Lawrence Berkeley National Laboratory
Energy Storage & Distributed Resources

Title

Turning traditionally nonwetting surfaces wetting for even ultra-high surface energy
liquids

Permalink
https://escholarship.org/uc/item/4097b401
Journal

Proceedings of the National Academy of Sciences of the United States of America,
119(4)

ISSN
0027-8424

Authors

Wilke, Kyle L
Lu, Zhengmao
Song, Youngsup

Publication Date
2022-01-25

DOI
10.1073/pnas.2109052119

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial License, availalbe at https://creativecommons.org/licenses/by-nc/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/4097b40f
https://escholarship.org/uc/item/4097b40f#author
https://creativecommons.org/licenses/by-nc/4.0/
https://escholarship.org
http://www.cdlib.org/

Check for
updates

Turning traditionally nonwetting surfaces wetting
for even ultra-high surface energy liquids

Kyle L. Wilke*'®, Zhengmao Lu*'®, Youngsup Song?, and Evelyn N. Wang®?

?Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139

Edited by David Weitz, Department of Physics, Division of Engineering and Applied Science, Harvard University, Cambridge, MA; received May 16, 2021;

accepted December 6, 2021

We present a surface-engineering approach that turns all liquids
highly wetting, including ultra-high surface tension fluids such as
mercury. Previously, highly wetting behavior was only possible for
intrinsically wetting liquid/material combinations through surface
roughening to enable the so-called Wenzel and hemiwicking
states, in which liquid fills the surface structures and causes a
droplet to exhibit a low contact angle when contacting the sur-
face. Here, we show that roughness made of reentrant structures
allows for a metastable hemiwicking state even for nonwetting
liquids. Our surface energy model reveals that with liquid filled in
the structure, the reentrant feature creates a local energy barrier,
which prevents liquid depletion from surface structures regardless
of the intrinsic wettability. We experimentally demonstrated this
concept with microfabricated reentrant channels. Notably, we
show an apparent contact angle as low as 35° for mercury on
structured silicon surfaces with fluorinated coatings, on which the
intrinsic contact angle of mercury is 143°, turning a highly nonwet-
ting liquid/material combination highly wetting through surface
engineering. Our work enables highly wetting behavior for previ-
ously inaccessible material/liquid combinations and thus expands
the design space for various thermofluidic applications.

hemiwicking | Cassie state | omniphobic | reentrant structures |
omniphilic

H ighly wetting surfaces, which are desired for a range of
thermofluidic systems such as microfluidics (1, 2),
antifogging (3), liquid separation (4, 5), and heat transfer
enhancement via boiling and thin film evaporation (6, 7), have
only been achieved for intrinsically wetting liquid/solid combi-
nations. By roughening a substrate with an intrinsic contact
angle 6 < 90°, the wettability will be enhanced. If the roughen-
ing is aggressive enough (SI Appendix, Text S1 and Fig. S1), a
so-called hemiwicking state can be reached in which liquid fills
the surface structures and exhibits a very low apparent contact
angle 0* (Fig. 14, i) (8). However, for intrinsically nonwetting
liquid/solid combinations (0 > 90°), roughening further
decreases the wettability. Aggressive roughening typically
results in the repellent Cassie state instead (Fig. 14, i) (9). ST
Appendix, Text S1 describes different wetting states in further
detail. Because high surface tension liquids and low surface
energy solids rarely render intrinsic contact angles 6 < 45° (Fig.
1B), it is not surprising that liquids with medium-to-high sur-
face tension such as water or mercury do not wet low surface
energy materials, structured or not (10-20). Therefore, turning
a nonwetting liquid/solid combination highly wetting is funda-
mentally significant. Moreover, it removes restrictions on mate-
rial selection due to wettability requirements for thermofluidic
applications. For example, fluorinated polymers have great
chemical resistance due to their chemical inertness but are also
generally nonwetting to water, limiting the coating’s application
when wetting behavior is needed. Similarly, owing to their high
thermal conductivity, liquid metals are excellent working fluid
candidates in high-temperature heat pipes (7, 21). However,
they do not exhibit highly wetting behaviors on many solid sur-
faces, limiting their use (18). In this work, we turn traditionally
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nonwetting surfaces wetting to even high surface tension liquids
using reentrant structures (Fig. 14, iii). Such reentrant struc-
tures are excellent at creating local energy barriers to liquid
propagation and have previously been used to enable liquid
repellency to completely wetting fluids (i.e., the reverse behav-
ior of what is demonstrated in this work) (SI Appendix, Text S2
and Fig. S2) (10, 22-28) as well as create directional steering of
liquid (29). Here, we create a metastable hemiwicking state via
contact line pinning on reentrant structures prefilled with non-
wetting liquids and demonstrate the ability to control wetting
through surface structuring and liquid manipulation alone,
largely decoupling the wetting behavior from the material/lig-
uid used as long as prefilling of the liquid is successfully
achieved.

