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Supplementary Notes

1. Driving force for the spreading of the adsorbed gas film at the

HOPG/water interface.

Spreading of the adsorbed gas film at the interface is likely driven by gas-graphite
interactions, which are much larger than the gas-gas interactions in this system. For
example, the energy values of N,—N,, N,b-HOPG, O,—0,, and O,—HOPG
interactions are approximately 9 meV, 100 meV, 10 meV, and 100 meV,
respectively', suggesting that the stronger gas-HOPG interactions cause the
adsorbed gas film to spread. However, the gas-HOPG interactions are unlikely to be
very strong due to the van der Waals nature of the interaction. Thus, an
unfavourable interaction (high interfacial tension) between the adsorbed gas
structure and water reduces the spreading tendency of the structure, driving it to
shrink in the lateral dimension and bulge in the vertical dimension to reduce the
interfacial area. The formation of a gas film one molecule in thickness indicates that
its interfacial tension with water should be much smaller than the surface tension of
water. Interfacial water may form a favourable hydration structure with the smooth
gas film. Adsorption of excess gas molecules on the smooth gas film may disrupt
the favourable hydration structure and cause the interfacial tension to increase,
which becomes the driving force for the transition to a cap-shaped structure at a

later time.

2. Interfacial tension between the fluid structures and water.



Formation of a complete wetting film at the HOPG/water interface implies
that the spreading coefficient’ S= GuoPG.water— (OHOPG-fitm + Ofitmowarer) > 0, Where
GHOPG-waters OHOPG-film> AN Ofitm-water represent the interfacial tension of HOPG/water,
gas-film/HOPG, and gas-film/water, respectively. As estimated below, GropG-water 15
smaller than the surface tension of water (Gyir-water = 72 mN/m). Although the value
of Onopre-fim 18 not known, it should be small due to the lack of strong bonding
between gas molecules (nitrogen or oxygen) and the HOPG substrate. Thus Gfim-water
< OHOPG--water < Ouir-water-

According to Young’s law, cos 8., = (04 0p,) 0gp (refer to the figure below).
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Since the contact angle of water on freshly cleaved HOPG is 65°°, we
estimate OpopG-water ased on Young’s law and the surface tensions of water and
HOPG. The surface tension of water, Girparer, 1S 72 mN/m, and that of HOPG is 35-
55 mN/m*°. Thus, 6HoPG-warer 1S €stimated to be 25 mN/m or smaller.

For an interfacial nanobubble (INB) at a solid/water interface, the typical
contact angle is 5°-25°. The interfacial tension between an INB and water, ojng-water,
should be somewhat larger than Ofimm-warer, but still considerably smaller than the

surface tension of water. The small interfacial tension would make the INB highly



deformable and tend to adopt a rather flat morphology, which is very different from
the stiff semispherical shape typically seen for a gas bubble of micron size or larger
at a solid/water interface. Small interfacial tension also contributes to lower free

energies of INBs and explain the high stability of INBs.

3. Nanobubbles as the micronuclei for gas bubble formation in water
It has been theoretically predicted that a vapour cavity will form only when the liquid
is under extremely large tension®. However, these large tensile strengths have never
been observed, leading to the introduction of the idea of micronuclei. Plesset stated
in 1969’ that small gas bubbles cannot be the persistent nuclei for the formation of
micro- or macro-bubbles in water due to their short lifetimes®. Plesset also
conjectured’ that dissolved gases may form adsorbed films of gas on hydrophobic
surfaces; these films would have a low surface tension and could act as nucleation
centres for bubble formation in water. Arieli and Marmur® proposed that surface
nanobubbles may be the gas micronuclei responsible for the bubbles that cause
decompression sickness, but the mechanism was not known. Our study indicates that
INBs are gas aggregates (or gas condensates) with a low interfacial tension with

water, providing insight into the nucleation of gas bubbles in water.

