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1. Nanobubble imaging and identification

Surface gaseous nanobubbles form more or less dense assemblies on water-immersed surfaces
(Figure S1). Their identification and distinguishing from solid nano-objects can be provided by
in-situ AFM imaging in a phase shift or deflection mode. We have utilized cantilever deflection
mapping technique (for details see our former paper?), which identifies nanobubbles (NB) as
elastic objects, characteristic by attractive capillary (bridging) forces between the AFM tip and
nanobubble interface’®. These forces cause lowering cantilever deflection, down to even
negative values (downward bending) compared to positive deflection on solid objects. Figures

S1A,C show in-situ AFM (tapping) height image of surface gaseous nanobubble assembly, while



Figures S1B,D show the same assembly in deflection mode, where lowered/negative cantilever

deflection signal clearly distinguishes surface from surrounding solid surface.
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Figure S1. In situ tapping AFM image, height (A) and deflection (B) of surface nanobubbles
in deionized water. While topography (height) image does not distinguish nanobubbles from
solid objects, cantilever deflection mapping clearly identifies nanobubbles as elastic objects on
which the deflection drops due to attractive bridging forces causing negative cantilever bending.
Corresponding identical profile (line) analyses of height (C) and cantilever deflection signal in

volts (D). For technical details, see ref®.



Typical surface nanobubble dimensional distributions are shown in Figure S2.
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Figure S2: Typical dimensional distributions of surface gaseous nanobubbles: Nanobubble
Radius (expressed as Equivalent Disk Radius, EDR) distribution plot (A) and Maximum (Apex)
Height distribution plot (B). Black dots represent experimental data, red curves - best fits
(Gauss). All dimensions are acquired from in situ AFM (tapping, height) images. AFM image

data were processed by the SPM Data Visualization and Analysis Tool Gwyddion v. 2.43.

The surface nanobubble assembly by no means represents rigid, stationary system and AFM, by
its nature, is relatively slow and intrusive imaging technique, where the tip interacts with surface
nanobubble affecting its nanomorphology during scanning’. It has been proven that decreased
tapping setpoint (increased scan load) by about 30% causes NB coalescence, resulting in
significantly decreased (by more than 80%) number of NBs, increased NB lateral size and hence

increased NB-covered surface area®.



The modulated AFM tip—nanobubble interaction causes, especially in tapping mode,
repetitive expansion, compression (height lowering) and lateral displacement’, which also
renders the nanobubble coalescence®® and tip-induced ripening, particularly in dense

nanobubble assemblies shown in Figure S1.

2. The stability of nanobubble imprints in polystyrene film

The nanobubble-assisted nanostructuring of polystyrene film is performed during its water-
immersion in a process triggered by a mild (-10 kPa) short (5 sec) pressure drop. Once
nanostructures are formed on polystyrene surface, they are stable after emersion from water,
withstand 24 hours drying at room temperature in ambient atmosphere (air) and even 2-hour
drying in vacuum (50 Pa/25°C) without any change in nanomorphology, as illustrated in Figure

S3.

These results further confirm presented model of nanoprotrusions as solid (polystyrene-filled,
not hollow) convex nanostructures created by squeezing and pushing polystyrene within pinned
nanobubble circular contact line once tension stress developed by expanding nanobubble exceeds

the polystyrene elasticity threshold™* .
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Figure S3. The AFM image (tapping, height) of 15 nm polystyrene film spin-coated on silicon
wafer with nanoprotrusions formed by standard immersion/pressure drop procedure described in
the paper (pressure drop ~10 kPa/5 sec applied on the sample immersed in deionized water). The
AFM image of identical location shows nanoprotrusions as received (A), after 2 hours drying in
vacuum dryer (50 Pa/25°C) (B). Corresponding profile (line) analyses are shown in Figures (C,

D), where red and green marks point to identical nanoprotrusion heights.