To illustrate why reentrant structures enable a metastable
hemiwicking state, we model how the total surface energy
varies with the liquid volume for reentrant channels initially
filled with a nonwetting liquid (Fig. 24). In Fig. 24, i, the total
surface energy of a unit depth of the unit cell is given by:

Ey =y14(4D +1+2H) + 1, [1]

where y,; is the surface energy of solid-liquid interfaces, y;, is
the surface energy of liquid—gas interfaces, / is the channel
pitch, D is the length of the reentrant overhang, H is the chan-
nel height, and the thickness of the overhang is assumed to be
minimal compared to other dimensions (Fig. 24). As the liquid
is gradually removed from above, more solid-liquid interfaces
are replaced by solid—gas interfaces until contact line pinning
occurs at the reentrant feature. Between Fig. 24, i and iii, the
solid-liquid and solid—gas interface area remains the same
while the liquid—gas interface area decreases, and the total sur-
face energy can be calculated as:
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Fig. 1.

(A) Tuning contact angles for liquid/solid combinations with different intrinsic wettabilities. Surface roughening typically results in the highly wetting

hemiwicking state only for intrinsically wetting liquid/solid combinations (i) and leads to the repellent Cassie state instead for intrinsically nonwetting combi-
nations (ii). Our approach allows for a metastable hemiwicking state using surface reentrant structures, regardless of intrinsic wettabilities (iii). (B) Typical
intrinsic contact angles for combinations of liquids of different surface tensions and solids with different surface energies with example references (10-20).

E53 = 7&1(2D+l_d+2H) +7/sg(d+2D) +27/lgR23§5 [2]

where y,, is the surface energy of solid—gas interfaces, ¢ is the
contact angle of the liquid front with respect to the top surface,
d is the width of the channel wall, and R,; is the radius of cur-
vature of the liquid—gas interface during this stage:

l—d-2D
Ros = cose
Note that during this liquid-removal process, £ goes from 0 to
zero where the interface becomes flat. Beyond & = 0, as we con-

tinue to remove the liquid, the liquid—gas interface area starts
increasing and the total surface energy can be expressed as

By =vy(2D +1—d +2H) + 74, (d +2D) + 2y,,Rau(n — @), [4]

[3]

where ¢ is the contact angle of the liquid front with respect to
the bottom surface of the overhang, and Ri4 is the radius of
curvature of the liquid—gas interface during this stage

l—d—-2D

~ 2cos (r—¢)’ 151

R34
where ¢ varies from 0 to # — 6. This increase in surface energy
from Fig. 24, iii and iv creates a local energy barrier that enables
a metastable hemiwicking state, avoiding a completely dry state