4. Gas cluster distribution in water.
The two types of gas-containing interfacial structures observed in the present
investigation, ordered domains and fluid structures, may originate from different gas
configurations in bulk water. During numerous atomic force microscopy (AFM)

studies of the HOPG/water interface that we conducted under ambient conditions1,”



2. we typically observed INBs or fluid layers when air-saturated or gas-

supersaturated water was deposited. Ordered domains appeared in saturated or
super-saturated water as well as in partially degassed water’. In partially degassed
water, it is expected that dissolved gas molecules are present mainly in the form of
well-dispersed monomers; thus, ordered domains form through self-assembly of
individual monomers or small clusters at the interface. In air-supersaturated water, a
subset of the dissolved gas molecules probably aggregates into large clusters.
Theoretical studies have indicated that small non-polar molecules can aggregate into
clusters nanometres in size in bulk water'>'*. Nitrogen and oxygen, the two major
components of air, are non-polar, suggesting that they may aggregate into large
clusters with a diameter >1 nm when the gas concentration is near or above the
saturation level. Adsorption of a large cluster at the HOPG/water interface may lead

to the formation of a circular fluid layer that later evolves into a cap-shaped INB.



Supplementary Figures
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Figure S1 Height profiles measured in Figure 1 of the main text. (a) Height profiles
along the dashed line in Figure 1b of the main text. Black arrows indicate the profile
across ordered domains; the red arrow indicates the profile across a fluid layer. (b)

Evolution of the height profiles of the INB in region 4 at different times.



Figure S2 AFM images of the transformation process around region 4 in Figure 1

of the main text. The left and right columns of each panel depict the topographic and
dissipation images, respectively. Three small fluid layers are indicated with coloured
arrows. The fluid layers exhibited a lower height than the ordered domains in (a-c), but
they grew in height at later stages and could not be distinguished easily from the
surrounding ordered domains in topographic images. The ordered domains displayed a
lower dissipation than the fluid layers and bare HOPG regions; thus, the dissipation
images enabled us to better distinguish the ordered domains from other regions. Scale

bar, 200 nm.
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Figure S3 AFM of the transition of large fluid layers to INBs at a HOPG/water
interface. (a) Topographic (top) and adhesion (bottom) images acquired in PF mode at
=5 min. Scale bar in all panels, 250 nm. The adhesion map provides considerably
higher contrast for the two circular layers (indicated with A and B) than does the
topographic map. Adsorption of circular layers had already occurred at /=5 min.
Imaging was subsequently switched to FM mode; (b)-(e) contain the topographic (top)
and dissipation (bottom) images acquired with this mode at various times. The
topographic images also show two circular layers ~0.3 nm in thickness, and the
dissipation maps exhibit strong contrast for the fluid regions relative to other parts of
the interface. The small bright speckles in the topographic images are ordered domains;
they appear darker than the bare HOPG surface in the dissipation images. In (¢), circular
layer B disappears suddenly at the scan line indicated by a white arrow, and a cap-
shaped nanostructure appears at subsequent scan lines. Note that the images were

acquired through raster scanning; blue arrows at the side of the topographic images
8



indicate the slow scan direction. Each frame took ~3 min to acquire. The time to scan
one line was 1 s. In (d), circular layer A suddenly transforms into a cap-shaped
nanostructure. In (e), the two cap-shaped INBs grow larger in both the vertical and
lateral dimensions. In addition, small ordered domains (bright speckles) appear inside
the regions that were originally covered by the thin layers (outlined by green dashed
lines). (f) Height profiles in (b). (g) Height profile across INB A at two time points. (h)
Height profile across INB B at two time points. Both INBs exhibited growth in the

vertical and lateral directions.
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Figure S4 Evolution of lateral area and apparent height over time for the fluid
structure indicated with a white arrow in Figure 2 of the main text. Lateral area was

measured from the stiffness maps and apparent height was measured from the highest