3. The water-immersion stability of polystyrene film

The stability of the film upon simple water immersion (i.e. omitting pressure drop) tested
under experimental conditions identical to those utilized for nanostructuring experiments showed
no change of surface nanomorphology of both thin (> 15 nm) and ultrathin (< 5 nm) polystyrene
film as illustrated by Fig. 7. This finding, which is in agreement with results obtained on other
materials®’, proves besides significance of pressure drop for nanostructuring process also
stability of silicon wafer-supported polystyrene film — both ultrathin and thin - during water

immersion.

Extended stability test performed on larger area of polystyrene film by its simple water
immersion prolonged to 100 minutes showed also good overall film stability without any

alteration of surface morphology as illustrated by in situ optical microscopy image (Figure S4).

Conclusively, the polystyrene film spin-coated on silicon wafer shows both short and long-term
stability upon prolonged water immersion, which makes adverse effects of detachment and

blistering™ unlikely.
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Figure S4. Optical in-situ images of 15 nm thin polystyrene film spin coated (0.2% w/w
solution, 500 rpm) from its toluene solution on silicon wafer. Images acquired immediately after
surface immersion in deionized water (A) and after 100 min of immersion (B) show that the film
remains intact during simple immersion. Dark triangle on the right side of the image is the top of
AFM cantilever serving as a pointer (for the detailed comparison note two defects in the film
located nearby the cantilever top). The experiment was performed in the AFM cell for imaging in

liquids, water temperature was 20°C.

4. Nanobubble and nanoprotrusion/nanopinhole assembly assessment

As we have already noticed, certain discrepancy exists between dimensional distribution of
surface nanobubbles and nanoprotrusions formed upon application of water-immersion/pressure
drop procedure (“...nanopattern dimensions are well below the corresponding nanobubble size
distribution range...”*"). Though this finding supports presented model of
nanoprotrusion/nanopinhole formation within the narrow foot—neck region of surface

nanobubble, further discrepancy exists between nanobubble and nanopattern appearance



statistics: While appearance density number of nanopinholes, formed under conditions of our
experiment, approaches 700/pum? with surface coverage fraction at 25% and for nanoprotrusions
at thick PS film this number is close to 800/um? (surface coverage over 30%), the maximum
resolvable number of nanobubbles in dense assembly reaches up to 200/um? (with typical value
at 160/um?) and surface fraction coverage over 30%, reflecting noticeable nanobubble
broadening effect. Though caution should be kept concerning above mentioned numbers, which
involve AFM tip convolution, we end up with some nanobubble deficiency, anyway. Two

explanations can be considered:

(i) Some nanobubbles active in nanostructuring are not present on the surface at

the time of AFM imaging.

To justify this point, it should be noted, that in situ AFM imaging is always performed at
stationary, equilibrated conditions (stagnant liquid) required for undisturbed, stable AFM image
acquisition; the nanostructuring process itself is not accessible for AFM imaging due to
cantilever excessive swings induced by liquid flow and pressure drop. Thus, the cantilever is

disengaged during pressure drop period to prevent its damage.

(it) Not all nanobubbles engaged in nanostructuring process are resolved by

AFM imaging.
Now we can examine feasibility of both above mentioned variants:

Ad (i). Let’s consider that appearance density number of surface nanobubbles observed by
AFM is correct. Then it is more than 3 times lower than the appearance density number of

nanopinholes and nanoprotrusions. Utilizing Henry’s law™®, we can elucidate that the pressure



drop -10 kPa applied on aqueous phase saturated by air under normal atmospheric conditions
(101 kPa, 20 °C) causes its oversaturation by about 3 mg/L (air is approximated by 0.21 O,/0.79
N, mixture). As the pressure drop is accompanied by the aqueous phase flow at the speed 10
ms™ with low Re = 10, the majority of the experimental cell cavity falls within boundary layer
region. The gas surplus feeds the nanobubble nucleation process, which, under such mild
conditions is assumed to take prevailingly heterogeneous path requiring lower gas
supersaturation than homogeneous nucleation'®. As the heterogeneous nucleation is expected to
originate from stabilized gas nanopockets (nuclei) trapped in surface hydrophobic

nanocavities'>®

, Where the lower effective surface energy diminishes free energy barrier, it
proceeds in the stationary layer adjacent to the solid surface, where the flow speed drops to zero
and nanobubble pinning, ranked besides oversaturation as a fundamental prerequisite for surface
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nanobubble existence™" ™, takes place. Thus, in simplified example considering dynamic