A Removing liquid - B
. . . . i 1

(Fig. 24, v). Note that to enter this metastable state, it is neces-
sary to prefill the surface structure, which is different from a typi-
cal hemiwicking state. On the other hand, for normal channels
(no reentrant structure) initially filled with a nonwetting liquid
(Fig. 2B, i), pinning still occurs as we remove liquid from the top
(Fig. 2B, ii). However, once the contact angle with respect to the
side wall reaches 6 (Fig. 2B, iii), the interface further recedes,
leading to the complete dry state (Fig. 2B, iv). Accordingly, the
total surface energy decreases monotonically during the liquid-
removal process from normal channels, and no metastable hemi-
wicking state is observed. The detailed surface energy calculation
for nonreentrant channels can be found in SI Appendix, Text S3.
In Fig. 2 4 and B, we also plot the total surface energy as a func-
tion of the liquid volume for reentrant and nonreentrant struc-
tures, respectively, setting 6 = 135° and normalizing the total
surface energy and the liquid volume to take values between
0 and 1. While the values in Fig. 2 4 and B do not have specific
physical meanings, the trend shows that a metastable energy state
(a local energy minimum) only exists for reentrant structures.
The result in Fig. 2B, showing that the normal channels
(nonreentrant channels) cannot maintain a filled state for non-
wetting liquids is consistent with literature. Previously,
researches have shown which wetting states are stable for
liquids of different contact angles on structured surfaces. For
nonwetting liquids, the Wenzel and hemiwicking states are

Removing liquid
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Fig. 2. Reentrant structures enabling a highly wetting state. (A) A reentrant structure initially filled with a nonwetting liquid begins emptying (i). The
three-phase contact line pins at the reentrant feature (ii through iv), creating a local energy barrier to prevent complete dry out (v). (B) A nonreentrant
structure initially filled with a nonwetting liquid begins emptying (/). Pinning still occurs (ii and iii), but the interface recedes on the side wall before it
becomes flat, which fails to create any local energy barrier, leading to the complete dry state (iv).
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Fig. 3.

Fabricated reentrant surfaces. (A) Cross-section scanning electron microscope images of a cleaved section of a reentrant channel surface used in
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this work. Surfaces had up to 10 channels to allow for sufficient area to characterize the apparent contact angle on the surface. (B) Expected apparent
contact angle for surfaces with varied projected solid fraction based on the hemiwicking equation (S/ Appendix, Eq. S2). A projected solid fraction of 0.18
was chosen in this work, as it will achieve wetting behavior for liquids with highly nonwetting intrinsic contact angles (i.e., approaching 180°). (C) Sche-
matic depicting when the Cassie, Wenzel, and hemiwicking states would typically be expected for the surfaces used in this work. (D) A nonwetting liquid
confined within reentrant channels, with a reentrant angle, o, has a component of its total surface tension force, F, that acts in the vertical direction, F,,
which acts to hold the liquid in the channel despite its nonwetting contact angle. (E) Normalized surface tension force, F,, that creates the metastable
hemiwicking state. (F) Image of the three-phase contact line for mercury on top of a prefilled reentrant channel surface. Because the liquid interacts with
a hemiwicking surface consisting of nonwetting channel wall tops and wetting liquid within the channels, the three-phase contact line forms a complex
shape. Above the nonwetting channel walls, the liquid is pushed back into the drop, while the wetting liquid within the channel pulls the liquid forward
away from the drop, creating a fingered appearance of the contact line. This complex three-phase contact line also shows that the liquid within the reen-
trant channels is completely confined to the channel even when additional liquid like the droplets seen in these photos is added on top of the channels.

often not stable. One can predict the critical intrinsic contact
angle that separates when each of the three wetting states, Cas-
sie, Wenzel, or hemiwicking is energetically favorable. When
cosd> (1 —¢)/(r— ¢), the hemiwicking state is most energeti-
cally favorable, where 6 is the intrinsic contact angle on the
surface, ¢ is the projected solid fraction (also called the area
fraction), and r is the surface roughness. Meanwhile, when
cosd<—(1—¢)/(r—¢), the Cassie state is favorable, and at
intermediate contact angles, the Wenzel state is most favorable
(8, 30, 31). By observation, we see that typically, the hemiwick-
ing state is only favorable for wetting liquids.

