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Methods

Sample preparation

The polystyrene (PS) surfaces used for nanobubble (NB) nucleation were prepared by spin 

coating thin films of PS on silicon (100) substrates. Before spin coating, the substrates were 

sequentially cleaned in sonication bathes of piranha, acetone, and then water. PS particles 

(molecular weight 350 000, Sigma-Aldrich) were dissolved in toluene (Mallinckrodt Chemical) 

to make the PS solutions.

Three PS surfaces (sample 1, sample 2, and sample 3) were prepared to obtain nanopits with 

different sizes and shapes. The PS concentrations for the three samples were 0.05%, 0.1%, and 

0.05% (all weight), respectively. The selected speeds of spin coating for the three samples were 

200 rpm,1000 rpm, and 500 rpm, respectively.

Two types of nanostructures, namely nanopits and nanopores, were fabricated on the three 

samples to study NB nucleation. First, on nanopits: For spin coated PS films, the decreasing 

thickness will cause inhomogeneous coating of the films1, 2. By delicately controlling the PS 

solution concentration and spin speed during spin coating, nanopits of different sizes were 

spontaneously obtained on sample 1 and sample 2.

On sample 3, nanopores were fabricated with assistance of NBs, as first reported in our 

previous study 3 and later by Janda et al 4. When PS films were immersed in water, small bubbles 
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disappear with time and generate nanopores on sample surfaces 3. Similar results were also 

reported on graphene surfaces 5. Recently, by applying negative pressure, Janda et al. obtained 

nano pinholes and nano protrusions, respectively, on thinner and thicker PS films, respectively. 

The NB caused generation of nanostructures on PS surfaces is mostly due to the presence of 

surface forces at the three phase contact line and the high inner pressure of NBs 6.

Through experiments, we found that the type of NB assisted nanostructures is strongly 

related to two factors, namely the NB size and the thickness of the PS films. Nanostructures tend 

to form namely on ultrathin PS films (with thickness from 3 nm to 7 nm). This is mostly because 

the polymer chain entanglement density is greatly reduced with decreasing sample thickness, as 

motivated theoretically 7, 8 and shown experimentally 9, 10. This will lead to a much lower elastic 

modulus and fracture strength of ultrathin PS films as compared to their bulk values. During our 

experiments, smaller NBs (less than 50 nm in diameter and thus with much higher inner pressure, 

assuming constant contact angle) mostly disappear and lead to formation of nanopores on 

ultrathin PS film with thickness around 3 nm. Bigger NBs (larger than 80 nm) last longer and 

will lead to the formation of nanoindents, even on a relative thick PS film.

Sample 3 was first immersed into DI water and smaller NBs (with width less than 50 nm) 

were formed on the surface. After that, NBs disappeared and a porous PS surface was obtained. 

Water was then removed from the sample and the sample was kept in an vacuum chamber for 4 h 

to remove the remaining water. The experiment in fluid was performed to study NB nucleation.

AFM Measurement

A commercial AFM (Resolve, Bruker) operating in tapping mode was used for imaging the 

sample in both air and deionized (DI) water. A silicon cantilever (NSC36/ALBS, MikroMasch) 

with a quoted tip radius of 8 nm and stiffness of 0.6 N/m from the manufacturer was used for the 

scanning in air and DI water. The measured resonance frequencies of the cantilever in air and 

water were about 55 KHz and 16 KHz, respectively. While imaging in air and liquid, the drive 

frequencies were slightly lower than that of the selected resonance. A scan rate of 2 Hz with a 0° 

scan angle was used. All experiments were performed at an ambient environment (temperature: 

26 ± 1 °C).

In all three experiments, the sample surfaces were first scanned in air by tapping mode 

AFM (TMAFM). Then they were immersed into DI water to perform liquid imaging. The image 

scanning began immediately within 10 minutes after immersing the surface into water. For 
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sample 1, the scanning lasted for more than 5 hours. For sample 2, the scanning lasted for more 

than 10 hours. The free oscillation amplitude of the cantilever at working frequency was about 

290 mV. The larger setpoint oscillation amplitude of about 280 mV (namely 96.5% of free 

amplitude) was applied for liquid imaging to minimize disturbance of AFM tips to NBs.

As mentioned above, nanopits of different sizes were obtained on PS films. For sample 1, 

the distributions of the nanopits’ width and depth are shown in Figure S1(a) and S1(b), 

respectively. The nanopit width distributed from 50 nm to 100 nm. The nanopit depth mostly 

changed in between 1 to 6 nm. There was one nanopit with a depth of 12 nm, which reached 

down to the silicon substrate. Figure S1(a) shows the correlation between width and depth.

