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In this paper, a phenomenon of air bubbles quickly bursting within several milliseconds on a “self-cleaning” lotus leaf
was described. This observation prompted the synthesis of artificial surfaces similar to that of the lotus leaf. The artificial
leaf surfaces, prepared by photolithography and wet etching, showed a similar air bubble bursting effect. Smooth and
rough silicon surfaces with an ordered nanostructure or patternedmicrostructure were utilized to study the contribution
of themicro/nano hierarchical structures to this phenomenon of air bubble bursting. Air bubbles were found to burst on
some superhydrophobic surfaces with microstructure (within 220 ms). However, air bubbles burst much more rapidly
(within 13 ms) on similar surfaces with micro/nanostructure. The height, width, and spacing of hierarchical structures
could also affect air bubble bursting, and the effect of the height was more obvious. When the height of hierarchical
structures was around the height found in natural lotus papillae, the width and spacing were significant for air bubble
bursting. An original model was proposed to further evaluate the reason why the micro/nano hierarchical rough
structures had an excellent air bubble bursting effect, and the validity of the model was theoretically demonstrated.

Introduction

Many surfaces in nature, such as various plant leaves,1,2 water
strider’s legs,3 desert beetle’s backs,4 and butterfly’s wings,5

exhibit amazing superhydrophobicity, which has been called the
“self-cleaning” property, i.e., water droplets can form nearly
perfect spheres on these surfaces and readily roll off the surfaces,
picking up and removing surface contaminants as they roll.
Numerous studies have revealed that this superhydrophobicity
is attributable to a combination of surface chemistry and rough
structures of the lotus leaf surface.6-10 Inspired by nature,
artificial superhydrophobic surfaces have now been constructed
and explored, as self-cleaning and nonwettable surfaces have
immense importance in fundamental research and abundant
potential applications.11-16 To date, most of the research effort
has been devoted to investigating superhydrophobic surfaces in
air rather than in a water environment. In fact, the dewetting

properties of hydrophobic surfaces have many equally important
uses in a water environment, being crucial to the recovery of coal
and valuableminerals fromores,17 inwastewater treatment,18 and
in the de-inking of waste paper.19 However, in order for these
processes to be carried out, the hydrophobic surfaces must
combine with surfactants to allow effective separation, because
the behavior of the liquid film between air bubbles and hydro-
phobic surfaces can be greatly affected by surfactants.20,21 Not
surprisingly, therefore, the interaction between hydrophobic
surfaces and air bubbles in a water environment has been
intensively studied in recent years, including phenomena such as
collisions,22,23 attachment,24-26 and three-phase contact line
(TPCL) formation and movement.27,28 However, to the best of
our knowledge, the behavior of the air bubble itself on a super-
hydrophobic surface in a water environment has not yet been
documented.

In this study, the behavior of an air bubble bursting on a lotus
leaf surface, a well-known natural superhydrophobic surface, was
first investigated.An air bubble was found to spread completely on
the superhydrophobic lotus leaf. This spread was rapid, due to the
leaf surface’s special hierarchical rough structures of micropapillae
andnanowax crystals.Wewere also able to reproduce this effect on
an “artificial lotus leaf ”, i.e., a superhydrophobic silicon sur-
face, with similar hierarchical rough structures. These results open
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a new avenue for applied industrial separation processes but also
benefit basic research into bubble-related interfacial phenomena.

Experimental Section

Sample Preparation.Lotus leaveswere freshlyobtained from
a pond in Beijing, China. Samples of lotus leaves were cut into
square pieces sized about 10� 10mm2, avoiding the veins. Silicon
wafers 4 in diameter were obtained fromOrganicMetal Academe
(100 orientation, Beijing). An ordered array of micropillar struc-
tures was fabricated using photolithography, as follows. A con-
tact lithographic mask was obtained from the Institute of
Microelectronics of the Chinese Academy of Sciences (Beijing,
China). The mask aligner/exposure system (Karl Suss MA6,
Germany) was used to transfer the micropatterns of the mask
onto siliconwafers. The deep etching processwas completed using
an etch system (STS ICP ASE, U.K.). An ordered array of
nanowire structures on smooth surfaces was fabricated through
a wet etching process.29 Clean silicon wafers were immersed in a
Teflon-lined stainless steel autoclave with etching solution con-
taining 15 mL HF, 35 mL deionized water, and 0.1699 g AgNO3

