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Abstract

The presence of nanobubbles on lubricant-infused surfaces (LIS) has so far been
overlooked due to the difficulty in detecting them in such a complex system. We
recently showed that anomalously large interfacial slip measured on LIS is explained
by the presence of nanobubbles (Vega-Sanchez, Peppou-Chapman, Zhu & Neto, Nat.
Comms., 2022 13, pg. 351). Crucial to drawing this conclusion was the use of atomic
force microscopy (AFM) force-distance spectroscopy (meniscus force measurements) to
directly image nanobubbles on LIS. This technique provided vital direct evidence of
the spontaneous nucleation of nanobubbles on lubricant-infused hydrophobic surfaces.
In this paper, we describe in detail the data collection and analysis of AFM meniscus
force measurements on LIS and show how these powerful measurements can quantify

both the thickness and distribution of multiple coexisting fluid layers (i.e. gas and
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oil) over a nanostructured surface. Using this technique, thousands of force curves were
automatically analyzed. The results show that the interfacial tension of the nanobubbles

is reduced from 5249 mNm~! to 3944 mNm~! by the presence of the silicone oil layer.

Introduction

Gas layers dramatically affect the flow boundary conditions in microfluidic systems, reducing
drag by up to 75%,% but are frequently overlooked when one or more dimensions are nanoscale
due to the difficulty in detecting them. Nanoscale gas layers and surface nanobubbles are
difficult to observe and characterize as they are too small to be quantitatively analysed using
optical techniques which are typically used to study liquid-gas interfaces.?

Surface nanobubbles were first reported in the year 2000%% and have been controversial
ever since. The high Laplace pressure predicted by a nanoscale radius of curvature (e.g. AP
~ 29atm for r = 50nm and v = 72mN m™!) indicates that nanobubbles should have very
short lifetimes (i.e. on the order of 100 ps*). However, surface nanobubbles are routinely
seen to be stable on timescales of hours to days,” owing their stability to the fact that,
despite having thickness in the range of a few tens to hundreds of nanometers, they have
micrometric lateral size, which produces a flat interfacial shape with large radius of curvature.
This reduces the internal Laplace pressure and allows the bubble to remain stable on the
immersed surface for hours to days. For a complete review of the field, the reader is directed
to the review by Lohse and Zhang.*

Here, we report a method to detect and map the presence of gas layers on structured
hydrophobic surfaces covered with a thin layer of a hydrophobic oil. This type of surface is
known as lubricant-infused surface (LIS) and has been the topic of intense research over the

past decade due to their desirable properties introduced by the presence of the entrapped
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lubricant layer,® such as anti-fouling,”# anti-icing, condensation enhancemen

and drag reduction.?+ !

Generally, the L in LIS is used interchangeably to indicate either liquid“® or lubricant,™* as



the most common liquids to impregnate surface structure are hydrophobic lubricants.® Our
recent insight®? showed that air and liquid lubricant can both coexist within a hydrophobic
surface structure and both act as lubricants, leading to drag reduction. Therefore, the
distinction between liquid and lubricant is important as we showed that air is the fluid
providing the greatest degree of lubrication when both are present. In this work, for clarity,
the two lubricants will clearly be identified as oil (which could be any water-immiscible
liquid lubricant) and as a gas layer. The term 'LIS’ will be used to refer to a surface initially
infused with a hydrophobic liquid lubricant before being submerged in water, as we have
done previously. 125354

Of particular interest is the ability of LIS to reduce interfacial drag.##2231:85738 Ohgerved

282551 is much higher than is expected by the interfacial slip model which

drag reduction
predicts drag reduction only when the infused oil is less viscous than the flowing liquid. =236
Our recent work showed that the presence of isolated nanobubbles on silicone oil-infused
Teflon wrinkled surfaces can quantitatively explain the observed drag reduction on LIS."?
In this work we demonstrate that meniscus force mapping can be used to map hydropho-
bic oil and gas thickness simultaneously to reveal the pressence of nanobubbles on LIS. We
describe AFM meniscus force measurements (a subset of AFM force-distance curves*) and
how they can be used to detect and measure the thickness of a nanothin gas layer on top of
a nanothin immiscible liquid layer, (i.e. a nanobubble on a submerged LIS) and show that
the presence of this oil layer reduces the spring constant of the air/water interface. To our
knowledge, this is the first time two liquid/gas interfaces have been quantified in a single

AFM force-distance curve, and these force curves compiled to generate a time-resolved map

of the spatial distribution of both phases.



