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Half-cone nanoshell arrays, fabricated by a simple and efficient colloidal lithography method, enable
uni-directional liquid spreading on their hydrophilic asymmetric nanostructured surface. The preferred
direction of the liquid flow is reversed when the surface is made hydrophobic. Accordingly,
poly(N-isopropyl-acrylamide) is polymerized onto the surface for in-site controlling the transition of liquid
spreading direction via its temperature dependent hydrophobicity. Furthermore, we also explain
theoretically, that the spreading direction on hexagonal nanocone arrays is independent of the lattice
orientation and only depends on the slanting direction. The insights gained from this work offer new
opportunities for smart microfluidics, water harvesting and making use of other wetting conditions on
demand.

nisotropically wetting surfaces have attracted a lot of attention owing to their advantages of directing flow

in microfluidic devices, evaporation driven formation of patterns, and easy-to-clean coatings as well as to

their fundamental interest'°. They can be achieved by various micro/nanoscale topographic features’ "
and selective chemical patterning on surfaces'"’. In addition, groove geometries and patterned surface chemis-
tries have produced anisotropic wetting, where contact-angle variations in different directions resulted in elon-
gated droplet shapes'*™'. In all of these studies, however, the wetting behavior preserves left-right symmetry.
Recently, very interesting wetting phenomena of uni-directional liquid spreading (the liquid propagates in a
single preferred direction and pins in all others) were observed on slanting micro-pillar arrays®. In this approach,
various inclined nanostructures in the form of slanting nanorods or nanopillars have been fabricated to develop
the uni-directional spreading®-*". These impressive efforts have been made for understanding the fundamental
uni-directional behavior and wetting mechanism. However, real-time control as well as switching of the uni-
directional liquid flow based on inclined nanostructures has not been realized. On the other hand deeper
understanding and further examination of the wetting behavior of the inclined nanostructures are required for
extensive potential applications. A special challenge will be to have simple and reproducible manufacturing tools
and to be able to switch and to control liquid flow.

To address these issues, we present herein a well-designed half-cone nanoshell array to achieve multifunctional
wetting. The novel inclined nanostructures are fabricated via a versatile, simple and efficient colloidal lithography
(CL) technique®®** (details shown in Supplementary Fig. S1 online). In-site and immediate control of the uni-
directional liquid flow is realized by decorating the surface with poly(N-isopropyl-acrylamide) (PNIPAAm),
which results in real-time temperature switchable wetting behavior, yet on the same nanostructures. This prop-
erty is expected to be greatly advantageous to achieve complex flow patterns, wetting on demand and pave a new
way for smart microfluidics. Furthermore, we also explain theoretically, that the spreading direction on the
hexagonal half-cone nanoshell arrays is independent of the lattice orientation and only depends on the slanting
direction. The insights gained from this work not only expand the inclined structures but also develop the theory.

Results

First, we focus on the water spreading on the novel structure when the surface is hydrophobic. Figure 1A shows
the SEM image of the half-cone nanoshell array and the main structural parameters. When 3 pL water is
deposited on the sample under the condition that the shells slant to -X, the water droplet shows an obvious
trend of spreading to +X shown in Figure 1B. The left contact angle (CA) is 85° and the right CA is 97°. In the
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Figure 1 | Water spreading on a hydrophobic half-cone nanoshell array. (A) SEM image of the half-cone nanoshell array. The image is taken from a 45°
tilting view. The left inset schematic shows the cross section of a single half-cone nanoshell and the main structural parameters. The right inset schematic
shows the coordinate system. The height H= 600 nm; diameter D= 400 nm; § = 72°. Side views of a sessile droplet on the surface taken from (B) X-Z
plane and (C) Y-Z plane. The nanoshells slant to —X. In-situ photographs of the water droplet taken at different time after the water droplet contacted
(D) the substrate along the horizontal plane and (E) the substrate inclined with 50° and (F) 90° from the horizontal plane. The nanoshells slant to
—X in (D-F). The red dotted lines in (D-F) indicate the unchanged pinned position. The blue and red arrows indicate the injecting direction and water
moving direction, respectively. The coordinate in (B—F) shows the orientation of nanoshells and corresponds to the right inset image in (A).