for 5 to10minat 50 �C.After the etchingprogress, thewaferswere
dipped into HNO3 for a few seconds until the upper white film
disappeared. The wafers were then rinsed with deionized water
and blown dry with nitrogen. For the fabrication of an “artificial
lotus leaf” surface, two processes were adopted according to a
statistical analysis of the dimension and distribution of lotus
papillae. The first step was to fabricate an ordered array of
micropillar structures by photolithography.Wet etching was then
utilized to form a microcone array. In order to obtain silicon
surfaces with superhydrophobicity, the patterned silicon sub-
strates were immersed into a 1.0 wt % ethanol solution of
hydrolyzed FAS-17 (Shin-Etsu Chemical Co., Ltd., Tokyo,
Japan) for 10 h at room temperature and then dried in an oven
at 140 �C for 1 h.

Measurement. The surface structures of the lotus leaf were
characterized using an environmental SEM apparatus (HITA-
CHI S-3000N, Japan) at 5 �C under low-vacuum mode. SEM
images of superhydrophobic silicon surfaces with different
structures were taken in a field emission SEM apparatus
(JEOL JSM-6700F, Japan) operated at 3.0 kV. Schematics of
the experimental setup constructed to study the behavior of an
air bubble on these surfaces is shown in Figure 1a. A square
quartz cell (20� 20� 20 mm3) filled with water was fixed onto
the Dataphysics OCA20 system (Optical Contact Angle Mea-
surement), and the samples were positioned horizontally in the
water at a depth of about 3 mm. All of the samples were
immersed in the experimental apparatus for 30 min before
testing to achieve a redistributed, well-proportioned air layer
in water. Air bubbles were released from a bent needle (outer-
Φ, 0.52 mm; inner-Φ, 0.26 mm; length, 57 mm; width, 15 mm;
upward, 7 mm). Air bubbles could leave the needle orifice
when the injection speed was greater than 10 μL/s. The volume
of the exiting air bubble was about 3 μL, and the distance
between the sample surface and the needle orifice was fixed at
about 3 mm.

The bubble contact angle (CA) was measured by the captive
bubble method (OCA20, Dataphysics Inc., Germany) and was
used as a quantitative parameter to investigate air bubble bursting
behavior on different surfaces. Here, the bubble CA illustrated in
Figure 1b is defined as the observed equilibrium CA of liquid
around the pinned bubbles on a solid surface, where the liquid/air
interface meets the solid/liquid interface across the three phase
contact interfaces.Thebehaviorof air bubblesondifferent surfaces
was investigated by a high-speed camera (HCC1000F, VDS
Vossk€uhler GmbH, Germany) with maximum of 1892 frames/s,
and recording time was calculated by the frame frequency and
number.

Results and Discussion

First, the behavior of air bubble on lotus leaf surface was
investigated, as illustrated in Figure 2. From the typical large-
scale environmental SEM image in Figure 2a, numerous papillae
can be seen on the lotus leaf surface; these occurred in a random
distribution at a calculated density of 2000-3000permm2.On the
whole, the height and bottom diameter of papillae are 12-15 μm
and 7-10 μm, respectively. The inset of Figure 2a shows higher
resolution of a single papilla, where the nanobranch-like crystals
with a diameter of 100-150 nm can be clearly observed. The
micropapillae and the nanobranch-like hydrophobic wax crystals
together comprise the so-called micro/nano hierarchical rough
structures of the lotus leaf surface.

A high-speed camerawas then utilized to take a series of optical
images. These clearly depicted the dynamic spreading process of
the air bubble, as shown in Figure 2b. As the air bubble rose and
just contacted the lotus leaf surface (i.e., t=0), it was nearly
spherical. However, the contact area between air bubble and lotus
leaf surface immediately expanded, and the air bubble’s shape
changed until it had completely spread out over the lotus leaf
surface. At this point, the bubble CA was 179.8 ( 1.7�. We have
defined this complete spreading-out process on the lotus leaf
surface as “air bubble bursting”. On the basis of repeat experi-
ments, the burst time (τ) was within 8 ms.