Materials and Methods

Sample Preparation

Wrinkled Teflon surfaces were prepared as previously described.* Briefly, a shrinkable polystyrene
substrate (Polyshrink™) was spin-coated with a thin layer (~40nm) of Teflon AF (Chemours,
1.5% in FC-40), and then annealed in an oven (France Etuves XFMO020) at 130 °C, inducing
shrinking of the substrate and wrinkling of the top Teflon layer.

The as-produced wrinkles were infused by pipetting an excess of the lubricant (approx.
200 uL cm—2) of silicone oil (10 ¢St, Aldrich), spreading it, and then depleting the oil through

repeated immersion through an air/water interface®® or using a spin coater.=

Control over air content in working fluids

Water with different air content was used in the experiments: Milli-Q water, used as pro-
duced, and gassed water. The procedure is described in our previous publication.®? Briefly,
the oxygen concentration in water was measured using a dissolved oxygen sensor (RCY-
ACO, Model DO9100) and was used to estimate the air concentration in water. Milli-Q)
water as produced was air-saturated at atmospheric pressure (101 kPa), and had an air con-
tent of cqir ~ 23.0 £ 0.3 mgkg™'. To produce gassed water, Milli-Q water was pressurized

at 203 kPa to obtain an air content of g ~ 44 + 4 mgkg ™'

Meniscus Force Measurements

AFM meniscus force measurements were all performed using the force mapping feature on an
MFP-3D (Asylum, Santa Clara, CA) using hydrophobized Multi-75 probes (k = 1-7TNm™1;
Budget Sensors, Sofia, Bulgaria). The AFM probes are hydrophobized by depositing a thin
layer of polydimethylsiloxane (PDMS) by chemical vapour deposition. The AFM probes are
first cleaned using piranha solution, 3:1 sulfuric acid (98%, Ajax) : hydrogen peroxide (30%,

Merck) for 5 minutes before being rinsed twice in Milli-QQ water, once in ethanol, once in



toluene and dried under a gentle nitrogen flow. They are then placed in a glass staining
jar with a small amount of uncured PDMS (Sylgard 184, Dow Corning) and placed in an
oven at 200 °C for 4 hours. After cooling, they are rinsed once more with toluene and dried
under a gentle nitrogen flow. The procedure deposits 1-2nm of PDMS (by ellipsometry).=
Cantilever sensitivity was calculated from the contact region in 100 force curves collected on
a silicon wafer and spring constants were calculated using the Asylum software by performing
a thermal tune to determine resonant frequency of the cantilever prior to data collection.

A custom-made AFM sample holder is used to flood the samples with Milli-Q) water in
situ. The cell consists of a superhydrophobic barrier with a small tubing through which
water can be pumped, see our previous publication for details.?® The custom cell was used
for enhanced visibility and ease of use compared to the Asylum closed liquid cell when
flooding a sample with water. This was important in previous work, but any underwater cell
is sufficient to image nanobubbles using the technique described herein.

Force maps typically have 64x64 pixels and lateral size of 1-4 pm. All data was analysed
using Python 3 using packages included in the Anaconda scientific computing distribution.*!
Raw force curve data was exported to ASCII format before being loaded in the Python script
and analysed using the algorithm described herein. All code used in this work is available

online. 42

Results and Discussion

The detection of a thin gas layer sandwiched between the oil layer and the bulk water
depends on detecting two features seen in AFM force-distance measurements. Oil layers are
identified by a sharp negative deflection of the AFM cantilever, due to meniscus formation

SAA3HAT

(hence the name, meniscus force measurements) and gas layers are identified through

the positive deflection of the cantilever.#3°2 Both these features are seen in the example force

curve in [Figure Tk, which was captured over an area identified as having both layers. Here, a



positive deflection (i.e. a force pushing the AFM tip away from the surface) is seen at larger
separations and a negative deflection (i.e. a force drawing the tip towards the surface) is
seen a smaller separations, corresponding to the nanobubble and oil layer, respectively.