image taken from the Y-Z plane (Figure 1C), the left and right CA are
both 98°, showing no asymmetric wetting behavior. These results
indicate that the sample shows a preferred water spreading direction
which is towards the reverse of the slanting direction. In particular as
soon as the droplet touches the surface, it shows an obvious shift to
+X (Figure 1D). As water is injected (1 pL/s) continuously in
Figure 1E and F, only the three-phase contact line at the +X direction
moves forward while another contact line at the -X side pins on the
surface, which means the advancing angle of water on the asymmet-
ric surface is anisotropic (Supplementary Video 1 online) (the video
is accelerated by four times, which also applies to videos 1, 2, 7 and
11-14). When the substrate is inclined with 50° from the horizontal
plane, as shown in Figure 1E, the contact line of the water droplet also
moves upward (Supplementary Video 2 online). To further illustrate
the anisotropic wetting property of the surface, water is injected
downward at a speed of 0.5 puL/s to the vertical substrate in
Figure 1F, the droplet still moves upward despite the gravity and
the downward injecting force (Supplementary Video 3 online).
When water is injected to 6 pL, as shown in the last image of
Figure 1F, the droplet begins to move downward. Besides the droplet
(10 pL) would hang on the substrate when stopping injection,
showing strong adhesion on the half-cone nanoshell structure
(Figure 1G).

The evolution of the CA and baselines is measured while injecting
and sucking water at a speed of 0.5 pL/s for more clarity of the water
moving process. Figure 2A shows the left and right CA and baselines
while injecting water in the X-Z plane (Supplementary Video 4
online). As continuously injecting water, the left and right CA both
increase till the baseline moves. The right baseline begins to move at
the right CA = 104° and left CA = 93° while the distance to the left
edge of the left baseline keeps the same. In the moving process, the
liquid front gradually migrates to the reverse of the slanting direction
at a speed of 0.12 mm/s with the other pins to the surface for the

whole process. Furthermore, the right CA experiences fluctuation
while moving, which demonstrates the spreading is a stick-slip beha-
vior. At the same time, the left CA is always smaller than the right CA
and shows a slightly decreasing trend. In the sucking process in
Figure 2B, the right CA is larger than the left CA at beginning.
Then the right and left CA both show an obvious decreasing trend
and become the same at last. The left baseline moves prior to the right
baseline at the left CA = 11°. The right baseline moves at the right
CA = 16°. So the right hysteresis CA= 104 - 16 = 88°. The large
hysteresis CA demonstrates the strong adhesion of the hydrophobic
sample and the state of the droplet on the Ag half-cone nanoshell
array fits to Wenzel model®'. For the injecting and sucking processes
in the Y-Z planes in Figure 2C and D (Supplementary Video 5 and 6
online), the left and right CA and baselines show the same changing
behavior. This demonstrates there is no asymmetric wetting property
in the Y-Z plane. The advancing CA is 117° and the receding CA is
22°. So the hysteresis CA is 95°, which also demonstrates the strong
adhesion and the state of the droplet on the Ag half-cone nanoshell
array fits to Wenzel model. In particular, the advancing speed along
the Y direction is 0.2 mm/s (for one side), which is one-sixth of
the speed along the X direction. This demonstrates the well uni-
directional spreading property.

When the surface is modified with trichloro(1H, 1H, 2H, 2H-
perfluorooctyl) silane (PFES), the sample becomes superhydrophobic
and possesses a weak adhesive force between the sample and the
droplet (Supplementary Video 7 and 8 online). The CA becomes
153°; the advancing CA is 158°; the receding CA is 145°; the hyster-
esis CA is 13°; the sliding angle is 6°; and the anisotropic wetting
behavior disappears (Supplementary Fig. S2 online). These results
demonstrate that water would not enter into the interspacing
between the nanostructures and is only supported by the tips of
the nanoshells, which fits to the Cassie model’>. However, if water
enters into the interspacing, which is Wenzel or semi-Wenzel model,
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Figure 2 | The evolution of the CA and baselines: while (A) injecting and (B) sucking water for the X-Z plane and while (C) injecting and (D) sucking
water for the Y-Z plane. The inset images show the initial state and moving state. The right axis indicates the distance of the pinned position to the left edge
of the camera visual field. The coordinate shows the orientation of nanoshells and corresponds to the right inset image in Figure 1A. The nanoshells all

slant to —X.