equilibrium nanobubble model®

, water oversaturation by -10 kPa pressure drop and stationary
diffusion?* from 10 um layer (time scale ~10 sec) could provide gas excess for up to 10°
surface nanobubbles per um? (assuming nanobubble average radius 100 nm and 10 nm apex
height). Thus increasing population of nanobubbles “pre-existing” on PS surface upon its water

immersion due to incomplete wetting®?, by nanobubbles heterogeneously nucleated by pressure

drop period, appears to be feasible.

Ad (ii). Besides tip-nanobubble interactions which affect both nanomorphology and resolution,
as discussed in Paragraph 1, there are resolution-limiting criteria related to nonlinear nature of
the AFM imaging: While convolution of AFM tip with scanned object causes its profile
modification and broadening, the AFM lateral resolution is affected by the height difference

f. 23

between adjacent objects (see e.g. re ) according to spatial resolution formula d = V(8RAh),



where d is resolved object distance, Ah is the objects height difference and R stands for the
AFM tip radius. Thus for 10 nm height difference and declared tip radius 50 nm, resolution of
adjacent solid objects is limited to less than 60 nm, while for ultrasharp AFM tip R = 20 nm it
may reach value d = 40 nm, below which all adjacent objects are imaged as one. This factor
gains even higher importance for scanning soft materials like nanobubbles, where the tip
sharpness does not translate into the resolution enhancement. Comparing distribution curves of
nanobubbles and nanoprotrusions by the height spread (Ah) expressed as half maximum width of
height distribution peak, the spread Ah = 10 nm for nanobubbles and Ah = 3 nm for
nanoprotrusions was found (for nanopinholes the convolution with AFM tip creates artefact due
to limitation by the tip penetration depth; thus the comparison would not be informative).
Significant, though somewhat less pronounced, is the radius spread difference yielding 50 nm
and 20 nm radius spread for nanobubbles and nanoprotrusions, respectively, reflecting possibly

certain equalizing effect of tip convolution.

The AFM image evaluation by threshold procedure makes nanobubble numbers further
underestimated® : The appearance density number of nanobubbles within the assembly is reduced
to n = 50/um? with coverage exceeding 30%, compared to boundary-based evaluation yielding
typical value n = 160/ pm? in the same image area. Apparently both nanobubble interaction with
AFM tip and AFM resolution limits lead to lower apparent nanobubble appearance density and
higher surface coverage numbers compared to reality, thus the exact determination of

nanobubble numbers in dense assemblies is always burdened by a negative error.

As both above mentioned variants (i), (ii) act in accord, the nanobubble number density
acquired from in situ AFM image before application pressure drop can be significantly lower,

than the number of nanobubbles virtually acting in nanostructuring process. Consequently,
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excess nanoprotrusion and nanopinhole density number, compared to nanobubble numbers, is

noticed.

Fundamental restrictions exist both in AFM modus operandi and in experiment requirements,
which prevent full resolving of dynamics of nanostructuring phenomenon within the scope of
present instrumentation. Noncontact, fast, high resolution optical imaging®*, which would help to
resolve gaseous nanodomain-related phenomena, is restricted by so far relatively low (~300 nm)

resolution limit.

5. Influence of compounded AFM tip-nanobubble interaction on nano-indent formation

To complete the story, we have to mention also the nanoindentation effect, which was found to
accompany the in situ AFM imaging of surface nanobubbles. We have already reported on
surface rearrangement taking place on water immersed basal plane HOPG, imaged by AFM in
situ, explained by nanobubble-assisted exfoliation® and circular rims formed around each
nanobubble perimeter upon prolonged AFM scanning. Similar effect was reported by Wang,
Bhushan et al.® as rimmed nanoindents emerging slowly during hours-long AFM scanning of
nanobubbles on water-immersed polystyrene surface. The effect was ascribed to internal
nanobubble pressure and horizontal force component of nanobubble surface tension, which
magnitude exceeds the strength of surface layer, causing its local rupture. Closer examination,
however, revealed that the duration of AFM scanning and the pressure applied on the AFM tip
play the key role in the nanoindent development. While at regular setpoint amplitude forces
below 200 pN (OTESPA cantilevers) can be applied to reach stable imaging, the rim visibility
depends on the amplitude setpoint and thus on the pressure imposed by the AFM tip on
nanobubble surface.’ Besides the rim formation, the bowl-like concave nanostructure appears at