After viewing this novel phenomenon of an air bubble rapidly
and completely bursting on a lotus leaf surface, an “artificial lotus
leaf” with similar micro/nanohierarchical structures on a silicon
surface was developed. For this, we used the statistical results of
lotus papillae dimension and distribution30 and then modified
with a heptadecafluorodecyltrimethoxysilane (FAS-17, CF3-
(CF2)7CH2CH2-Si(OCH3)3) monolayer to endow the surface
with a “self-cleaning” property.31 The behavior of an air bubble
on this surface is shown in Figure 3. SEM images of the silicon
surface in Figure 3a indicate that “artificial lotus leaf” consists of
a uniform microcone array similar to papillae with height of
∼14.5 μm, a bottom width of∼9.5 μm, and spacing between two
adjacent microcones of ∼10.2 μm. Furthermore, the magnifica-
tion of a microcone (see the inset of Figure 3a) reveals many
silicon nanoparticle clusters (width 100-200 nm), which are
similar to the nanobranch-like wax crystals of the lotus leaf.
The series of optical images in Figure 3b were taken to study the
air bubble bursting process on the “artificial lotus leaf” surface.

Figure 1. Experimental setup and measurement of the air bubble
contact angle (θ). (a) Schematic illustration of the experimental
setup. (b) Schematic illustration of the air bubble contact angle
(CA), which was measured by the captive bubble method.

(29) Peng, K. Q.; Yan, Y. J.; Gao, S. P.; Zhu, J. Adv. Mater. 2002, 14, 1164.

(30) By examining lotus leaves with an ESEM, the hierarchical rough structures
of lotus leaf were counted, and it was found that the diameter of nanobranch-like
crystals which were seen covering both at bottom of lotus leaf surface and on
micropapillae was about 100-150 nm, and the papillae on lotus leaf were
composed of height 12-15 μm, bottom diameter 7-10 μm, and number per
mm2 of 2000-3000. If it was assumed that lotus papillae showed normal
distribution, papilla matrix per mm2 was between 45 � 45 and 55 � 55, and the
spacing of papillae was calculated in the range 5-12 μm.

(31) Nishino, T.; Meguro, M.; Matsushita, K.; Ueda, Y. Langmuir 1999, 15,
4321.
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Air bubbleswent through a similar burstingprocess as they did on
the natural lotus leaf and ultimately burst within 13 ms (bubble
CA was 174.8 ( 1.5�).

Micro/nano hierarchical rough structures composed of micro-
papillae and nanobranch-like hydrophobic wax crystals on lotus
leaf surface provide it with the perfect “self-cleaning” effect.32,33

The effects of hierarchical rough structures on air bubble bursting
were investigated by observing air bubble behavior on hydro-
phobic smooth silicon surfaces modified with a FAS-17 mono-
layer (the average water CA of 112.7( 8.5�) as shown in Figure 4.
When an air bubble collided with this smooth surface, it did not
spread but bounced backward. The air bubble shape would keep
changing; then after several “collision-bounce” cycles, a steady
TPCLwould finally form, i.e., the air bubble would “pin” itself to
the smooth surface (with bubble CA of 67.1 ( 6.5�) rather than
bursting. This whole scenario would take about 87 ms. These
results indicated that the hierarchical rough structures were very
important to the air bubble bursting effect.

To further understand the contribution of the hierarchical rough
structures on air bubble bursting, silicon surfaces with ordered
nanostructure or patterned microstructure were fabricated. SEM
images of a nanowire array and a micropillar array are shown in
Figure 5a,b, respectively. Thewidth and height of the nanowires are
150-200 nm and about 4.3 μm, respectively (Figure 5a). The width
and height of themicropillars on smooth surfaces are about 9.8 and
14.5 μm, respectively, and spacing between two adjacent micro-
pillars is about 10.1 μm (Figure 5b). The series of optical images in

Figure 5a0 and b0 describe the air bubble behavior on the nanowire
array or micropillar array. When a rising air bubble contacted the
nanowire array, the air bubble immediately “pinned” the surface
with a bubble CA of 57.8( 8.5� and spread very little. This state of
the air bubble did not change with time, which meant that this air
bubble would not burst. In contrast, an air bubble was able to
spreadon themicropillar array that had a similar size distribution as
micropapillae of lotus leaf, on which bubble CA was 172.3 ( 4.5�.
However, the burst time on the micropillar array (τmicro ≈ 220 ms)
wasmuch greater than on the “artificial lotus leaf” (τartifial≈ 13ms)
and on the lotus leaf surface (τlotus ≈ 8 ms). These results demon-
strated that singly neither themicro nor nanostructure was effective
in causing the air bubble bursting phenomenon to occur.