In this work, only extension curves were used and are presented, as the forces of interest

occur as the tip moves towards the surface. Unless specified otherwise, all data was collected

on a LIS composed of wrinkled Teflon infused with 10 ¢St silicone oil %2
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Figure 1: Schematic showing an AFM tip approaching a nanobubble over a layer of oil:
both the (a) oil thickness and (b) the nanobubble thickness (not to scale) are measured due
to the opposite forces they exert on the AFM tip. ¢) Example of an experimentally obtained
force curve from which the nanobubble thickness and oil thickness are extracted.

Meniscus Force Measurements

Meniscus force measurements are a subset of AFM force spectroscopy in which the dominant

force on the cantilever is due to the formation of a liquid meniscus around the AFM tip. In
contrast to the case where the AFM tip first encounters the solid surface (see [Figure 2h),

when the AFM tip first contacts the air/liquid interface, a liquid meniscus forms around
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the tip and pulls down the cantilever towards the surface (see ), causing a rapid
negative deflection (see [Figure 2p). The distance between this so-called ‘jump-in’ and the
position where the AFM tip contacts the hard substrate underneath is the thickness of the
liquid film, and can be revealed with nanoscale accuracy.**434% A detailed discussion on the
accuracy of the technique is provided.#* 4>

An advantage of this technique is that it is agnostic to the identity of the two phases.
As long as the interfacial energy of the liquid is sufficiently high to observe a jump-in when
the AFM tip touches it, the interface will be detected in the force curve. As a result, we
have used this technique to map the thickness of a hydrophobic oil layer both in air®#3
and underwater®® as the water/oil interface has sufficient wetting contrast to produce the
required jump-in. shows the shape of a typical force curve of a thin oil film

underwater where a sharp negative deflection is seen at about 120 nm separation, before a

sharp positive deflection when the tip contacts the underlying substrate.

Force-Distance Curves on Surface Nanobubbles

Due to their nanoscale dimensions, nanobubbles are not routinely studied using optical
techniques typical in the study of larger gas bubbles. Instead, the nanoscale nature of AFM
measurements has made it the technique of choice for the study of nanobubbles using both
tapping mode and force-distance spectroscopy. 445+

Nanobubbles imaged using AFM are typically identified as small round protrusions on
an otherwise flat substrate.? These images are produced using a typical imaging technique
such as tapping mode or with a force-based method such as PeakForce QNM®* where the
cantilever’s stiffness must be sufficiently low so that the tip does not penetrate the bubble as
these stiffness maps are calculated from the contact region of the force curve. On structured
surfaces, nanobubbles will exist within the surface roughness and may not protrude in the

same way as on a flat surface. Additionally, in the case of a superhydrophobic surface, there

may be a thin gas which covers the surface entirely, giving a flat topography image. Instead,



force spectroscopy does not rely on topographic identification, only the forces experienced
by the cantilever.

In AFM force-distance measurements, nanobubbles are identified through a characteristic
positive deflection (pushing the tip away from the substrate, see [Figure 1p) due to defor-
mation of the air/water interface.4%5: shows the shape of a typical force curve
taken on a nanobubble, showing a section of force curve with a positive gradient between
the zero force baseline and the hard contact point. Many publications have confirmed that

this particular feature in the force curve shape is due to nanobubbles. 24852

Imaging Nanobubbles on LIS

The two types of force curves described above combine when a gas layer is present on
top of an oil layer underwater. In its approach towards the surface, the tip first deflects
away due the deformation of the bubble and then towards the substrate due to meniscus
formation when it contacts the oil layer, see [Figure 2ld. The first point at which the positive
deflection occurs is used to indicate the top of the gas layer and the first point of the negative
deflection indicates the top of the oil layer (see . This interpretation may lead
to small under- or overestimation of the layer thickness in certain cases. These effects are
explored more below. The steps present in the attractive part of the force curve are due
to the stick-slip motion of the oil/water interface; if the contact line remains temporarily
pinned on the surface of the tip, the force does not increase gradually and smoothly, but in
steps, as previously shown.??