the nanoshell structure would play its role to lead to the asymmetric
wetting property. Cassie model could remove the effect of the asym-
metric structure, making the wetting behavior homogeneity. So the
anisotropic wetting behavior disappears on the superhydrophobic
half-cone nanoshell arrays because of the transition from the
Wenzel model (the condition on the naked Ag surface in Figure 1)
to the Cassie model. The water droplet would not slip along the shell
but only can be supported by the tip, thus shows no preferred spread-
ing direction. Moreover, the effect of the structural parameters on the
wetting behavior is also investigated. It is found that the anisotropy
becomes weaker as the height of the shell decreases, which results
from the fact that the structured surface becomes close to a planar
surface as the height decreases (Supplementary Fig. S3 online).
When the half-cone nanoshell array is modified with -OH by the
treatment in O, plasma and thus becomes hydrophilic, water pro-
pagates in a single preferred direction along the slanting direction
and pins in all others, showing the property of uni-directional liquid
spreading (Figure 3). As shown in Figure 3A (the nanoshells slant to
-X), the left contact line advances fast at a speed of 6 mm/s, while the
other pins at the surface for the whole process (Supplementary Video
9 online). In contrast, no spreading takes place along the Y direction
with a monotonous decrease in the CA (Figure 3B, Supplementary
Video 10 online). Figure 3C shows the evolution of the baselines in
the X-Z (Figure 3A) and Y-Z (Figure 3B) planes. Only the left base-
line advances and all other baselines have no changes, showing the
well-defined uni-directional liquid spreading. Besides, the CA in the
X-Z plane (Figure 3D) and Y-Z plane (Figure 3E) both decrease as
water spreads and become stable when stopping moving. It is needed

to be noted that the preferred direction of the hydrophilic surface is
opposite to that of the hydrophobic surface discussed in Figure 1 and
2.

In terms of the reversal in water moving direction based on the
changed surface wetting property, PNIPAAm which is a well-known
thermo-responsive polymer is grafted on the surface to switch the
chemistry of the surfaces and further realize the in-site and imme-
diate control of the liquid flow. This polymer switches from hydro-
phobic to hydrophilic below its lower critical solution temperature
(LCST) of ~32°C. Figure 4A shows the SEM image of the half-cone
nanoshell array modified with PNTPAAm. The polymer is uniformly
polymerized on the surface. The schematic in Figure 4B shows the
components of the sample. In particular, the layer of Si is deposited to
conveniently grow the PNIPAAm. In the beginning the water is
injected (1 pL/s) continuously at the temperature (T) lower than
the LCST, the surface is hydrophilic, and the water spreads towards
the slanting direction (-X), shown in Figure 4C. When T is higher
than the LCST, the surface becomes hydrophobic. The water stops
spreading and the CA is increasing as the liquid volume increases
(Figure 4D). As the water continues to be injected, as shown in
Figure 4E, the water moves into the opposite direction, and the left
contact line remains pinned at the same position in Figure 4C and D.
The whole process can be seen in Supplementary Video 11 online. An
inverse process is observed when T changes from high temperature
to low temperature, shown in Figure 4(F-H) (Supplementary Video
12 online). The water spreads to +X when T is higher than the LCST
in Figure 4F. As the temperature decreases below the LCST, the water
pins at the +X side and spreads to -X spontaneously, shown in
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Figure 3 | Uni-directional spreading on the hydrophilic half-cone nanoshell array. In-situ photographs of uni-directional wetting in the (A) X-Z plane
and (B) Y-Z plane. The nanoshells slant to —X. The photographs are taken by every 0.2 s. (C) The evolution of the baselines in the X-Z and Y-Z planes. The
inset image shows the optical image of water spreading from the top view. The red part is the water droplet. Evolution of the CA in the (D) X-Z plane and

(E) Y-Z plane.