Fabricated Reentrant Microstructures

To experimentally demonstrate that reentrant structures enable
wetting of ultra-high surface tension fluids, we fabricated reen-
trant microchannels (Fig. 34) as well as normal microchannels.

Wilke et al.
Turning traditionally nonwetting surfaces wetting for even ultra-high-surface
energy liquids

Channels were chosen due to the simplicity of fabrication and
the well-established understanding of typical wetting behavior
(32). The full fabrication process is described in SI Appendix,
Fig. S3 and Materials and Methods. We fabricated reentrant
channels with / = 500 pm, H = 400 pm, d = 40 pm, t = 1 pum,
and D = 25 pm and normal channels with / = 500 pm, H = 400
pm, and d = 90 pm. SI Appendix, Table S1 summarizes the
geometry of tested samples. All surfaces were also coated with
a conformal, 60-nm-thick low surface energy polymer (C4Fs).
In fact, because the coating is a low surface energy material, it
generally renders the surface more repellent, making a demon-
stration of wetting of ultra-high surface tension liquids even
more difficult. Nevertheless, by using the reentrant channels
with a projected solid fraction of ¢ = (d+2D)/l = 0.18, we can
obtain a surface with an apparent contact angle less than 50°
for even highly nonwetting liquids (Fig. 3B) based on the

PNAS | 30f7
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equation for apparent contact angle in the hemiwicking wetting
state (SI Appendix, Eq. S2). For the normal channels in this
work, ¢ = d/l = 0.18 and r = 2.6, while r for the reentrant chan-
nels was 2.7. Therefore, liquids with contact angles above
~109° are not stable in the Wenzel state (i.e., they transition
automatically to the Cassie state), and liquids with contact
angles below ~71° exhibit the hemiwicking state, and those in
between are most stable in the Wenzel state (Fig. 3C). For the
surfaces used in this work, mercury and water had an advancing
and receding contact angle higher than where the Wenzel state
can be stable, and all the nonwetting liquids used would not
have a stable hemiwicking state.

Next, to determine what level of reentrance was required, we
adopted the framework used by K.L.W. for omniphobic surfa-
ces (33), in which a normalized surface tension force, F,, is cal-
culated as the ratio of the total surface tension force, F, divided
by the component that holds the liquid within the channels, F,
(Fig. 3D). In Fig. 3E, the normalized surface tension force is
plotted for liquids with different intrinsic contact angle, as the
reentrant angle, «, is varied between 0° (normal channels) and
180° (doubly reentrant channels such as those in fabricated by
Liu et al.) (10). If this force is 0 or below, no local energy mini-
mum exists to maintain the hemiwicking state. When F,, = 1,
the given geometry can generate the maximum energy barrier
possible by changing the reentrant angle alone. From Fig. 3E,
we see that when the reentrant angle is 0° (normal channels),
F, is equal or less than 0 for all nonwetting liquids, thus the
inability of normal channels to retain nonwetting liquids. How-
ever, as the reentrant angle is increased, F,, also increases. At a
reentrant angle of 90° (vertical dashed line), even liquids with a
contact angle as high as 150° exhibit F,, = 0.5 (i.e., half of its
maximum possible value). Structures with a reentrant angle
above 90° are referred to as doubly reentrant structures and
are difficult to manufacture (10). Therefore, a reentrant angle
of 90° was used, given it is straightforward to produce, and it is
sufficient for even very nonwetting liquids like mercury with a
contact angle just shy of 150°. Therefore, after prefilling with
mercury, liquid mercury is trapped in the reentrant channels,
and a mercury droplet on top of the channel exhibits the hemi-
wicking state with a wetting contact angle (Fig. 3F). This
trapped mercury is also stable to liquid flowing over the chan-
nel and then departing from the surface (Movie S1).