The process of imaging nanobubbles on LIS is similar to that of imaging the oil layer
underwater,”? with most of the difference consisting in the data analysis.

The four expected configurations of fluid layers and example force curves for an immersed
LIS under static conditions are shown in [Figure 2 water on substrate, water on oil on

substrate, water on gas on substrate, water on gas on oil on substrate. We do not observe a

thick layer of oil on a nanobubble, and indeed a thick layer is not expected to be stable as the
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Figure 2: Example of the four types of force curves observed on silicone oil-infused Teflon
LIS under Milli-Q water. Extension force curve as the AFM tip comes in contact with a)
bare solid substrate under water; b) an oil film on the solid substrate under water; c) a gas
layer on the solid substrate under water; d) a gas layer on an oil layer on the solid substrate
under water.



static pressure (acting down, from the water above) and Laplace pressure (acting up, from
the nanobubble) would destabilise the oil layer.”® On the other hand, a nano-thin film (<
5nm) of oil is expected to cloak the nanobubble due to the positive spreading parameter of
oil at the water/air interface, but was not directly detected as an additional jump-in before
the the tip contacts the bubble. Although there is a small jump-in seen in [Figure 2,d, this
is due to the gas layer forming a small meniscus on the AFM tip and not due to an oil layer.
However, a jump-in is not always observed upon approach to a nanobubble due to differences
in the tip surface chemistry: a slightly more hydrophilic AFM tip approaching a nanobubble
will not register a jump-in feature as a gas meniscus does not form on a hydrophilic tip.*!
shows two force curves from an experiment using a different AFM tip (but, in
principle, with the same hydrophobic treatment) that do not show a jump in. However, as
discussed below, the spring constant of the bubble is reduced by the presence of a lubricating
oil layer.

The time required for the formation of nanobubbles is dependent on the gas content in
the water. Nanobubbles appeared faster in water gassed with air (e.g. for water air content
Cair ~ 4444 mg kg™ they appeared instanteously, see |[Figure 5¢), while they appeared a few
hours after immersion in plain Milli-Q water, which was saturated at atmospheric pressure
(Cair ~ 23.0 £0.3 mg kgfl). e -d show the nucleation of a nanobubble on a surface
through successive mapping of the same location. Each map took ~35 minutes and the
bubble appeared between successive maps. The surface was submerged for a total 2-3 hours

in the absence of flow before the nanobubble appeared.

AFM Probe Considerations

The choice of tip shape and chemistry is important to achieving a clear image of both the oil
and the gas layer. In AFM mapping techniques, a sharp tip is generally preferred as it gives
maximum spatial resolution, but for meniscus force measurement a thinner tip decreases the

force on the cantilever as the force is determined by the length of the contact line. %% As a
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result, there is a balance between spatial resolution and force resolution.

Similarly, cantilever spring constant is critical to successful meniscus force measurements.
A low spring constant is needed for the cantilever to deflect due to meniscus formation and
to deflect from the reaction force caused by nanobubble deformation. Additionally, a lower
spring constant allows for a sharper tip to be used. However, the spring constant cannot
be too low (e.g. a contact mode probe), as the cantilever is not able to break free from the
meniscus during retraction. Here, force modulation AFM probes with a spring constant of ~
5Nm~! and a sharp tip were used, as these provide sufficiently large deflection values with
good spatial resolution.