Figure 4G. As the water is injected continuously in Figure 4], the
water still pins at the right side and continues moving towards the
-X. The two processes can be repeated and cycled as the temperature
alternates (Supplementary Video 13 online). It is noticed that the
water spreading direction is determined by the wetting property of
PNIPAAm which responds to LCST immediately. As soon as the
wetting property of PNIPAAm changes from hydrophilcity to
hydrophobicity at a certain contact angle, the working mechanism

WD 7.0mm

PNIPAAm

Si

Ag half-
cone shell

changes and the water spreading direction switches. The change of
contact angle is real-time as the wetting property of PNIPAAm con-
tinuously changes, leading to the real-time control of the spreading
direction. In other words, the response to a certain contact angle
which determines the transition of the two mechanisms is real-time.
In this work, we present the concept of real-time responses to a
certain wetting case, not to the changing process of temperature.
Besides, the operation that the switches of the water spreading dir-

Figure 4 | Control of water spreading direction. (A) SEM image of the half-cone nanoshell arrays modified with PNIPAAm. (B) Schematic diagram
showing the components of the sample. Photographs of the water droplet taken at different time as T changes (C-E) from low temperature to high
temperature and (F-H) from high temperature to low temperature. The red dotted lines in (C-H) indicate the unchanged pinned positions. The

nanoshells slant to —X.
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ection were demonstrated by the stopping liquid supply in the videos
is for more clarity of the whole process. The switches for continuous
flow were also easily realized, which can be seen in the second half of
Supplementary Video 12 online.

Discussion

The asymmetric wetting property is demonstrated to depend on the
asymmetric nanostructure. For the experiments shown in Figure 1
and 2, the Ag-deposited surface is rather rough due to the deposition
process. The CA of the planar Ag-deposited surface is 104° because of
the rough surface, which lends the sample hydrophobicity
(Supplementary Fig. S4 online). Though the fabricated asymmetric
nanocones are 3D, they are simplified as slanting rectangles
(Figure 5A and B) and triangles (Figure 5C) in two dimensions for
easier understanding of the mechanism. For the air (left) side of the
half-cone nanoshell, the contact line is discontinuous and the energy
barrier is higher than that for movement to the nanoshell side
(Figure 5A). Therefore the water droplet prefers to slide along the
ridge of the half-cone nanoshell, leading to the advancing force F, 4.
The interspace of the half-cone nanoshell is then filled with water,
which fits to the Wenzel model. There is also strong adhesion force
between the surface and water, resulting in the pinning force Fpy,.
When a droplet touches the substrate, the center of gravity is high
relative to the following spreading state. This makes F,4, larger than
Fpin, leading to the right shift. As water spreads, the height of the
center of gravity decreases, which reduces the potential energy. This
would reduce F,q,. When the pinning force F;, is equal to the
advancing force F,q4y, the droplet is in an equilibrium state, but still
shows the right spreading trend. So the right CA (97°) is larger than
the left CA (85°) in the static state, as shown in Figure 1B.

Figure 5B and C show schematic illustrations of the quantitative
mechanism involved in the directional liquid flow, which are along
the X-Z and Y-Z planes, respectively. As discussed earlier the front of
the moving liquid pins at the shell edge, and the pinning is main-
tained even on increasing the liquid volume until the contact angle of
the liquid front reaches its critical contact angle at the edge*"**. If the
water overcomes energy barrier at the pinning front, it would spread
on the shell surface (solid-vapor interface). According to the geo-
metry in Figure 5B, the critical contact angle 6. can be written as
follows:

0). c=6+180" — P (1)

0,,.=0+p (2)

where 0 is the equilibrium contact angle on a 72° tilting planar
surface and P is the included angle between the Ag shell and the
planar substrate, which is 72°. As a result, 0;, . is much larger than
0,, .. Therefore for the X-Z plane, the water front is forced to move
into the direction of the lower critical contact angle (the side of the Ag
shell) as the liquid volume is increased, leading to the results in
Figure 2A. However in Figure 1D, the advancing CA is less than
the pinning CA. This results from that the needle at the pinning
position would much increase the left CA due to the injection force.
For the Y-Z plane (Figure 5C), the nanostructure is symmetric and
the critical contact angles are both the same as 0, .. So there is no
directional water spreading along the Y-Z plane, as shown in
Figure 2C.

