. Therefore, other mechanisms should be accounted
for better explanation of the experimental results.

Thin Film Flow. The drying rate induced from thin film
flow uf can be written as

Figure 4. Kinetics of the drying process and the modeling results. (a) Three mechanisms contributing to the drying in the nanochannel: vapor
diffusion, thin film flow, and corner flow. (b−d) Experimental and modeling results of the drying rates in channels with different heights.
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where η is viscosity of water, Ah is the Hamaker constant, and
ψm and ψe represent the water chemical potential at the
receding meniscus and channel exit, respectively. In this
equation, ψm can be calculated based on the Young−Laplace
equation:

γ θ
Ψ = −

h

2 cos
m (4)

where γ is surface tension of water and θ is the contact angle.
The negative sign in eq 4 denotes the concave shape of the
meniscus. ψe is related to the local partial vapor pressure:

Ψ =
⎛

⎝
⎜⎜

⎞

⎠
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RT

V

p

p
lne

w

e

sat (5)

where pe is the partial water vapor pressure at the exit of
nanochannel, and psat is the saturated water vapor pressure. In
our case, the water vapor at the exit of nanochannel is being
constantly purged by the nitrogen gas, where the relative
humidity (RH = pe/psat) is measured to be close to 1%.
It is worth noting that the thickness of thin film on silica

surface is calculated based on the Lifshitz theory of van der
Waals forces,23−26 and the Hamaker constant Ah we used is
−1.01 × 10−20 J.26,27 Due to this relatively weak van der Waals
force between water and silica surfaces compared with those
between water and metal surfaces, the thickness of water thin
film in our nanochannel is very limited. For a better illustration,
Figure 4c presents the theoretical drying rate induced by thin
film flow as well as by both vapor diffusion and thin film flow. It
is evident that the drying rate caused by thin film flow is
significantly smaller than that caused by vapor diffusion and
stronger thin film flow contribution is observed in shallower
channels due to their smaller cross-section areas, although
thicker thin films are expected in the higher nanochannels.
Corner Flow. The drying rate induced from corner flow uc

can be written as

∑
γ
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where αi is the angle for corner i of channel cross-section, βi is
the “dimensionless flow resistance” parameter for the
corresponding corner i, which is only dependent on αi.

28 The
magnitude of corner flow is strongly determined by the corner
angle αi and the related dimensionless flow resistance
parameter βi. For instance, the amount of water a 30° corner
can hold is 10 times more than that of a 90° corner. Therefore,
slight change in corner angle could make huge impact on the
corner flow contribution to the drying rate. Figure 4d presents
the sum of the theoretical drying rates induced by all three
aforementioned mechanisms. With the drying rate contribution
by vapor diffusion and thin film flow fixed, three different cross-
section profiles are selected to calculate the corresponding
theoretical drying rate contributed by corner flow: (1) rectangle
cross-section with four corners as [90°, 90°, 90°, 90°]; (2)
trapezoid cross-section with four corners as [60°, 60°, 120°,
120°]; (3) trapezoid cross-section with four corners as [30°,
30°, 150°, 150°]. Clearly, the corner flow-induced drying rate
increases monotonically with the increasing channel height for

a specified cross-section profile, and there are significant
differences of the theoretical drying rates among three cross-
section profiles. Therefore, accurate measurement of the corner
angles of nanochannels is required to quantify the corner flow
contribution. We characterized the surface profile of our open
nanochannel with AFM and typical results are exhibited in
Figure 5a. Due to the imperfect fabrication, the sidewall of our

nanochannel is not vertical (see Supporting Information).
Based on our measurement, our shallow channels (29−56 nm)
show inclined sidewall with the corner angle around αi = 30°,
150°. The corner angles of our deeper channels (68 nm −122
nm) are around αi = 60°, 120°. This proves that the
nonmonotonic dependence of our experimental drying rates
on channel height originates from the existence of two different
corner angles. After consideration of the corrected corner flow
in our fabricated nanochannels, theoretical drying rates for
different channel heights are calculated, and the contributions
from vapor diffusion, thin film flow, and corner flow are
replotted in Figure 5b.
While the theoretical prediction qualitatively shows the same

trend with the experimental results, there are still quantitative
differences between the experimental results and theoretical
predictions. Such difference may result from different corner
flow contribution due to slight difference of corner angles from
nanochannel to nanochannel or different vapor diffusivity. The
second reason is of great importance to investigate since water
vapor diffusion in nanoconfinement has not been accurately
measured experimentally, and it is not clear if it actually can be
described by the classic Knudsen theory.29 In fact, in Knudsen’s

