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Current research has focused mainly on 
understanding bouncing,[12] pinning,[13,14] 
spreading,[15,16] and the transport[3,17] of 
bubbles. Wang et al. demonstrated bubble 
bursting and absorption on artificial hier-
archical lotus leaves within tens of mil-
liseconds.[18] On the contrary, on dense 
superhydrophobic nanowires, the bubble 
remained pinned. Rapoport et al. showed 
that localized microscale protrusions allow 
faster drainage of the liquid film separating 
the bubble and the protrusion.[12] When 
combined, these studies suggest that a hier-
archical and microscopically rough texture 
is vital towards achieving ultrafast bubble 
capture.[12,18] Current state-of-the-art sur-
faces remain comparatively slow in bubble 
capture (approximately 13  ms)[12,18] and 
are seemingly at their performance limit. 
Scalable coating methods with long-term 
performance are required for industrial 
applications. Furthermore, the mechanism 
for passively inducing ultrafast bubble 
bursting and air absorption is still unclear. 
Film thinning models suggest that features 

should be as small as possible to enhance bubble bursting.[19] The 
required tunable nanoscale architectures were not easily attained, 
until the recent advent of liquid flame spray (LFS)-based superhy-
drophobic /superamphiphobic surfaces.[20,21] LFS is an extremely 
fast and versatile coating technique that allows for tuning of 
surface structures and contacting protrusions at the micro- and 
nano-scale.[20–24] Therefore, it enables a deeper investigation into 
the surface morphology required for ultrafast bubble bursting.

Here, we present the design principles of surface-immobilized 
aerophilic superamphiphobic coatings capable of ultrafast pas-
sive bubble bursting. Superamphiphobic coatings produced via 
LFS are benchmarked against surfaces developed by wet-spray 
coating and superhydrophobic silicone nanofilaments (SNF). 
On optimized LFS coatings, bubbles were fully absorbed and 
reorganized by the aerophilic structures in less than 4 ms after 
contact in water. Compared to previously reported results, we 
were able to reduce the time required for bubble rupture and 
air absorption by approximately a factor of 3.[12,18] In C12E5 soap 
solution, bubble rupturing required a maximum of 75 ms. Long-
term performance was demonstrated by providing a continuous 
pathway for excess air to escape into the environment.

Rough porous microstructures coupled to the smallest pos-
sible particulate nanostructures with diameters below 100  nm 
appear to provide the optimal surface properties for ultrafast 
bubble rupture. We applied these findings to passively control 
froth flotation and increased the material collection efficiency 
by more than 60 times.

Controlling bubble motion or passively bursting bubbles using solid 
interfaces is advantageous in numerous industrial applications including 
flotation, catalysis, electrochemical processes, and microfluidics. Current 
research has explored the formation, dissolution, pinning, and rupturing of 
bubbles on different surfaces. However, the ability to tune and control the 
rate of bubble bursting is not yet achieved. Scaling down surface-induced 
bubble bursting to just a few milliseconds is important for any application. In 
this work, the hierarchical structure of superamphiphobic surfaces is tuned 
in order to rapidly rupture contacting bubbles. Surfaces prepared using liquid 
flame spray show ultrafast bubble bursting (down to 2 ms) and superior 
durability. The coatings demonstrate excellent mechanical and chemical 
stability even in the presence of surface-active species. Air from the ruptured 
bubble is absorbed into the aerophilic Cassie-state. Long-term applicability 
is demonstrated by preventing the accumulation of air in the plastron via a 
connection of the plastron to the environment. The times recorded for bubble 
rupture and complete reorganization of air are reduced by approximately a 
factor of 3 compared to previously reported values. The concept is utilized to 
passively control surfactant-rich foam in froth flotation. Material collection 
efficiency increased by more than 60 times compared to controls.

1. Introduction

Bubble attachment and accumulation challenge a wide variety 
of industrial applications. For instance, in the fast-growing field 
of electrocatalysis for clean energy production, gas bubbles 
evolving on the electrodes block the effective catalytic sites.[1–4] At 
a larger scale, the chemical, water, and food processing industry 
often face the challenge of foam accumulation, which can lead 
to processing problems and reduced product yields.[5–7] In froth 
flotation, used in wastewater treatment[8,9] and mineral-mining 
industries,[10,11] control of air bubbles and froth carrying hydro-
phobic particles from a slurry is essential for facilitating a cost-
effective separation process.[7] Therefore, methods to improve 
control of rapid bubble bursting or froth are highly desirable.