Figure 2. SEM images of the lotus leaf surface and optical images showing the air bubble bursting process. (a) SEM images of a lotus leaf
surface showing the hierarchical rough structures (inset: a high-resolution image of nanobranch-like wax crystals). (b) A series of optical
images showing the bursting process of a rising air bubble, where the time that the air bubble just contacted the lotus leaf surface before
deformation was taken as the starting point, i.e., t=0.

Figure 3. SEM images of the “artificial lotus leaf” and air bubble bursting behavior on its surface. (a) The uniformmicrocone array (inset:
high-resolution image of nanoparticle clusters (100-200 nm wide)). The height, bottom diameter, and spacing were about 14.5, 9.5, and
10.2 μm, respectively. (b) A series of optical images showing the air bubble bursting process on the “artificial lotus leaf” surface.

Figure 4. A series of optical images showing air bubble behavior
on smooth silicon surface.

(32) Feng, L.; Li, S.; Li, H.; Zhang, L.; Zhai, J.; Song, Y.; Liu, B.; Jiang, L.; Zhu,
D. Adv. Mater. 2002, 14, 1857.
(33) Cheng, Y.; Rodak, D.; Wong, C.; Hayden, C. Nanotechnology 2006,

17, 1359.



14132 DOI: 10.1021/la9010828 Langmuir 2009, 25(24), 14129–14134

Article Wang et al.

In addition, because the size and distribution of the micro-
structure is believed to affect the wetting/dewetting property of
superhydrophobic surfaces,34,35 the effects of height, width,

and spacing of the microcone array on air bubble behavior
were further investigated, as shown in Table 1. In this case,
bubble CA was adopted as the quantitative parameter for
studying the bubble behavior on different surfaces. It was
considered that an air bubble had adequately spread if the
bubble CA was more than 170�. In Table 1, the cases with more
than 150� bubble CA are indicated using solid panes, while

Figure 5. SEM images of single-scaled rough structure on silicon surfaces and air bubble behavior on surfaces. (a) Side view of large-area
orderednanowire arrayon siliconwafers. Thewidth andheight of nanowireswere 150-200nmand about 4.3μm, respectively. (a0)A series of
optical images showing air bubble behavior on the nanowire array depicted in (a). (b) Side view of patternedmicropillar array. Thewidth and
height of the micropillars with the smooth surfaces were about 9.8 and 14.5 μm, respectively, and the spacing between two adjacent
micropillars was 10.1 μm. (b0) A series of optical images showing the air bubble bursting process on micropillar arrays in (b).

Table 1. Air Bubble CA with Different Size Parameters (Height, Bottom Width, and Spacing)a

aHere, the bubble CAs observed are equilibrium CAs, used as quantitative parameters to investigate air bubble bursting behavior on different
surfaces. Note that the air bubble CAs illustrated in the panes of solid line aremore than 150�. Especially at the height of 14.5 and 40.0 μm, the air bubble
CAs can reach more than 170� (in the pane of dashed line) when the width and spacing are about 10 μm.