Moreover according to the spreading speed calculated from
Figure 2, schematic of the advancing contact line from the top view
is presented in Figure 5D. The long axis along the X direction would
be three times more than the short axis along the Y direction. This
can be seen in the optical images of the directional water drops taken
along the X-Z and Y-Z planes. Besides, for the photoresist/Ag nano-
cone array where Ag is more hydrophobic than the photoresist
(Supplementary Fig. S5 online), the water droplet moves towards
the photoresist side whose critical contact angle is lower than the
Ag side (Supplementary Video 14 online). This also supports the
energy argument induced by the asymmetric structure. Overall when
the surface of the half-cone nanoshell array is hydrophobic, the water
spreads against the nanopollar tilt due to the differences in the energy
barrier between the air and Ag shell sides.

When the surface is hydrophilic in Figure 3, water uni-directionally
spreads to the slanting direction of the nanoshells (Figure 6A), which
is in contrast to the advancing direction on the hydrophobic surface.
An entirely different mechanism relative to that of the hydrophobic
surface is responsible for the wetting behavior of the hydrophilic
surface. According to previous discussions®, a simple two-dimen-
sional model (along the X and Z axes) was developed to explain the
behavior of the liquid film in the experiments, shown in Figure 6B.
The model assumes that the liquid film propagates only if the contact
line is able to reach the next row of pillars. In this case, the local
contact angle of the liquid, which is the intrinsic contact angle, 0,
according to Young’s equation, must be equal to or smaller than a
critical angle defined as O, shown in Figure 6B. If 0., > 0., the

Figure 5| Mechanism of water spreading on a hydrophobic half-cone nanoshell array. (A—C) Schematic illustrations of the mechanism involved in the
directional liquid spreading. The planes in (A, B) are along X-Z; the plane in (C) is along Y-Z. (D) Schematic of the advancing contact line in the X-Y
plane. The red arrow indicates the moving direction. (E) Optical images of the directional water drops, which are taken along the X-Z and Y-Z planes,

respectively. The nanoshells slant to —X.
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liquid film propagates within the nanopillars, otherwise, the liquid
film pins. In other words, the difference between 0, ; and 0. »
enables uni-directional liquid spreading, only if O, , < 0.q < O, 1.

However, the condition in this work is different from that of the
previous work, because the array herein is hexagonally arranged and
the lattice orientation may be varied due to the salient features of the
CL technique. The relative direction between the slanting Ag shells
and the lattice orientation is hardly controllable. Hence there may be
more than one nearest shell around, as shown in Figure 6C. Which
direction will the water move towards? This problem has not been
investigated. We assume that the forces of moving towards the near-
est shells are F,, (Fy, F,, and F3), and the included angles are o, (o, o,
and a3). According to the geometry shown in Figure 6C, o, and o3 are
given by:

oty =01y 4 60° (3)

o3 =60"—0y (4)

According to the geometry shown in Figure 6D, ¢,, which is the
slanting angle of the virtual shell projected to the theoretical moving
direction is given by:

tan ¢, = tan ¢ X cos o, (5)

where ¢ is the slanting angle of the real shell. The subscript n repre-
sents the corresponding moving direction. According to Figure 6E,
when a small quantity of water climbs up along the shell, the advan-
cing force dF,, is assumed as:

dF, =tan¢,dG (6)

where dG is the gravity force of the small quantity of the rising water.
This equation is a simplified one, ignoring other forces. The assump-
tion is also in agreement with the fact that the water is easier to spread
as the slanting angle increases®. The three forces F;, F,, and F; can be
decomposed into two orthogonal forces, which are along the red
arrow (the slanting direction) and the black line in Figure 6C.
Combining the above equations, the resultant force dF along the
black line in Figure 6C is given by:

dF=sin o; dF; +sin o, dF, —sin o3 dF; (7)
= tan ¢ cos oy sin oy dG+ tan ¢ cos (o +60°) sin (o +60°)dG

—tan ¢ cos(60° — o) sin (60° —ot;)dG=0

Thus the spreading direction would be always along the slanting
direction and independent of the lattice orientation, no matter what
the relative direction between the shell and the lattice orientation is.
This is also in accord with the experimental result which shows uni-
directional spreading in a large area, although where the lattice ori-
entation cannot be uniform (the inset optical image in Figure 3C).
Therefore, 0, can be calculated under the condition that the shell just
slants to the near one, not the interspacing between the two near
shells. According to the geometry in Figure 6B, 0, ; and 6, , is given
by:

H
tanBO, 1= —— 8
anYer, 1 P_R (8)
H
tanO, , = —— 9
an Yer, 2 PR 9)