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH. 
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2. Results and Discussion

To understand the influence of surface morphology and topo-
graphy on bubble bursting, we fabricated superamphiphobic 
and superhydrophobic model surfaces based on particulate or 
fibrous structures (Figure S1, Supporting Information).

On a superhydrophobic surface, only the very tips of the 
surface structures (i.e., protrusions) are in contact with water. 
Superhydrophobicity is achieved by a combination of surface 
roughness and low surface energy.[25,26] By introducing over-
hanging, so-called re-entrant geometries, superamphiphobic 
surfaces are able to repel even low-surface-tension liquids.[27,28] 
When immersed in a liquid, the plastron (air layer) renders the 
surface aerophilic.[16]

Particle coatings were produced either via LFS or by wet-
spray coating, hereafter called LFS (Figure 1a–d) and dense 
nanoparticle (DNP) coating[29] (Figure  1e), respectively. For 
comparison, fibrous SNF[30,31] were investigated (Figure 1f).

Unlike many other coating techniques, LFS allows for 
the precise control of particle size and coating morphology 
by tuning the process parameters.[20,22–24] A liquid feedstock 
containing the precursor, here tetraethoxysilane (TEOS) in 
isopropanol, is injected into a process gas flame (Figure  1g, 
Experimental Section for details). After evaporation of the 
liquid phase, the precursor reacts and nucleates in the flame. 
Depending on the residence time of the particles in the flame, 
they grow, agglomerate, and sinter until they arrive at the sub-
strate.[32,33] The deposition mechanism of the nanoparticles into 
porous, 3D microstructures is controlled by the Peclet number, 
that is, the scaled ratio between the orthogonal/advective 
velocity and the stochastically distributed diffusive velocity 
caused by Brownian motion.[34,35] Independent of the deposi-
tion regime, the primary particle size and degree of particle 
aggregation influence the mobility of particles/particle aggre-
gates and therefore, the morphology of the resulting film.[36] 
For more information on particle formation and assembly in 
LFS, see Supporting Information.

Here, the morphology of resulting silicone dioxide coatings 
is tuned by varying the position of the substrate with respect 
to the burner (dburner) and the coating time. Decreasing the 
coating distance from 52 to 22  cm at a constant coating time 
of 10  min led to an increase in film thickness from approxi-
mately 20 to 75  µm (Figure  1a–d). After 10 min, the one-step 
coating process started to show a two-tier structure: the bottom 
layer remains porous but macroscopically flat while the top 
layer constitutes of cone-shaped structures (Figure 1a–d). With 
decreasing coating distance, the structures become more pro-
nounced. This effect is observed for coating distances as low 
as 12 cm (Figure S2, Supporting Information). The variation of 
other process parameters such as increasing the precursor feed 
rate or reducing the precursor concentration does not lead to 
the formation of the characteristic two-tier structures. Instead, 
macroscopically flat films are formed (Figure  S3, Supporting 
Information).

To stabilize the porous structures and to improve adhesion 
with the substrate, a silica shell was deposited by chemical vapor 
deposition (CVD) of TEOS.[37] The surface energy was low-
ered by fluoro-functionalization via CVD. Independent of the 
LFS process parameters, all surfaces show exceptional wetting 

properties with roll-off angles for low-surface-tension n-hexade-
cane (27.5 mN m−1, 6 µL) of < 2° (Figure 1h). Figure 1e shows a 
surface prepared by wet-spray coating of fluoro-functionalized 
silicone dioxide nanoparticles.[29] During wet-spray coating, 
the functionalized particles formed aggregates with a diameter 
of 62  ±  13  nm. Compared to LFS coatings, much denser geo-
metries can be discerned, hence the term DNP coating. The 
wetting properties of the DNP surface are comparable to the 
porous LFS nanoparticle coatings, that is, n-hexadecane drops 
roll off when tilting the surface by approximately 3°. To produce 
superhydrophobic SNF, a glass slide was immersed in a solu-
tion containing trichloromethylsilane (TCMS) and toluene with 
trace amounts of water.[30] The resulting fibers have a diameter 
of 33  ±  13  nm (Figure  1f). Upon fluoro-functionalization, the 
roll-off angle for n-hexadecane is 24° ± 3°.