(34) Sbragaglia,M.; Peters, A.M.; Pirat, C.; Borkent, B.M.; Lammertink, R.G.
H.; Wessling, M.; Lohse, D. Phys. Rev. Lett. 2007, 99, 156001.
(35) Oner, D.; McCarthy, T. J. Langmuir 2000, 16, 7777.
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those with more than 170� bubble CA are indicated using the
dashed line panes. From Table 1, the height of the microcone
array can be seen to significantly affect air bubble bursting. Air
bubbles could not burst when the height of microcone array is
about 5.0 μm, regardless of the width or the spacing. For height
of approximately 14.5 μm, or similar to that of the lotus
papillae, when the width and spacing, respectively, are about
5-10 μm and 7-14 μm, the corresponding bubble CAs were
more than 150�, and these cases were considered to be on the
verge of bursting, as illustrated in Figure S2d (see Supporting
Information). On the other hand, the air bubble did not show
bursting characteristics when the width and the spacing were
out of this size range. This size and distribution pattern of
micro/nano hierarchical rough structures that was effective on
air bubble bursting agreed well with the statistical results
obtained for lotus papillae (the statistical bottom diameter
and spacing of papillae are 7-10 μm and 5-12 μm, respec-
tively). Therefore, the hierarchical structures, optimized after a
natural long evolution, proved beneficial to air bubble burst-
ing. When the height of the microcone array is 40.0 μm, most
bubble CAs were more than 150� (solid line pane), indicating
that the width and spacing exerted only slight influence here.
These results strongly suggest that the size and distribution of
the microstructure of the lotus leaf played an important role in
the air bubble bursting phenomenon.

Inorder to reveal the influence that themicro/nanohierarchical
rough structures of the lotus leaf had on the air bubble bursting
effect, an original model was proposed, as shown in Figure 6.
Figure 6a presents the schematic illustration of fourmicropapillae
with nanobranch-like crystals, which is immersed in water at a
certain distance from the rising air bubble. The depth from the

apex of the nanostructure to the horizontal water line is denoted
H. The thinwater film that separates the solid surface from the air
bubble is defined as the wetting film, and its stability is controlled
by the interfacial interaction forces. Air pockets are captured
within the asperities on lotus leaf surface,36-38 and a convex
water/air interface forms between micro and nanostructures (the
convex interface in the nanostructure magnified at the foot of
Figure 6a). The wetting film gradually becomes thinner as the
rising air bubble approaches the leaf surface (Figure 6b). If we
consider that awetting film approaching nanobranch-like crystals
would thinmore easily, the crystals appeared to penetrate into the
rising air bubble when it was close enough to the leaf surface (see
the bottom of Figure 6b). The attenuation of the wetting film
would finally lead to the coalescence of the air bubble with the
captive air pockets among the asperities (Figure 6c), resulting in
the formation ofTPCL (vertical to the planar surface of paper; see
the circles in Figure 6c).39,40 Once the TPCL formed, the air
bubble would spread along the gas bridges between the air bubble
and the leaf surface,41 and the TPCL would be propagated
(Figure 6d) until the air bubble had completely spread out.

As for the theoretical evaluation of this mode’s validity, the
state of the interface between water and the captive air pockets
was a decisive factor, which affected the applicability of the air
bubble bursting process on the lotus leaf surface. Accordingly,

Figure 6. Schematicmodel of air bubble bursting process on lotus leaf surface. (a) A rising air bubble approaching the lotus leaf surface. The
foot of (a) is the convex water/air interface formed in nanostructure at equilibrium state. Where H is the height of contact line from the
horizontal level,j is the water CAon the smooth surface of the same solid, σ is water surface tension,R is the obliquity angle of the asperities
surfaces, F is the water density, h is the distance between the vertex of convex water/air interface and the asperities, and R is half of the apex
spacingbetween twoadjacentmicroornanoasperities. (b)Thedrainage of thewetting filmaround the air bubble along thedirection shownby
the arrows. The foot of (b) shows that the nanobranch-like crystals can penetrate into the water film. (c) When the penetration was deep
enough, thenanostructure induces air bubblebursting, and theTPCL forms.Here, theTPCL is the gas/liquid/solid interfaces in the circles, the
cross-section view of which is shown by two points. (d) The process of the TPCL moving.

(36) Ishida, N.; Sakamoto, M.; Miyahara, M.; Higashitani, K. Langmuir 2000,
16, 5681.