Ocr, 1 is calculated as 51° and O, , is 33°. The 0.4 of the Ag-deposited
planar surface with -OH groups is measured as 43° which satisfies
the equation 0, , < 0.q < O, ;. When the surface is sputtered with
Si, the 0.4 becomes 27° and the water doesn’t show directional pro-
pagation. This result also supports the theory. Overall, the experi-
mental data provide excellent agreement with the theory based on an
energy argument. In this work, we develop the previous theories
based on tetragon-arranged array and apply them to a hexagon-
arranged array which is much more complicated. The development
of the theory to hexagon-arranged array is significant because of the
fact that the hexagon-arranged array is more generally fabricated via
unconventional fabrication techniques with the procedure of self-
assembly, such as colloidal lithography. So the developed theories
in this work would be a foundation for analyzing directional liquid
spreading based on slanting structures in hexagonal arrangement.

Figure 6 | Mechanism of water spreading on a hydrophilic half-cone nanoshell array. (A) Schematic of the moving contact line from the X-Y plane. The
red arrow indicates the spreading direction. (B) Schematic diagram explaining the geometries for the proposed model to determine the critical angle, 0,
in the -X (left) and +X (right) directions. The blue arrow indicates the moving direction. The period P=700 nm, the radius R=200 nm and the height
H=600 nm. (C) Schematic diagram on the SEM image showing the real slanting direction (red solid arrow), the possible moving directions (red dotted
arrows) and the included angles. The SEM image is taken from a top view. (D) Schematic diagram showing the slanting angles of the shell projected to the
possible moving directions. (E) Schematic diagram showing the relationship between the moving force F and the gravity G.
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According to the above discussions for the hydrophobic and
hydrophilic surface, the mechanism of controlling water spreading
direction on the PNIPAAm coated sample (Figure 4) can be well
explained. When T is below the LCST, the 0.4 of the PNIPAAm on
the Ag-deposited planar surface is measured as 40° (Supplementary
Fig. S6 online) which satisfies the equation 0O, , < 0.4 < 0O, ;.
Therefore, the mechanism in Figure 6 works and the water spreads
to the slanting direction. When T is higher than the LCST, 0q
becomes 70° (Supplementary Fig. S6 online) and PNIPAAm is
hydrophobic. For the hydrophobic surface of the half-cone nanoshell
array, the mechanism concluded from Figure 5 that the water spreads
against the nanopollar tilt works. So the water spreads to the reverse
side. Overall, the water spreading direction can be real-time con-
trolled by tuning the temperature based on the two different mechan-
isms. Besides, other fluids with various surface tensions, such as
ethanol and toluene, also were tested on the nanostructure. The 0.4
is so small that it is lower than 6, ,, so the liquids do not show
directional propagation. This also supports the theory concluded
from Figure 6. Furthermore, the results also mean that PNIPAAm
cannot make the 0. of ethanol and toluene satisfy the equation 0, »
< 0cq < O, 1. If desired material which can increase the 0,4 to satisfy
the equation is grated on the surface, this system works as well to
realize the directional propagation of other various liquids. So dir-
ectional spreading for various liquids would be realized based on the
structure in this work with proper materials. This indicates a prom-
ising prospect for the extension of the half-cone nanoshell Array.

In summary, real-time (in-site and immediate) control of uni-
directional liquid spreading is realized based on tilted half-cone
nanoshell arrays. The nanostructures are fabricated simply and effi-
ciently via colloidal lithography which is capable of patterning large
areas in parallel at low cost. The wetting property of the surface
determines the direction of liquid movement, which can be well
explained by two entirely different mechanisms. In particular, the
finding that the spreading direction on a hexagonal cone array does
not depend on the lattice orientation and only on the slanting dir-
ection is explained theoretically. To expand on the above findings,
PNIPAAm is grafted on the structured surface to control the liquid
flow in real time. The combination with the functional polymer
results in deeper exploitation of the nanostructures. The inclined
half-cone nanoshell arrays are very promising systems because of
their high precision and ease of manufacturing to achieve uni-
directional liquid spreading. Moreover, other materials or polymer
with the ability of switching between hydrophobicity and hydrophil-
city, instead of the PNIPAAm used in this work, are believed to realize
the real-time control of the uni-directional liquid spreading on the
half-cone nanoshell arrays as well. This means the preferred direction
on the array can be well controlled by the certain factor corresponding
to the using responsive materials, like light, pH, et al. The findings
gained from this work offer new opportunities for smart microfluidics,
water harvesting and other wetting conditions on demand.