We immersed the surfaces into environmentally-equilibrated 
milli-Q water or C12E5 surfactant solution. The distance 
between the needle and the surface was fixed at 2.5  mm. A 
bubble with a radius of 0.9 mm was produced using a syringe 
pump. We recorded bubble impact using a high-speed camera 
(Figure 1i). The bubble was then tracked using custom image-
processing algorithms (edge detection) in MATLAB, where the 
velocity of the 2D center-of-mass was computed. The bubble 
approached the surface with a velocity of up to 0.14 m s−1. From 
the bubble velocity, we reconstructed the moment of the first 
contact between the bubble and the surface, corresponding to 
the minimum decelerated velocity (Figure  1j). We define this 
time as t0. The sharp increase in velocity detected when the 
bubble is ruptured by the surface, followed by rapid absorption 
of air by the coating, is defined as t1. At t1, air from the ruptured 
bubble is absorbed by the surface but not yet fully reorganized 
(see second to last optical image in Figure  1i). The rupturing 
time tr is the difference between t1 and t0 and is used as a quan-
titative measure of the bubble bursting property of a surface.

In Figure  1j, two possible scenarios are depicted (Videos M1 
and M2, Supporting Information). The red dataset depicts the 
velocity of a bubble that bounces off a surface multiple times. 
Bubble rebound corresponds to negative velocities. Finally, the 
bubble slows down and eventually comes to rest. After 175 ms, the 
bubble ruptures spontaneously. The air is rapidly absorbed into 
the air layer within the surface structures, resulting in a sharp 
increase in velocity. The blue dataset shows the case of a surface 
inducing bubble bursting immediately upon contact, so-termed 
ultrafast bubble bursting. The bubble does not even slow down to 
zero velocity before rupture (see inset). Bubble rupturing requires 
less than 2 ms. Only 4 ms after the first bubble-to-surface contact, 
the air is fully absorbed and reorganized by the structure (see last 
optical image in Figure  1i). For standard bubbles with a radius 
of 0.9  mm and optimized surfaces, ultrafast bubble bursting 
(tr < 2 ms) is observed in more than 90 % of the experiments.

The rate at which air is absorbed into the structures is inde-
pendent of the rupturing time and the type of surface used (see 
Figure S4, Supporting Information, for velocity graphs). For 
bubbles with a radius of 0.2 mm, even faster bubble bursting 
is observed. The rupturing time varies between 0.5 and 1.0 ms. 
Here, the maximum velocity of air absorption (center of mass 
velocity) is lower. This can be attributed to the comparatively 
low volume of air to be absorbed (Figure  S5 and Video M3, 
Supporting Information).
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Figure  1k depicts the time required for bubbles to rup-
ture upon contacting LFS surfaces (blue circles) produced 
at different coating distances (dburner), as well as the single-
configuration DNP (orange square) and SNF surfaces (grey 

pentagons). A minimum of 20 experiments (i.e., 20 different 
spots) was conducted per surface. After each bubble, the 
surface was removed from the liquid, allowing dissipation of 
absorbed air.

Figure 1. Side-view SEM images of a–d) LFS surfaces coated at different distances to the burner for 10 min (scale bars are 10 µm), e) a dense nanopar-
ticle coating, DNP (scale bar is 2 µm), and f) silicone nanofilaments, SNF (scale bar is 2 µm). g) Schematic illustration of the LFS setup (not to scale). 
h) Roll-off angles using 6 µL droplets of n-hexadecane as a probe liquid. i) Images acquired by a high-speed camera (scale bar is 1 mm) showing an air 
bubble rupturing immediately upon contacting the surface. j) Bubble velocity as a function of time, depicting two different scenarios of how 1) a bubble 
ruptures immediately upon impact (blue dataset, inset) and 2) a bubble may also bounce off a surface multiple times before coming to rest and finally 
rupturing spontaneously (red dataset). k) Rupturing times of bubbles rising in water against 20 different spots on pristine surfaces. l) Probability of 
rapid rupture (<10 ms) upon the first contact.
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We observe an influence of LFS process parameters on the 
bubble rupturing time, tr. Bubbles with varying diameters con-
tacting a surface coated for 10  min at 22  cm distance to the 
burner always rupture immediately upon first contact with 
rupturing times well below 10 ms (see dotted line in Figure 1k 
and Figure  S5, Supporting Information). For coating dis-
tances exceeding 22 cm, bubbles can rebound and oscillate, as 
reflected by the time intervals between data clusters. Surfaces 
coated at 52 cm distance induce rupturing upon first contact in 
only 50 % of all experiments.