(37) Tyrell, J. W. G.; Attard, P. Langmuir 2002, 18, 160.
(38) Tyrell, J. W. G.; Attard, P. Phys. Rev. Lett. 2001, 87, 176104.
(39) Nguyena, A. V.; Stechemesser, H. Phys. Chem. Chem. Phys. 2004, 6, 429.
(40) Carrier, V.; Colin, A. Langmuir 2003, 19, 4535.
(41) Ishida, N.; Sakamoto, M.; Miyahara, M.; Higashitani, K. J. Colloid

Interface Sci. 2002, 253, 112.
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silvery layers of air films trapped on lotus leaf surfaces were
observed, and itwas found that, when the lotus leafwas immerged
into water, silvery layers of air films could be trapped on it, but it
was not homogeneous and stable. After immersing for 30min, air
transported amongpapillae andover the lotus leaf surface to form
a well-proportioned air film, which could be stable for more than
3 h (see Figure S1 in Supporting Information). Therefore, all the
samples had been immersed in the experimental apparatus for at
least 30 min before testing to achieve a redistributed well-
proportioned air layer in water. Besides, it was noticeable that
the water environment was connected to the atmospheric air and
it was saturatedwith air, so depletion of the air film by dissolution
in water did not happen obviously during the stable state. It was
reasonable to believe that all the investigated superhydrophobic
surfaces reached the equilibrium state of the interface between
water and the captive air pockets. On the basis of the Tsori’s
equation for capillarieswith height-dependent cross-section at the
quasi-static condition (the equilibrium state)42 and the Laplace-
Young’s equation,43 the Laplace pressure at the contact line
TPCL in the above model could be deduced as follows:

Pgþ 2σ cosðjþRÞ
Rþh tan R

þFgh ¼ PoþFgH ð1Þ

where Pg is the pressure in the captive air pockets, Po is the
atmospheric pressure, j is water CA on smooth surface of the
same solid, σ is water surface tension, R is obliquity angle of the
asperity surfaces, F is water density, h is the distance between
the vertex of convexwater/air interface and the asperities, andR is
half of the apex spacing between two adjacent micro or nanoas-
perities. Herein, R is a parameter that is determined by the
different scale of asperities, so Rmicro is much larger than Rnano.

The pressure difference (ΔP) between Pg and Po among the
asperities with obliquity angle of R could be described by

ΔP ¼ Pg -Po ¼ FgðH-hÞ- 2σ cosðjþRÞ
Rþh tan R

ð2Þ

Since the captive air pockets among asperities are microscopic
or nanoscopic, H is much larger than h, so ΔP could be
approximately calculated as

ΔP ¼ FgH-
2σ cosðjþRÞ
Rþh tan R

ð3Þ

The value of j is larger than 90� as measured by the primary
component of epicuticularwax44 andR is less than 90�, so the sum
of j and R ranges 90-270�, and cos(j þ R) is less than zero.

Hence, ΔP is larger than zero, and the Laplace pressure of the
captive air pockets is larger than the atmospheric pressure.
Consequently, once an air bubble approached the asperities,
coalescence would occur between the air bubble and the captive
air pockets.Rmicro is much larger thanRnano, soΔPmicro is smaller
than ΔPnano, which indicates that the coalescence in the nano-
structure was easier than that in microstructure, i.e., nanostruc-
ture could accelerate air bubble bursting. Therefore, the air
bubblewere seen to burst faster on the lotus leaf and the “artificial
lotus leaf” due to their combination of micro/nanohierarchical
rough structures. In addition, it was assumed that the surfaces
that contained only nanostructures would have insufficient
space to form gas bridges for air bubble spreading; thus, none
was seen.

Conclusions

In summary, a novel phenomenon of air bubble bursting on a
lotus leaf surface was discovered and the underlying mechanism
was attributed to the micro/nano hierarchical rough structures.
Air pockets captured in the nanostructure of the lotus leaf could
easily coalesce with the air bubble, and the microstructure could
provide enough space to form gas bridges for air bubble spread-
ing. Thus, the combination of nano and microstructure was
responsible for the air bubble bursting effect on the superhydro-
phobic surfaces consisting of micro/nano hierarchical structures.
Moreover, the size and distribution of the microstructure of
the lotus leaf played important roles in the air bubble burst-
ing process. A superhydrophobic “artificial lotus leaf”, which
mimicked the micro/nano hierarchical rough structures of the
lotus leaf, was constructed and also created a similar air bubble
bursting effect. This bursting effect induced on superhydrophobic
surfaces with micro/nano hierarchical rough structures should
spark further theoretical study of other bubble-related interfacial
phenomena. From a practical standpoint, it may also find wide
application in industrial separation processes, such as mineral
flotation, food processing, textile dyeing, and fermentation, with-
out the requirement for any accessional energy or other additives.
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