Apparent Wettability Independent of Intrinsic Wettability

We measured the apparent contact angle (6*) for a variety of
liquids with different intrinsic contact angles (0) ranging from
highly wetting to highly nonwetting (liquid properties listed in
SI Appendix, Table S2). A syringe was used to add and remove
a droplet from the surface, while a camera recorded the appar-
ent contact angle, as the droplet’s three-phase contact line
advanced and receded along to the channels (refer to SI
Appendix, Text S4 and Fig. S4 for more information on wetting
on channels). This technique is well-established and commonly
used to quickly and accurately capture wetting behavior on sur-
faces (34). Therefore, despite the presence of the syringe, which
wasn’t depicted in schematics in Figs. 1 and 2, the measurement
still captures expected behavior. When liquid contacts a micro-
structured surface, three distinct wetting states occur. First is
the wicking state, which typically only occurs for highly wetting
liquids, called the hemiwicking state (35). In this state, liquid
completely fills the microstructure (SI Appendix, Fig. S14). Sec-
ond is an intermediate state that occurs for moderately wetting
liquids, called the Wenzel state (36). In the Wenzel state, liquid
only fills the structure below the droplet (SI Appendix, Fig.
S1B). Third is the repellent state which typically only occurs
for nonwetting liquids, called the Cassie state (9). In the
Cassie state, air is trapped in the structures below the droplet
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(SI Appendix, Fig. S1C). Further discussion on these wetting
states, their governing equations, and when they occur may be
found in SI Appendix, Text S1.

In Fig. 44, we show the measured apparent contact angle
(0%) for normal channels (not prefilled) and prefilled reentrant
channels. The normal channels highlighted typical wetting
behavior (red symbols in Fig. 44), in which highly wetting
liquids (6 < 90°) formed the hemiwicking state (Movie S2),
moderately wetting liquids formed the Wenzel state (Movie
S3), and nonwetting liquids (6 > 90°) formed the Cassie state
(Movie S4), consistent with previous literature (8, 37). Squares
denote the advancing contact angle, while triangles denote the
receding contact angle. Note that the Cassie state was observed
at contact angles less than the critical angle due to a commonly
observed metastable Cassie state (38). However, we also show
that by first filling the reentrant channels with the same liquid
as that in the syringe (i.e., placing the surface into a metastable
hemiwicking state), highly wetting behavior was also extended
to nonwetting liquids (blue symbols and Movie S5). As such, ST
Appendix, Eq. S2 for the hemiwicking state governed the wet-
ting behavior, and a small apparent contact angle was achieved
for all liquids regardless of intrinsic contact angle. We note that
because the surface requires prefilling, this is different from the
traditional hemiwicking state in which liquid spontaneously fills
the surface. Two straightforward prefilling strategies were used
in this work, demonstrating flexibility in achieving the metasta-
ble hemiwicking state (Prefilling Surface Structures). Using this
approach, a combination of reentrant structures and prefilling,
a typically highly nonwetting liquid such as mercury exhibited
highly wetting behaviors. On a flat, unstructured surface, the
mercury was highly nonwetting with a contact angle of 143°
(Fig. 4 B, i and Movie S6). As such, on normal channels, the
mercury formed the Cassie state with a contact angle of 153°
(Fig. 4 B, ii and Movie S7). In comparison, the contact angle on
the reentrant surface was less than 35° highlighting this
approach’s ability to use surface-engineering to produce highly
wetting behavior for highly nonwetting liquid/surface combina-
tions (Fig. 4 B, iii; refer to Movie S8 for the advancing droplet
and Movie S9 for the receding droplet). Even with prefilling,
normal channels could not exhibit this behavior due to the
energy analysis in Figs. 2B and 3C, which was also confirmed
theoretically and experimentally (SI Appendix, Text S5).