Methods

Fabrication of half-cone nanoshell arrays. Photoresist was spin-coated onto the
glass substrate and cured at 88°C for 2 h. Next the PS sphere (700 nm) monolayers
were prepared onto the as-prepared substrate by the interface method*. Oxygen
reactive ion etching (RIE), performed on a Plasmalab Oxford 80 Plus system (ICP 65)
system (Oxford Instrument Co., UK), was applied for 240, 270 and 300 s, eliminating
the PS spheres and generating cones with heights of 600, 500 and 400 nm. The RIE
procedure was operated at a pressure of 10 mTorr, a flow rate of 50 sccm, a radio-
frequency (RF) power of 100 W and an inductively coupled plasma (ICP) power of
200 W. After that the samples were mounted in a thermal evaporator to deposit 100-
nm Ag with an angle of 40°. Finally the photoresist was washed away by ethanol. After
these procedures, the half-cone nanoshell array was formed.

Modification of the Surface. Trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (PES)
is grafted onto the surface through chemical vapor deposition. Firstly, a layer of
silicon was deposited on the surface by a sputtering process. After that, the wafers
were placed in an oxygen plasma to make the surface full of -OH groups. These as-
prepared samples were placed in a sealed vessel, on the bottom of which were a few
drops of PFS. There was no direct contact between the drops and wafers. The vessel

was put in an oven at 60°C for 5 h to enable the PES vapor to react with the -OH
groups.

Synthesis of pnipaam thin films on half-cone nanoshell arrays. PINIPAAm was
grown on the sample by surface-initiated atom-transfer radical polymerization (SI-
ATRP)*. Firstly, a layer of silicon was deposited on the surface by a sputtering
process. After that, the wafers were placed in an oxygen plasma to achieve a high
surface density of -OH groups. The -NH, groups were grafted onto the surface by a
gas-phase growth method. In brief, these as-prepared samples were placed in a sealed
vessel, on the bottom of which were a few drops of aminopropyltrimethoxysilane
(ATMS). There was no direct contact between the drops and the wafers. The vessel
was put in an oven at 60°C for 1 h to enable the ATMS vapor to react with the -OH
groups. These wafers with -NH, were immersed in a solution of 10 mL anhydrous
dichloromethane with 140 pL triethylamine. The mixture is left for 10 min at 0°C.
The ATRP initiator, 100 pL 2-bromoisobutyryl bromide, was added dropwise into
the solution containing the wafers with -NH, at 0°C, and the mixture is left for 1 hat
this temperature, then at room temperature for 15 ~ 18 h. The wafers were cleaned
by anhydrous dichloromethane three times and absolute ethanol three times, and
dried by N, flow.

For polymerization of poly(N-isopropyl-acrylamide) (PNIPAAm) from the ATRP
initiators, 0.3 g of NIPAAm (2.65 mmol) and 140 pL 1,1,4,7,7-pentamethyldiethy-
lenetriamine (PMDETA) (0.67 mmol) were added to 5 mL of an aqueous solution
(CH30H/H,0, 1 : 1v/v), and the mixtures were shaken in an ultrasonic bath until a
homogeneous transparent solution formed. The mixtures were degassed by 30 min
ultrapure nitrogen flow, 22 mg CuCl (0.22 mmol) was added into the solution, and
the solution was shaken in an ultrasonic bath and changed into green, at last the
wafers with initiators were immersed into the solution for 1 h under nitrogen flow at
room temperature. After polymerization, the samples were cleaned by absolute eth-
anol and deionized water for several times. Under these conditions, the film thickness
was about 60 nm.

Characterization. Scanning electron microscopy (SEM) images were taken with a
JEOL JSM 6700F field emission scanning electron microscope with a primary electron
energy of 3 kV, and the samples were sputtered with a layer of Pt (about 2 nm
thickness) prior to imaging to improve the conductivity. Water CAs were measured
with an OCA20 machine (DataPhysics, Germany) at saturated humidity. The
temperature was controlled by a superthermostat (Julabo F25, Germany).
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