To provide additional insight on the effect of coating thick-
ness and morphology, we decreased LFS coating times from 
10, to 5, and 3 min and the coating distance from 52 to 22 cm 
(see Figures  S6 and S7, Supporting Information, for surface 
morphology and Figure  S8, Supporting Information, for tr at 
different coating times). Unlike LFS coatings, DNP and SNF 
surfaces are not tunable.

To facilitate a concise comparison between all surfaces, 
we calculated the probability of rapid rupture (Figure  1l). We 
define rapid rupture as a tr of less than 10 ms upon first contact 
between the bubble and the surface (see dotted line in Figure 1k). 
For LFS coatings, the probability of rapid rupture increases 
with increasing coating time and decreasing coating distance 
(Figure  1l). Per Figure  1k,l, the DNP coating (orange squares) 

also shows bubble rupturing well below 10  ms. Compared to 
nanoparticles, the smoother nanofilaments (grey pentagons) 
are less suitable for consistently reliable rapid bubble rupturing. 
A larger bubble-to-surface contact area and higher flexibility of 
the nanofilaments might have caused rupturing times ranging 
from 2 to 110 ms. This hints that sharp particulate structures are 
favorable. Based on these results, it appears that the macroscopic 
morphology of the coating and the size of individual particles 
both play crucial roles in inducing bubble rupturing.

To understand the relation between the hierarchical struc-
tures and bubble rupturing, we investigated the influence 
of process conditions on LFS coatings. The size of individual 
nanoparticles is expected to increase with increasing coating 
distance due to a longer residence time of particles in the hot 
zone. This allows particles to further grow and sinter.[22,24] 
Indeed, we observe a trend in particle diameter with the coating 
distance (Figure 2a,b). The particle diameter decreased from 
126 ± 18 to 79 ± 14 nm when the coating distance was reduced 
from 52 to 22 cm (after addition of a silica shell via CVD). The 
DNP coating is composed of nanoparticle aggregates with a 
diameter of 62 ± 13 nm (Figure 2c). This hints that the effective 
bubble rupturing capabilities of LFS (22 cm) and DNP surfaces 
are caused by the ultrafine nanoparticle and nanoparticle aggre-
gate diameter, respectively.

Figure 2. Effect of surface morphology on bubble rupturing. a) Side-view SEM images of LFS surfaces coated at decreasing distances to the burner 
(scale bars are 1 µm) and b) corresponding particle size distributions. c) Side-view SEM image of a DNP surface (scale bar is 1 µm). d) Schematic 
illustration of the bubble rupturing mechanism on nanoparticles with r1 < r2 (not to scale).
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These observations raise the question, how the tunable 
nanoscale configuration influences the time required for 
bubble rupturing. In the left panels in Figure  2d, the bubble 
approaches a coating with prominent surface protrusions made 
up of particles with radii r1. In contrast, the right panels illus-
trate larger nanoparticles with radii r2, where r2 > r1.