Figure S1 Width and depth distribution of nanopits on sample 1. (a) Histogram of nanopit widths on 

sample 1. The nanopit width changed from 40 nm to 110 nm. (b) Histogram of nanopit depths on sample 1. 

The nanopit depths distributed from 1 nm to 6 nm. The correlation between width and depth is shown in 

(c).

In the analysis of Figure 1, we found that three NBs remained on their initial locations 

around a large nanopits after NB coalescence. In the area selected by a green dashed box in Figure 

1(c), one can see that the three NBs remained after NB coalescence. Figure S2 shows the zoom-

in mesh plots of the selected area in Figure 1(a-c). As mentioned in the main manuscript, this is 

thought to be due to the existence of the large nanopit in the selected area, providing strong pinning 

sites.
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Figure S2 A deep and large nanopit on sample 1. 3D mesh plots of the same areas selected in Figure 1. 

One can clearly see the topography of the nanopit in air (a), in DI water (b), and after coalescence (c).

For sample 2, the distributions of nanopits’ width and depth are shown in Figure S3(a) and 

S3(b), respectively. On the sample, one can see that the nanopit widths mainly distributed from 50 

nm to 250 nm. The nanopit depths distributed in two sections, 3-4 nm, and 10-13 nm. For the 

nanopits of which depth located in the section section (10-13 nm), they reached down to the bottom 

of the silicon substrate.

Figure S3 Width and depth distribution of nanopits on sample 2. (a) Histogram of nanopit widths on 

sample 2. The nanopit widths mainly changed from 50 nm to 250 nm. (b) Histogram of nanopit depths on 

sample 2. The nanopit depths distributed in two sections, 3 – 4 nm, and 10-13 nm. (c) Corrrelation of width 

and depth.

Nanobubble Verification Experiment

Studies on surface NBs have been suffering from artifacts for years as explained in  11, 12. 

For the samples used in this study, there are potentially three kinds of artifacts, namely solid 

particles, liquid objects 12, and blisters 13. To value out such artifacts, several experiments were 

designed and conducted to verify that the spherical objects we observed were indeed NBs. In this 

supporting information, we report the result of several verification experiment.

Nanobubble Coalescence Experiment

The nanobubble coalescence experiment was performed to distinguish nanobubbles from 

solid particles and blisters. It is well known that nanobubbles can move and coalesce to generate 

larger ones under higher scan load 1, 14, 15. However, blisters and solid objects cannot coalesce. In 

this study, we performed NB coalescence experiment on PS samples. The result for one of these 

experiments is show in Figure S4. Figure S4(a) is a height image of the sample surface obtained 

with 96% setpoint value in TMAFM after the sample was immersed into DI water. One can see 
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that nanobubbles with width about 100 nm were obtained on the sample surface. To conduct 

coalescence experiment, we first apply 80% setpoint to scan the area. After that, the area was 

rescanned with 96% setpoint. The resulting image is shown in Figure S4(b). One can see that 

nanobubbles with much larger size were obtained with reduced density. If the spherical objects 

were solid particles or blisters, they could not be coalesced in this way. Therefore, one can 

conclude that the spherical-cap like objects were neither solid particles, nor blisters.

Figure S4. Nanobubble coalescence performed on a PS surface. (a) AFM height image of the sample 

surface after immersed into DI water. (b) AFM height image of the same area after a higher scan load was 

applied. Nanobubbles at lower number density, but much larger size were obtained, indicating nanobubble 

coalescence. (c-d) NB image segmentation for NB height images in (a) and (b), respectively. The green 

contours are detected NB boundaries with a homemade NB segmentation algorithm.

Moreover, the NB volumes before and after the coalescence were measured with a home-

made NB image segmentation algorithm 15. To do so, the AFM images of the NBs were first 

segmented. The results are shown in Figure S4(c) and S4(d) for NB images shown in Figure S4(a) 

and S4(b), respectively. With the segmented NB images, the NB volumes were calculated. The 

total volumes of NBs in Figure S4(a) and S4(b) are about 3.7×106 nm3 and 7.1×106 nm3, 
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respectively. The obtained result is in a good agreement with what we reported recently 15. The 

increased NB volume after NB coalescence may partly be explained by the reduced Laplace 

pressure in the larger NBs, and partly be by diffusion of dissolved gas into the merging process. A 

quantitative analysis of these two effects is beyond the scope of the present paper.