Discussion of Limitations and Other Designs

While the wetting behavior of nonwetting liquid/solid combina-
tions reported here is distinct from traditional hemiwicking in
that it requires prefilling, it does allow nonwetting liquid contact-
ing the surface to be wicked through the prefilled channels, as
seen in Movie S5, in which a nonwetting droplet of water is
pulled into the reentrant channels after initially contacting a flat,
unstructured, and nonwetting portion of the surface. In other
words, after placing the surface into the hemiwicking state, more
traditional wicking behavior was observed. This can be used to
not only enable wicking of liquids that could previously not be
wicked but could also enhance the wicking performance or
relax surface design constraints when wicking moderately wetting
liquids.

We also show that the ability for the surface to wick
addresses a potential failure mechanism of the surface, deple-
tion of the liquid in the reentrant channels due to evaporation,
which has been observed in similar systems that rely on filled
surface structures to achieve a wetting behavior, such as lubri-
cant impregnated surfaces (LIS). Despite this practical chal-
lenge, LIS has found many potential beneficial applications.
For LIS, it has been shown that liquid depletion can easily be
overcome by periodically refilling the impregnated liquid (39).
Inspired by this approach, we demonstrate the feasibility of
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microstructures as the droplet grows along the channels for liquids with different intrinsic wettability (cos 6). The normal channels (not prefilled) high-
light typical behavior, in which nonwetting liquids form a Cassie wetting state with large apparent contact angle, while wetting liquids form a hemi-
wicking state with small apparent contact angle. Prefilled reentrant channels, however, enable the hemiwicking state to be extended to even
ultra-high surface tension liquids. The bands of expected contact angles for the hemiwicking and Cassie state are shown due to a grating error in our
measurement (i.e., a droplet may orient itself on the surface in a way that the solid fraction at the contact line deviates from 0.18). This error is
described in more detail in SI Appendix, Text S6. Contact angle measurements may be found in S/ Appendix, Table S3. (B) Images of a nonwetting lig-
uid (mercury) on a flat surface, normal channels, and reentrant channels. Because the reentrant channels are in the metastable hemiwicking state, wet-

ting behavior is observed even for the highly nonwetting liquid mercury. (C) Contact angle of water on prefilled reentrant channel surfaces over time
with and without periodic refilling of the water within the channel. Refilling prevents liquid depletion and prevents a transition out of the hemiwick-

5 min 10 min

ing state.

refilling these surfaces to increase longevity of the hemiwicking
state by leveraging the prefilled reentrant surface’s ability to
wick nonwetting liquids. We conducted experiments in which
one water-prefilled, C4Fs-coated reentrant surface did not get
replenished with liquid, while a second was replenished periodi-
cally by adding a droplet to the surface, which wicked into and
refilled the prefilled reentrant channels in the hemiwicking
state (similar to Movie S5). We then compared how long the
surface could remain in the highly wetting hemiwicking state
for the surfaces with and without liquid replenishment, the
result of which is shown in Fig. 4C. Note that in Fig. 4C, every
data point in the without refilling sequence requires a separate
experiment given that adding a droplet of liquid for contact
angle measurements also replenishes liquid in the channels.
The separate experiments caused slight variation in the images
throughout the sequence. Due to evaporation of the water
within the channels, the surface without refilling lost its hemi-
wicking state within 10 min, instead reverting to a Cassie state
as the water in the channel was replaced with air. On the other
hand, the surface with refilling remained in the hemiwicking
state for 120 min before stopping the experiment, demonstrat-
ing the ability to maintain the highly wetting state with simple
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refilling strategies. In this case, refilling was conducted every
5 min based on the results of the surface without refilling. In
these images, because the surface quickly wicks liquid in while
the droplet is still small, the contact angle in the images
appears less than the case in which a larger droplet was main-
tained on the surface. Continuing to draw analogies with LIS,
depletion is also not a concern for liquids with low volatility.
For instance, the first sample that we infused with mercury for
this project (in August 2018) remained filled with mercury until
the submission of this manuscript. Finally, for closed systems,
liquid depletion in the surface structure will also usually not
occur because of the saturated environment, which limits
evaporation.