Upon bulk drainage, film thinning between the flattened 
bubble and the surface continues. The deformation of the 
bubble due to the proximity of the surface protrusions can be 
described by an augmented Young–Laplace equation (see Sup-
porting Information).[19] The liquid film is confined between 
air from the bubble and protrusions constituting the aerophilic 
surface. The smaller the protrusions, the higher the imposed 
pressure gradient which increases the force pushing liquid out 
of the thin film. Additionally, less liquid needs to be moved 
from in-between the bubble and individual protrusions.[38] The 
hydrodynamic drainage of the thin film can be described by 
the Stokes–Reynolds equation.[19,39] Eventually, one or multiple 
particle protrusions pierce the film and establish a three-phase 
contact line with the bubble. As soon as a particle pierced the 
film, a pressure gradient in the film within close proximity of 
the particle pushes the liquid away. The three-phase contact 
line of the bubble’s air-liquid-solid interface migrates along the 
particle surface, maintaining its receding contact angle. Even-
tually, the film has thinned sufficiently that the two contact 
lines meet and merge (see last panels in Figure 2d). In this sec-
ondary process of contact line motion, the individual particle 
size also influences the rupturing time: a smaller particle cir-
cumference leads to a reduced length of the migrating contact 
line and hence, reduces possible pinning events. Our experi-
mental findings concur with these coupled mechanisms, where 
bubble rupturing occurs faster on coatings having a distribu-
tion of smaller particles.[38,40]

Apart from particle size, particle aggregation and hierarchy 
appear to influence bubble rupture. We tuned surface hierarchy 
by varying the coating times at constant coating distances, 
thus maintaining constant particle diameters. With shorter 
coating times, more uniform particle networks are observed 

(Figures  S6 and S7, Supporting Information). In contrast, 
highly porous protrusions become more pronounced with 
increasing coating times. The rougher, more widely dispersed 
hierarchical structures greatly reduce the solid-liquid contact 
area which increases the slip length and reduces the friction 
the liquid film experiences.[25,41] This enhances the film thin-
ning velocity and accordingly the rate at which contact lines of 
neighboring protrusion can meet and merge in case of multiple 
points of bubble rupture. In line with reduced rupture times, 
rough and widely dispersed protrusions increase the probability 
of a bubble contacting individual particles or smaller particle 
aggregates, facilitating to pierce the liquid film. Collectively, 
these parameters reduce the bubble bursting time and allow 
faster absorption of the bubble into the surface structures.

Although these results are highly promising, one might 
speculate about the long-term performance of such coatings 
because of the gradual accumulation of air from ruptured 
bubbles. To understand the consequences of air accumulation 
within the coating (i.e., an increased thickness of the air plas-
tron), bubbles were repeatedly ruptured in the same location. 
The captured air was not removed between tests. To visualize 
the effect, results for a sub-optimal LFS coating produced at 
a distance of 52  cm with a thickness of 20  µm are presented 
(Figure 3a). Conceptually, the same holds for the other investi-
gated coating parameters and surface modifications (Figure S9, 
Supporting Information).

For the LFS coating presented here, the rupturing times 
increased with an increasing number of bubbles captured, 
from approximately 35 to 200  ms (Figure  3a and Figure S9, 
Supporting Information, for the performance of LFS coatings 
produced at different process conditions and single configura-
tion DNP). With every rupturing event, air from the bubble is 
absorbed into the air layer of the superamphiphobic structure 
(Figure 3b). Each bubble adds an air volume of approximately 
3 µL. The air layer gradually builds up in thickness, effectively 
preventing direct bubble-to-particle contact. Subsequent bub-
bles contacting this swollen air layer encounter a flexible inter-
face that delays rupture, akin to bubble-to-bubble[42] contact. 

Figure 3. Long-term stability. a) Rupturing times of 120 consecutive bubbles on an LFS coating. To highlight the effect of air layer build-up, a surface 
coated for 10 min at a distance of 52 cm was used for exemplification. After 100 bubbles, the captured air was allowed to escape. b) Schematic illustra-
tion of a superamphiphobic particle surface fully submerged in a liquid. The air layer gradually builds up in thickness with the addition of air from each 
consecutive bubble (not to scale). c) Schematic illustration of a bent surface where the air layer within the coating is connected to the environment. The 
air from captured bubbles is continuously released into the environment, thus preserving surface performance. d) Rupturing times of 100 consecutive 
bubbles on a bent LFS coating (52 cm, 10 min) connected to the ambient gaseous environment. SEM images before and after the experiment show 
no mechanical degradation (scale bars are 10 µm).
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After absorbing 100 bubbles, the captured air was released into 
the environment. Thereafter, the surface recovered its rup-
turing time, demonstrating its functional durability (Figure 3a).