Figure 5. Characterization of the corners of channel cross-section and
corresponding impact to the drying rate of channels with different
heights. (a) Sidewall characterization of open nanochannels with AFM.
Shallow channels (29−56 nm) have corner angles around 30°. Deep
channels (68−122 nm) have corner angles around 60°. (b)
Experimental and modeling results of the drying rates in channels
with different heights.
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original theory, the hypothesis of hard-sphere noninteracting
gas and hard wall has been made, and the collision between gas
molecule and wall surface is completely diffusive.22 Despite this
simple hypothesis, Knudsen’s theory showed good agreement
with various gas transport experiments in microscale confine-
ment22,30,31 and has been widely used for transport analysis in
porous structures for decades.32,33 However, recent theoreti-
cal34−37 and experimental work9,10,38−40 shows the deviation of
Knudsen’s formula under stringent confinement, where gas−
wall interaction is significant and can strongly affect the gas
transport inside nanoscale conduits. Latest research in graphitic
nanoconduits (carbon nanotube, graphene oxide membrane)
reported enhanced gas diffusivity inside, suggesting that the
gas−wall collision could be specular.9,10 In this scenario, the
tangential molecular momentum before and after collision is
preserved and a higher Knudsen diffusivity (for H2, He, Ne, O2,
Ar, N2, etc.) should be expected. On the other hand, for
nanochannels of which surfaces with strong physical
adsorption, the gas transport inside is hindered as the kinetic
energy of gas molecule is not enough to escape from the
attraction field of the channel inner surfaces. Experiments in
microporous silica structures have proven the deviation of
Knudsen’s model, and significantly lower Knudsen diffusivities
(for CO2, C2H4, C2H6) have been measured.38,41,42

In order to check whether water vapor diffusivity is greater or
less than the classic Knudsen diffusivity, it is necessary to
completely decouple water vapor transport with water liquid
transport in nanoconfined spaces (e.g., due to capillary
condensation), which is actually the major challenge that
prevented accurate estimation of water vapor diffusion in
previous investigations (based on pressure-driven or humidity-
gradient driven vapor transport).43−45 This problem can be
resolved in our drying experiments as liquid and vapor
transport have different dependence on ambient humidity
and/or drastically different contributions to overall water
transport. Figure 6a reveals the theoretical drying rates of
vapor diffusion (uv), thin film flow (uf), and corner flow (uc) as
a function of the relative humidity at the exit of the
nanochannel. Based on our model, while the drying rates
induced by vapor diffusion (uv) and thin film flow (uf) show
strong dependence on the relative humidity, the drying rate
induced by corner flow (uc) remains independent to relative
humidity over a large range no matter what the corner angles
are. What’s more, the drying rate induced by vapor diffusion uv
is about 1 order of magnitude higher than the drying rate
induced by thin film flow. Based on these two observations, the
vapor transport and two liquid transport can be successfully
decoupled if the drying experiments are performed at an
ambient humidity different from our previous experiments (RH

Figure 6. Relative humidity-dependent study of drying rates in nanochannels. (a) Theoretical estimation of drying rates in 56 nm-high nanochannel.
Contributions from three different mechanisms are plotted separately. (b) Experimental drying rate measurements of nanochannels with different
height. RH = 1% stands for the experiments with dry nitrogen purging. RH = 50% stands for the experiments without purging. At least 15
experiments have been done for each data group.

Figure 7. Correlation of drying rate difference between 1% and 50% experiment with effective Knudsen diffusivity and channel heights. (a)
Theoretical correlation between drying rate difference and Knudsen diffusivity for 29 nm-high and 122 nm-high channels. Experimental values are
used to calculate the effective Knudsen diffusivity. (b) Experimentally extracted effective Knudsen diffusivity at different channel heights. (29 nm, 56
nm, 68 nm, 100 nm, 115 nm, 122 nm).
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∼ 1%). To achieve that, we placed the chip in the environment
with RH = 50%, and no purging nitrogen was introduced into
the reservoir. The relative humidity at the open end of
nanochannel can be considered as 50% due to negligible
diffusion resistance of reservoir and microchannel. The
measured drying rates for channels with different heights are
shown in Figure 6b as “RH = 50%”. For comparison, nitrogen
gas purging results are shown as “RH = 1%”.
Clearly, there are statistical differences between the measured

drying rates at these two different RHs for most of the
nanochannels except for 38 nm-high and 48 nm-high
nanochannels, indicating that these nanochannels have very
sharp corners and the contribution from corner flow to water
drying is significantly larger than the other two.
For all other nanochannels, the drying rates from high RH

(50%) experiments are lower than those from low RH (1%)
experiments. The differences between these two drying rates
correspond to the change of vapor diffusion (uv) and thin film
flow (uf) since the corner flow contributions (uc) are
independent of ambient RH.