the nanobubble location during continuous AFM scanning (Figure S5).
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We can assume that compounded tip-nanobubble and nanobubble-substrate interaction is the
cause for this phenomenon.

In accordance with observation of nanobubble movement'! and elastic deformation®?%%’

by
interaction with AFM tip® during scanning, the following scenario, considering hydrophilic AFM
tip, can be drawn (Figure S6): Repeated cyclic movement of tapping AFM tip on nanobubble
surface causes periodic compression and expansion of nanobubble sphere as well as lateral
movements and deformation of nanobubble contact line, causing also hiding (at lower applied

forces/higher tapping amplitude) and revealing (at about 10% lower tapping amplitude, i.e. at

higher force applied on tip) surface patterns near the nanobubble perimeter (Figure S6 E).
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Figure S5. In situ AFM image (tapping, height) of concave bowl-like nanostructures surrounded
with circular rims developed during 1 hour long continuous scanning of nanobubbles on basal
plane HOPG surface in deionized water. The 3D height (left) and top view amplitude (insert)
images with corresponding profile (line) analyses of bowl-rim (middle) and whole structure with
nanobubbles (right) are shown. Black, red and green arrows indicate vertical and horizontal

dimensions.
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Figure S6. Schematic drawing of suggested mechanism of rim-bowl formation in solid substrate
by the tip-nanobubble-substrate interaction during AFM scanning (A-D) showing different stages
of rimmed bowl formation from intact (A) to final concave nanopattern (D) and illustration of
hiding and reappearing of rim image (E) upon nanobubble deformation by rising (top) and
lowering (bottom) AFM tip. Parameters involved in tip-nanobubble-substrate interaction are
Farm force imposed by the scanning tip (vertical red arrow), p, Ap external pressure, internal-
external pressure difference, Fp force developed on the nanobubble contact line due to internal
pressure and @y, O¢ nanobubble contact angle at rest and compressed by the tip respectively,
which corresponds to advancing contact angle of pinned nanobubble. Horizontal red arrows (B,

C) indicate scanning directions.

Besides its influence on imaging, scanning AFM tip causes periodic movement of nanobubble

17,28 transduces interfacial force to solid substrate and

interface, which decelerated by its pinning
develops tension stress in its surface layer."* Consequently, the lateral (F.) and perpendicular
(Fp) components of interfacial (tension) force are modulated

FL = Fst cos(180 - ) and Fp = Fs75in(180 — 6) (5)
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in accordance with contact angle @ ranging from advancing - compressed (O¢) to receding or
relaxed (@) value.

The tension stress ¢ = I'wa cos (180 — @)/h induced in solid by contact line is primarily
determined by the water-air surface tension I'ya and layer thickness h (see above). As these
forces do not exceed the strength of graphene, tearing and fragmentation of graphene basal
plane take place presumably on its defects. The combination of periodic lateral and axial
movements of nanobubble driven by scanning AFM tip generates thus “milling” forces acting at
the nanobubble contact line (Figures S6 B-D), forming concave rounded pattern (Figures S5, S6
E). This slow process is well followed in situ by AFM, which at the same time supplies the
driving force. Besides force developed by scanning AFM tip, the long scanning period at long
wetting time may co-act in rim development besides bubble-tip interaction. Though capillary
forces are too weak to exhibit their influence on solid surface during short period of
wetting/pressure drop experiment, they can initiate polymer creep (“cold flow”) at long wetting
times, i.e. long exposition to capillary forces acting at bubble ternary interface. As
elastocapillarity itself is known to create circular rims at surface droplet and bubble boundary®®,
it can also contribute to creation circular rims observed during long continuous scanning of

surface bubbles.
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