To resolve the influence of air layer build-up, a pathway for 
excess air to escape was introduced. We coated a glass slide 
with a 45° bend, as illustrated in Figure  3c. Figure  3d shows 
that tr remained constant within experimental accuracy for all 
100 captured bubbles (see Figure S10, Supporting Information, 
for the performance of an optimized LFS coating). We observe 
no mechanical degradation of the LFS coating after the impact 
and absorption of 100 consecutive bubbles (insets in Figure 3d). 
This highlights the durability and utility of such surfaces for 
long-term bubble capture.

In most real-world systems, surface-active species such as 
surfactants are present. Dissolved in an aqueous environment, 
they spontaneously adsorb at hydrophobic interfaces. To inves-
tigate the behavior of bubbles contacting an optimized LFS 
surface in the presence of a surface-active species, experiments 
were conducted using the nonionic surfactant pentaethylene 
glycol monododecyl ether (C12E5).[43]

When immersed in water (purple), bubbles ruptured 
immediately upon contact with the LFS (Figure 4a) and DNP 
(Figure  4b) surfaces. Upon addition of C12E5 (red) at half 
the critical micelle concentration (0.03  mm, surface tension 
30.7 mN m−1),[44] the time required for bubble rupturing on the 
LFS surface increased to 33 ± 21 ms. Bubbles did not bounce off 
the surface but rather rested on it until they spontaneously rup-
tured. Due to the presence of surfactant molecules at the liquid-
gas and liquid-solid interfaces, the thin liquid film between the 

two phases is temporarily stabilized. The molecules increase 
the elasticity of the thin film and reduce the Laplace pressure 
while increasing the pinning of the three-phase contact line, 
causing the overall increase in bubble rupturing times. SEM 
images before (Figure 4d) and after (Figure 4e) the experiment 
in soap solution show no mechanical degradation of the LFS 
coating. The LFS surface maintains its superamphiphobic wet-
ting properties (Figure  4c). However, for the DNP surface, we 
observed delamination and partial imbibition of the coating 
starting with the impact of the first bubble and during the 
repeated release of captured air into the environment. While 
the DNP surface initially showed comparatively low rup-
turing times of 9 ± 8 ms, it eventually failed to induce bubble 
rupturing (Figure 4b, red area). After experiments in the C12E5 
solution, only patchy particle aggregates remained on the sub-
strate (Figure 4f,g). Interestingly, the damaged surface was able 
to retain superhydrophobic properties (Figure  4c). Drops of 
water and C12E5 solution rolled off when the surface was tilted 
by only a few degrees. The poorer durability of the DNP surface 
can be attributed to its lack of having a binder or adhesion pro-
moter. A binder increases adhesion of the coating to the sub-
strate, thus counteracting delamination.

The LFS surface is able to maintain its mechanical structure 
and superamphiphobic properties even after repeated bubble 
rupturing in the soap solution, demonstrating the superior per-
formance of these surfaces.

The concept of passive surface-induced bubble bursting is 
not limited to single consecutive bubbles but can also be applied 
to bulk foams. The ability to rupture bubbles even in solutions 

Figure 4. Surface-active species. Rupturing times of individual bubbles in 20 different spots on a) an LFS surface (22 cm, 10 min) and b) a DNP surface 
at equilibrium in water (purple) and C12E5 (red). After 17 bubbles, the DNP surface failed to induce bubble rupturing within 2 min. Bubbles remained 
pinned on the surface (red area). c) Roll-off angles using 6 µL of n-hexadecane, water, and C12E5 before and after conducting single-bubble rupture 
experiments in C12E5 on LFS (blue) and DNP (orange). SEM images of the d,e) LFS and f,g) DNP surface before (d,f) and after (e,g) conducting 
experiments in C12E5 (scale bars are 2 µm).
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of low interfacial tension offers the possibility to destabilize 
bubbles in froth flotation, a heterogeneous mixture of a liquid, 
a gas, and a solid phase. Flotation has long been used to selec-
tively separate solid materials using stable froths from a slurry 
generated, for example, in industrial wastewater treatment[8,9] 
and mineral processing.[10,11] Froth flotation efficiency is gauged 
with respect to froth collection, production efficiency, and the 
purity of the “final concentrate”.[45]