In this work, we also only demonstrated turning surfaces
wetting to nonwetting liquids using channels. However, other
geometry should be able to maintain the metastable hemiwick-
ing state. We have added simulation demonstrating each geom-
etry can exhibit a local energy minimum for the hemiwicking
state. We performed the same modeling of the surface energy
as a function of liquid volume in different reentrant structures
including reentrant cavities and reentrant pillars, which showed
that these geometries can produce the same local energy
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minimum that maintains nonwetting liquid in the hemiwicking
state (SI Appendix, Text S7). By then using previously modified
Cassie—Baxter equations for liquid wetting on structured surfa-
ces (32), we also predict the expected advancing and receding
contact angles on these surfaces in SI Appendix, Text S7, which
suggests that wetting behavior of nonwetting liquids can be
greatly enhanced for both pillars and cavities; however, cavities
are expected to have large contact angle hysteresis. The chosen
geometry will also not only influence the apparent contact
angle on the surface but also the stability of the metastable
state and the ability to properly fill the surface, also discussed
in SI Appendix, Text S7. Again drawing analogies to previous
works designing omniphobic surfaces, which explored the effect
of design parameters such as geometry and wettability on the
stability of metastable wetting states (40, 41), we expect the sta-
bility of the metastable state to be improved by increasing the
reentrant angle and decreasing pitch; however, decreasing the
pitch could prevent vacuum-filling given the breakthrough pres-
sure to force nonwetting liquid into the structures would be
increased (SI Appendix, Text S7). On the other hand, design
aspects such as making the ratio of the channel depth to the
pitch too small could reduce the stability of the metastable
hemiwicking state (39).

Finally, we only demonstrated turning surfaces wetting to
nonwetting liquids using channels filled with the same liquid.
However, it is likely that there are combinations of liquids filled
in the channels and liquids contacting the surface that also
enable this phenomenon (i.e., a different liquid in the channel
as contacting the surface). We demonstrated a simple case, in
which two different miscible liquids were used to show experi-
mentally that using the same liquid is not a requirement to
achieve hemiwicking. In Movie S10, we prefilled a reentrant
channel surface with ethanol and then used a syringe to add
water to the surface. Because the two liquids are miscible, the
water was wicked away just as it would have been had it been
contacting a reentrant channel surface prefilled with water.
Next, in Movie S11, we did the opposite, in which we prefilled
the reentrant surface with water and then used the syringe to
add ethanol. Once again, the surface wicked the ethanol away.
In the case on nonmiscible liquids, the behavior is expected to
be more complicated and is expected to be similar to wetting
behavior on LIS. However, because the reentrant surfaces cre-
ate metastable states that extend wetting behavior, the use
of reentrant structures for LIS is expected to increase stability
of LIS wetting states and increase the potential combinations
of liquids that can be used. For example, a typical design crite-
rion for LIS is that “the lubricating liquid must wick into, wet
and stably adhere within the substrate,” which would have pre-
viously been limited to only wetting liquids due to the assump-
tion that wetting is required to create a stable liquid layer on a
surface (42).

Conclusion

We have demonstrated that highly wetting behavior can be
achieved with surface reentrant structures, regardless of intrin-
sic wettabilities, by creating a metastable hemiwicking state.
This metastable state enables rational control over wetting
behavior independent of surface energies of the material/liquid
used. Our model suggests that the local energy barrier created
by the reentrant features allows for a metastable state in which
liquid is maintained inside the surface structures even though it
is intrinsically nonwetting. Experimentally, we showed that
even ultra-high surface tension liquids such as mercury can
exhibit wetting apparent contact angles with this surface design.
Although challenges remain in fabrication of reentrant surfa-
ces, this concept promises to impact technologies that utilize
tailored wettability.
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Materials and Methods

Fabrication of Surfaces. The fabrication procedure of both normal and reen-
trant channels is depicted in S/ Appendix, Fig. S3. Each step is described in fur-
ther detail here.