Tip-Sample Interaction Experiments

The second approach to distinguish NBs from solid particles and blisters is an amplitude-

distance curve measurement above the spherical-cap-like objects. During extension or retraction 

motion of an oscillating tip relative to a NB, the amplitude of the tip shows gradually decreases 

with reducing tip-sample separation distance 14, 16. However, the oscillating amplitude of AFM 

tips rapidly decreases once they get into contact with surfaces of solid particles or blisters, very 

different from the behavior of nanobubbles. One example of the amplitude-distance curve of 

AFM obtained on a spherical-cap like object is given in Figure S5. Figure S5(a) is an AFM 

height image of the PS sample surface (sample 1). In the center area, there is a big spherical-cap-

like object. We measured amplitude-distance curves on the object and obtained two kinds of 

curves. Here we took amplitude-distance curves obtained at two selected points (marked as 1 and 

2). The results are shown in Figure S5(b).

Figure S5. Amplitude-distance curve measurement on a spherical-cap like object and sample substrate. 

(a) AFM height image of the sample surface in DI water, showing a big spherical-cap like object in the 

center. (b) Two typical amplitude-distance curves measured at point 1 and 2, respectively. 

One kind of curve is the one obtained above the substrate (point 1 in Figure S5(a)). Once 

the tip contacts the substrate, the amplitude rapidly decreases with decreasing tip-sample 

separation distance. The other kind of curve is the one obtained above the spherical-cap like 
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domains (point 2 in Figure S5(a)). One can see that the obtained result is consistent with the one 

of our recent investigation 16. As described there 16, there are typical snap-in period A → B and 

detached period C → D, which corresponds to the position where the AFM tip gets and loses 

contact with the object, respectively. The tip-sample interaction further confirms that the 

obtained spherical-cap like objects were not solid ones, neither blisters.

Degassing Experiments

To distinguish NBs from liquid contamination (PDMS droplets, for example), we applied 

degassing experiments12, 17, 18. For a PS sample, we first imaged the sample surface in air. The 

image is shown in Figure S6(a). One can see that the surface is flat without any spherical-cap like 

objects. After that, the sample was immersed into DI water. We first obtained spherical-cap like 

objects on the sample surface, as shown in Figure S6(b). Then, the AFM liquid cell with the 

sample immersed in water was transferred into a vacuum chamber to degas the water for over 4 

hours. After that, the liquid cell was brought back to AFM and was re-scanned. The result is shown 

in Figure s6(c). One can see that the spherical-cap like objects had all disappeared. This implies 

that the observed spherical-cap like objects were actually gas bubbles and not droplets of a poorly 

solvable liquid.

Figure S6 Degassing experiment. (a) A PS sample surface obtained with tapping mode AFM in air. (b) 

Spherical-cap like objects obtained on the sample surface after it was immersed into DI water. (c) AFM 

height image of the same sample after the liquid cell (the sample remained in water during degassing) was 

kept for 4 hours in a vacuum chamber for degassing. The NBs have dissolved.

Deconvolution of Tip Radius and Correction of NB Contact Angles

It is well known that a topography image obtained from an AFM is actually the convolution 

of the AFM tip and substrate morphologies 19-21. Therefore, the measured NB width needs to be 

corrected due to the finite size of the cantilever tip radius. In the case of the spherical-cap-liked 
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NBs, the influence of the AFM tip on the contact angles of the protruding NBs is illustrated in 

Figure S7a. In the figure, the dashed cross section is the directly measured one from AFM images, 

while the solid one is the NB’s actual cross section. From the figure, one can see that the tip radius 

causes overestimation of the NB width. The deconvolution of the AFM tip gives a corrected 

expression of the NB radius, width, and contact angle, namely19-21
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where D′ and D, θ′ and θ, Rc′ and Rc, H′ and H (H′ = H) are the actual and apparent (uncorrected) 

values of width, contact angles, radius of curvature, and height of the NB, respectively, and Rtip is 

the tip radius (about 8 nm in this case).

Figure S7 (a) Schematic sketch of the NB size correction through deconvolution of the tip radius. 

(b) Comparison of the corrected and uncorrected contact angle (CA) for protruding NBs. The difference 

between the corrected contact angle and uncorrected ones is slight.

With Eq. (S3), NB contact angle can be corrected. For the NBs with width of 50-150 nm, we 

found that D is about 2-4 nm larger than D′. A comparison of the corrected and uncorrected contact 

angle of NBs is conducted to evaluate the effect of finite size of tip radius on contact angle 

measurement, as shown in Figure S7b. From the result, one can see that the uncorrected CA is 
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slightly lower (about 2%) than that of the corrected one.

The classification of planar and protruding NBs is based on the value of their contact angles. 

The distribution of contact angles for all trapped NBs is shown in Figure S8. In this study, the 

NBs with contact angles of 0º or even slightly less are referred to as planar NBs. The others are 

protruding NBs, of which contact angles are normally larger than 10 º.

Figure S8 Corrected contact angles for all trapped NBs (planar and protruding). The contact 

angle for planar NBs is mostly less than 0º. The dashed horizontal line in the figure divides the 

trapped NBs into two categories: protruding and planar NBs.
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