Here, we demonstrate the separation efficiency of both, a 
LFS coated (Figure 5a) and an uncoated (Figure 5b) froth con-
troller and condenser. The uncoated device serves as a control. 
The LFS coated, liquid-repellent froth controller, hereafter also 
called delivery channel is used to freely transport the com-
plex three-component mixture to the froth condenser. Here, 
the foam is still draining and the bubbles are transported on 
a thin layer of surfactant solution. In the froth condenser, the 
foam bubbles are burst upon contact with the structured side-
walls of the beaker. The froth was generated via stirring from 
400 mL of an aqueous slurry composed of C12E5 (1.0 mm) and 
600 mg of hydrophobized PET plates[46] (Figure 5c) with an air 
inlet pressure of 0.3 bar. The setup was run for 2 min of con-
tinuous and pulsed flotation (Video  M4, Supporting Informa-
tion). The control runs had to be pulsed to prevent excessive 
spillage during froth/particle collection. In contrast, the super-
amphiphobic system demonstrated 1) continuous flotation due 

to efficient bubble transport and rupturing by both the froth 
controller and condenser, 2) successful particle collection with 
high yields of 61 ± 11 %, and 3) minimal delivery channel (i.e., 
funnel) losses. The uncoated device exhibited low yields of only 
1 ±  1 % with excessive particle clogging and losses (19 ± 5 %) 
within the delivery channel.

3. Conclusion

In conclusion, ultrafast bubble bursting by superamphiphobic 
surfaces requires control of the nano- and micrometer-scale 
architecture of the hierarchical structures. Superhydropho-
bicity, superamphiphobicity, and even aerophilicity do not auto-
matically guarantee efficient bubble rupturing capabilities. LFS 
is a highly tunable technique, suitable for the design of hierar-
chical textures with optimized length scale, network geometry, 
and particle diameters below 100 nm to induce so-termed ultra-
fast bubble bursting in less than 2  ms. The surfaces demon-
strate long-term bubble rupturing properties without chemical 
or mechanical degradation in both pure water and surfactant 
solution. Therefore, LFS serves as a promising candidate for 
passive bubble capturing. We demonstrated the use of super-
amphiphobic coatings for froth control by enhancing the effi-
ciency of a flotation setup. We envision the use of these optimal 
design principles for applications in industrial water treatment, 
foam control, and electrocatalytic gas-evolving reactions for 
clean energy production.

4. Experimental Section
Liquid Flame Spray Coatings: A flame was created by oxygen 

(2  L  min−1) and methane (1  L  min−1). A liquid feedstock consisting of 
TEOS (98 %, Sigma Aldrich) dissolved in isopropanol (Fisher Scientific) 
was dispersed into the flame using oxygen (5 L min−1) at a feed rate of 
1 mL min−1. The concentration of TEOS in isopropanol was 370 mg mL−1. 
The distance between the burner unit and the glass substrate was varied 
from 22 to 52 cm, the maximum distance accessible. The coating time 
was varied from 3, to 5 and 10 min. To enhance the mechanical stability of 
the particle coatings, a silica shell was added via CVD. The surfaces were 
placed in a desiccator together with TEOS (98 %, Sigma Aldrich, 2 mL 
in 2.400 cm3) and aqueous ammonia solution (25 %, VWR Chemicals, 
2  mL in 2.400  cm3). The reaction was allowed to proceed for 16  h at 
atmospheric pressure. Thereafter, the coatings were sintered for 3 h at 
500 °C in air. The surfaces were fluorinated using 100 µL 1H,1H,2H,2H-
perfluorooctyl-trichlorosilane (PFOTS, 97 %, Alfa Aesar) in a desiccator 
(9.200 cm3) at 50 mbar. After 2 h, the surfaces were removed and placed 
into a vacuum oven at 60 °C for 2 h to remove unreacted silane.