Photoresist exposure and development. A 2.5-um layer of photoresist
(Microposit $1822) was spin coated on polished silicon wafers that had a 1-um-
thick silicon dioxide layer on the surface. The photoresist was exposed using
an MLA150 Maskless Aligner. The resist was developed for 120 s in Microposit
MF CD26 developer (S/ Appendix, Fig. S3, i).

Reactive ion etch. The silicon dioxide was first etched using CF; (Multiplex
reactive ion etcher [MPX/LPX RIE], STS). Then, the channels were etched in the
silicon with deep reactive ion etching (Rapier deep reactive ion etcher [Rapier
DRIE], SPTS) (S! Appendix, Fig. S3, ii).

Oxide removal. For normal channels, the silicon dioxide was removed by plac-
ing the samples in 7:1 buffered oxide etch solution for 10 min (S/ Appendix,
Fig. S3A, iii).

SFe etch. An isotropic SFs etch (Rapier DRIE, SPTS) was used to remove silicon
below the silicon dioxide to create the reentrant geometry (S/ Appendix, Fig.
S3B, iii).

C4Fs deposition. A conformal, 60-nm-thick hydrophobic polymer (C4Fg) was
deposited (Rapier DRIE, SPTS). This allowed a large range of intrinsic contact
angles to be tested and created surfaces with uniform and consistent wettabil-
ity (SI Appendlix, Fig. S3, iv).

Contact Angle Measurements. A custom-built experimental setup was used
to measure contact angle (S/ Appendix, Fig. S5). The air and liquid tempera-
ture remained close to the surrounding laboratory temperature. A syringe
pump (Micro4, World Precision Instruments) was used to add and remove
water from a droplet on the surface. Note that the liquid was added and
removed slowly enough that there was no dynamic effect on the contact
angle (i.e., the capillary number was small). A digital single-lens reflex cam-
era (EOS Rebel T3, Cannon) and macro lens were used to collect images of
the droplet advancing on the surface. Lighting of the droplet was supplied
with a light source (Intenselight C-HGFI, Nikon) and lens (C-HGFIB, Nikon).
Contact angle was extracted from the images using Imagel). For contact
angle measurements of reentrant surfaces in the repellent state, the droplet
was added to a dry surface (i.e., air within the surface structures). For the
hemiwicking state, the droplet was added to a surface prefilled with the
same liquid as that in the syringe. This contact angle measurement is well
established, and the presence of the syringe does not create enough error to
change conclusions in this work (34).

Prefilling Surface Structures. Prefilling the reentrant channels with liquid
was achieved using a variety of methods. For naturally wicking liquids,
the liquid was added to one end of the channels and, in turn, filled the
channels spontaneously. For ethanol/water mixtures that were not wick-
ing, the channels were first filled with pure ethanol. Next, the ethanol
filled sample was placed in a large container of the ethanol/water mix-
ture to be tested. The pure ethanol within the surface structures diffused
into the mixture, thereby replacing the ethanol in the channels with the
mixture. Note that the volume of ethanol in the channels was on the
order of 10 pL, whereas the container was more than 1,000 times this
size. Therefore, this filling method did not affect the final concentration
of the mixture. Samples were then removed from the mixture such that
the channels remained filled to conduct contact angle or capillary height
measurements. For mercury, prefilling was achieved by vacuum-filling
the reentrant microstructures. The surface was placed in a small chamber,
and the chamber was then evacuated of air to less than 10 kPa, after
which the chamber was filled with mercury, thereby ensuring the reen-
trant structures were filled with this highly nonwetting liquid. We note
that the effectiveness of vacuum prefilling will be influenced by the fea-
ture size. In general, smaller surface features will require higher pres-
sures to properly fill the structures, as described in S/ Appendix, Text S7
and Egs. S9-S11. Therefore, for smaller features, vacuum alone may not
be enough to prefill a surface, and additional pressure may need to be
applied, a trade-off that needs to be considered when applying our
approach to turn a nonwetting surface wetting. The normal channels
were not prefilled for experiments unless otherwise stated.

Data Availability. All study data are included in the article and/or supporting
information.
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