point of the height profiles.
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Figure S5 Topographic (PF, 250 pN) images of structures at the HOPG-water
interface acquired at 7= 55 min (a) and = 71 min (b), and t= 197 min (c¢). The INB
indicated with a white arrow serves as a marker for comparison with images shown in
Figure 2 of the main text. Two additional INBs were observed outside the scan area
shown in Figure 2 of the main text. The image shown in (b) was acquired in the
outlined region in (a). It shows that the white speckles in (a) are small ordered domains.
The yellow arrows in (b) indicate the three orientations of the row-like structures, which
are parallel with the lattice orientations of the HOPG substrate, zig-zag directions. The
HOPG lattice was acquired at a high loading force with the contact mode (inset). The

images in (b) and (¢) were acquired with the fast scan direction rotated 30° counter-
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clockwise relative to that in (a). The image size is 5 pm x 5 um (a) and 1 pmx 1 pum (c).
(d) Force-distance curve measured on the INB. When the tip approached the INB, snap-
in occurred when the tip touched the INB. A positive peak force was required for stable
AFM imaging of the entire surface; thus, the tip needed to pierce the INB to a certain
depth to offset the attractive snap-in force. This results in a dark ring, indicated with a
blue arrow in (¢), at the outer region the INB. In the dark ring region, the tip penetrated
through the thin fluid region to reveal the HOPG substrate. Surrounding the INB,
ordered domains were present and they might be responsible for the confinement of the

fluid region and the observed pinning of the three-phase contact line in Fig. 3b.
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Figure S6 Water preparation before AFM. Purified deionized water was first stored
with air in a sealed centrifuge tube at 4°C in a refrigerator for several days. The chilled
water could be either (i) deposited on a HOPG substrate in a AFM liquid cell at room
temperature or (ii) heated to 45°C in a 95°C hot water bath before deposition on a

HOPG substrate in a liquid cell.
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Figure S7 AFM operation. (a) Schematic of the Multimode NanoScope V modified
for FM mode. Oscillation of the cantilever was driven using a dynamic-modulation
system comprised of a lock-in unit/phase-lock-loop (PLL) unit (Nanonis OC4 Station
from SPECS) and a signal-access module (Bruker AXS). The PLL unit was employed
to track the resonance frequency of the vibrating cantilever. The resonance frequency
shift (4f) was used as the feedback input signal of a proportional-integral controller to
obtain topographic images. The driving amplitude, which we controlled with the PLL in
order to maintain a constant amplitude of cantilever oscillation during scanning, was
measured and recorded simultaneously. The amplitude value was typically considered
to be the energy dissipation signal'>. A dissipation map was acquired along with the
topographic images. (b) Illustrations of PF mode. Vertical piezo movement results in
cycles of approaching and retracting traces in which the tip makes intermittent contact
with the sample surface, yielding force-distance curves. Topography information is
obtained from the height correction performed by the feedback loop to keep a constant
“peak” of force, while the slope of the contact region determines the stiffness of the
sample at each pixel. Adhesion and deformation can also be extracted from the force
curves. Our previous studies indicated that snap-in usually occurs when the AFM tip
touches a fluid region such as an INB. The tip must penetrate the structures to a certain
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depth to offset the attractive snap-in force to reach a positive preset peak force'; thus,
the penetration depth, which varied with the hydrophobicity of the AFM tip'®, should be
added to the height profile of the fluid region obtained from the topography images
obtained in PF mode. If a fluid structure is thinner than the penetration depth, it cannot
be seen in the topographic images because the tip traces the profile of the stiff structure
underneath. Snap-in, which is caused by the hydrophobicity of the tip apex and the fluid
nature of the structure under study'®, does not strongly affect topographic images
acquired in FM mode', probably because the feedback signal (the resonance frequency
shift) is related to the force gradient rather than to the interaction force itself. A sharp

increase in the resonance frequency often occurs when the tip touches a fluid structure'.
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