Dense Nanoparticle Coatings: The particle spray coating was 
synthesized according to the procedure described by Wong et al.[29] The 
synthesis was conducted under argon atmosphere. Under gentle stirring, 
1 g of fumed silica nanoparticles (Aldrich, 7 nm, SSA = 395 m2 g−1) and 
0.9  mL of 1H,1H,2H,2H-perfluorodecyl-trichlorosilane were added to 
30  mL of dried chloroform (>  99.8  %, Fisher Scientific). The reaction 
was allowed to proceed at 25  °C and a stirring rate of 500  rpm for 
96 h. Afterwards, the particles were washed with chloroform and dried 
at 50  °C for 24  h. For spray coating, the particles were re-dispersed in 
acetone at a concentration of 10  mg  mL−1. 10  mL of the suspension 
were used to coat an area of 76×26 mm. The suspension was sprayed 
onto a microscope glass slide with a flow rate of 0.2  mL  s−1 at 3  bars 
and a working distance of 10 cm using a spray gun (nozzle diameter of 
0.2 mm). The surfaces were allowed to dry for 24 h.

Figure 5. Separation of solid plates via froth flotation using a) a LFS 
coated and b) a pristine glass froth controller and condenser (scale bars 
are 5 cm). Froth produced from the slurry composed of C12E5 in water 
and hydrophobized hexagonal PET plates via a stirrer, is transported 
along the froth controller to the condenser. The setup was run for 2 min of 
a) continuous and b) pulsed flotation. c) The size distribution (tip-to-tip) 
of the solid component is 1:1:1 w/w/w of 2600, 1200, and 250 µm. d) The 
high material collection yield demonstrates the potential of superamphi-
phobic froth control systems. While the glass control suffers from clog-
ging and losses at the outlet, the superamphiphobic system experiences 
minimal clogging and no losses.
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Silicone Nanofilaments: A mixture of TCMS (400  µL, 99  %, Sigma 
Aldrich) and toluene (100  mL, Sigma Aldrich) with a water content 
between 150 and 170  ppm was stirred for 60  s. The water content 
was evaluated using a coulometer (Mettler Toldeo C20 Compact 
KF coulometer). Microscope glass slides (Thermo Scientific) were 
immersed into the solution and the reaction vessel was tightly sealed. 
After 3  h, the surfaces were briefly washed with hexane (95  %, Fisher 
Scientific) and dried under a nitrogen flow. The nanofilaments were 
activated with oxygen plasma (Diener Electronic Femto, 6  cm3 min−1 
oxygen flow rate) for 2  min at 120  W. Thereafter, the surfaces were 
placed in a desiccator (9.200 cm3) together with 100 µL PFOTS (97 %, 
Alfa Aesar). The pressure was reduced to 50 mbar and the reaction was 
allowed to proceed for 2 h at room temperature. Afterwards, the surfaces 
were placed in a vacuum oven for 2 h at 60 °C.

Characterization: The roll-off angles were measured using water, 
n-hexadecane, and C12E5 (0.03 mm, CMC: 0.07 mm at 25  °C).[44] The 
surface tensions were 72.8, 27.5, and 30.7  mN  m−1,[44] respectively. 
Roll-off angles were measured by carefully placing a 6  µL droplet 
onto the surface and subsequently tilting the surface at a rate of 
1 degree per second until the droplet slides completely out of the field 
of view. A minimum of 5 spots was analyzed for each surface. Scanning 
electron microscopy (SEM) images were acquired at a voltage of 3 kV 
(InLens Detector, LEO 1530 Gemini, Zeiss). To reduce charging effects 
and enhance the image quality, surfaces were coated with a 9  nm Pt 
layer (BalTec MED 020 Modular High Vacuum Coating System, Argon 
at 2  ×  10−2  mbar and 30  mA). For the particle size distributions, a 
minimum of 100 particles per surface was evaluated using ImageJ. 
Dynamics of single bubble rupturing were recorded using a high-
speed camera (Fastcam AX10, Photron) and a high magnification 
objective (2x, Mitutoyo) at a frame rate of 20 000 frames per second. 
Bubble mobility was analyzed using image processing algorithms in 
MATLAB (edge detection). This enabled tracking of bubbles and their 
respective center-of-mass. The velocity of the center-of-mass was 
computed, and used to determine key events: 1) Initial decrease to 
minimum represents surface approach, 2) Sharp increase to maximum 
represents rupture, and 3) Final decrease from maximum triggers the 
end of the analysis.
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