Δ = Δ +u u u( )v f (7)

Thus, the significant contribution from corner flow to the
overall drying rate can be excluded without knowing the exact
corner angles, which leads us to more accurate investigation of
water vapor diffusivity. Figure 7a shows how theoretical drying
rate difference is related to the water vapor diffusivities at
different channel heights (29 and 122 nm). Experimental
results are also presented in Figure 7a, and the effective
diffusivity corresponding to each channel height can be
therefore extracted. According to our calculation, the effective
water vapor diffusivity inside silica nanochannels ranges from
0.055 cm2/s to 0.235 cm2/s in a height range of 29 nm −122
nm, as exhibited in Figure 7b. Our results suggest that
Knudsen’s theory can roughly describe water vapor diffusivity,
despite strong adsorption between water molecules and silica
surface.
The agreement between extracted effective water vapor

diffusivity and Knudsen’s theory is likely a result of both strong
physical adsorption and specular gas-wall collision. For gases
with strong affinity to solids, the gas−solid interaction can
affect the gas molecule trajectories under nanoconfinement and
the corresponding gas diffusivity is expected to deviate from
classic Knudsen’s theory.29 On the other hand, as proposed by
Lei et al., the water molecule adsorption on to the silica surface
can alter the tangential momentum accommodation coefficient
(TMAC), which is related to gas-wall collision inside
nanochannels.46 Previous studies have shown that the first
adsorption of water molecules to surfaces can reorient
themselves into ordered layers.47−49 This “ice-like” config-
uration can fill the surface depressions and induce a smooth
surface for more specular collision. Although this validity
requires further investigation, our effective diffusivity measure-
ment sheds lights on the water vapor transport in nanoscale
conduits and nanoporous media.

■ CONCLUSION

In conclusion, planar nanofluidic devices were successfully
made to study water drying in the dead-end nanochannels. Two
different drying behaviors, i.e., continuous meniscus receding
and discontinuous meniscus receding due to liquid bridge
formation/vaporization ahead of the meniscus, were observed
in these nanochannels, although both of them led to constant

drying rates. We accurately measured drying rates inside the
channels with different geometries. Vapor diffusion, thin film
flow, and corner flow are proposed to quantitatively explain the
experimental drying rates from different channels. Our results
show that corner flow and vapor diffusion are the two major
contributors to liquid drying in nanoconfinements with feature
size larger than 20 nm. Our results also show that water vapor
diffusivity inside silica nanochannels can be described by classic
Knudsen theory despite strong affinity of water vapor. These
findings provide new insights of liquid drying and vapor
transport in nanoscale confined spaces, which will elucidate
many related processes occurring in nature and industry and
improve corresponding applications.

■ METHODS

The dead-end nanochannel device is composed of two substrates: (1)
silicon substrate with 30 open parallel nanochannels and (2) glass
substrate with one microchannel and two reservoirs. Both substrates
are 500-μm thick. The fabrication of the silicon substrate started from
transferring nanochannel patterns (L: 1000 μm, W: 3 μm) from
chrome photomask to photoresist (S1813) with photolithography.
The nanochannels were then being etched with a reactive ion etching
system (Plasma-Therm 790). The etch rate had been adjusted to ∼1
Å/s for accurate control of nanochannel height. Afterward, the silicon
substrate was cleaned with piranha solution (H2O2:H2SO4 = 1:3) and
kept in a furnace at 1000 °C to grow 300 nm-thick thermal oxide. The
fabrication of the glass substrate started with polysilicon deposition on
to the plain glass substrate. 500 nm-thick polysilicon was deposited on
both side of the glass substrate in a furnace via chemical vapor
deposition (CVD). With the help of photolithography, reservoir
patterns were defined and aligned on the photoresist layer spun on
both sides of the substrate. Exposed polysilicon on both sides was then
etched away by reactive ion etch (RIE). Subsequently, 49%
hydrofluoric acid (HF) was used to etch through the glass substrate
with the patterned polysilicon as etching mask. Similarly, photo-
lithography and RIE were used to create microchannel patterns on the
polysilicon layer, bridging the neighboring reservoirs. The micro-
channel was also etched by 49% HF, and the depth was around 100
μm. Afterward, the polysilicon layer was removed by tetramethy-
lammonium hydroxide (TMAH). The two substrates were cleaned
with piranha solution before being bonded together through anodic
bonding technique. The bonding process was carried out under a
voltage of 500 V at 400 °C with our homemade bonding setup.
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