For imaging hydrophobic oil layers, tip chemistry determines the magnitude of the force
exerted by the meniscus (determined by the length of the contact line). The fluid layer that
forms the meniscus should preferentially wet the tip for a meniscus to form. In air, this is
trivial as almost all fluids wet the high surface energy silicon nitride which makes up most
AFM tips. Underwater, this is less simple as a hydrophilic tip may be wet preferentially
by the water and therefore a clear jump-in from a hydrophobic oil might not be apparent.
Here, the tip was hydrophobized with a thin layer of PDMS to ensure a wettability contrast
between the water and the thin oil layer. An unmodified tip was seen to work initially, but
the image quality deteriorated quickly, leading to the loss of jump-in.

For imaging nanobubbles, the opposite is required. The thickness of a nanobubble is
better imaged using a hydrophilic tip as the tip is less likely to penetrate into the bubble so
all changes in deflection are due to nanobubble deformation.” A hydrophobic tip still shows
deflection due to nanobubble deformation and it also shows signs of meniscus formation as

the tip contacts the nanobubble. This aspect is discussed further below.

Data Analysis

The key to using AFM meniscus force measurements for mapping of multiple layers was the

automated data analysis with feature recognition to determine the points at which the tip
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contacts different interfaces. This section describes the logic used by our Python script to

calculate the thickness of both the gas and oil layer from the collected force curves.
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a) Flowchart showing the process used to characterise each force curve in the raw

force map data. The red rectangular inset shows the logic used in the decision nodes with
a red outline to determine whether the data between two features of a force curve is gas or
lubricant. See GitHub“? for code. b) Raw force curve data of cantilever deflection (y scale
is in m) as function of z-displacement for an example force curve. ¢) The first derivative
of b) (y scale is mnm™!). d) The second derivative of b) (y scale is mnm~2). The orange
vertical lines represent negative peaks picked from the second derivative. The red, green,
and blue lines represent the location of the substrate, the top of the oil and the top of the

nanobubble, respectively.

For an underwater LIS there are four possible scenarios for the fluid layers each force

curve may encounter (see [Figure 2)):

a) Water on substrate;

b) Water on oil on substrate;

c) Water on gas on substrate;
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d) Water on gas on oil on substrate;

In our previous work,*##4%4 the script only detected an oil layer (i.e. scenarios (a) and
(b)), where only two key points needed to be detected: the jump-in and hard contact point.
As a result of the added complexity added by the gas layer, a completely new detection
algorithm was used here to identify all four of these scenarios. The features associated with
the gas layer are less pronounced than the oil layer, and so a lower threshold for detection
of features needed to be implemented.

Here, the algorithm utilises automated peak finding to find areas of rapid changes in the
gradient of the deflection and the fact that the gradient of the deflection is opposite in sign
when the tip is in contact with a nanobubble versus when in contact with a meniscus due to

an oil layer. The general procedure used in the script is (see also [Figure 3pn):

e Convert piezo movement data to separation, and photo diode signal to deflection, using

sensitivity of cantilever calculated from compliance region measured on a hard surface.

e Find the hard-contact point by finding the first point with a substantial change in

gradient in the contact region of the extend curve.

e Calculate the second derivative of the whole data and apply a smoothing algorithm to

the y-data (deflection).

e Use a peak finding algorithm to find negative peaks in the smoothed second derivative

(orange lines in [Figure 3b-d).
e If no peaks are detected, there is no oil or gas (i.e. case in [Figure 2h)

e If one peak is detected, then the region between it and the hard contact point can

either be oil or gas. Check if gas or oil using the algorithm outlined below. (i.e. case
in [Figure 2p.c).

e If multiple peaks are detected, each segment between two peaks is checked to see if it

is gas or not using the algorithm outlined below. The first segment identified as oil

13



demarcates the boundary between the gas and oil (i.e. case in [Figure 2d). If no oil is

detected before reaching the hard contact point, then there is no oil present and the

layer is entirely gas (i.e case in ).

To determine whether a segment between two of the negative peaks identified in the

second derivative is gas or oil, the following algorithm is used (see also inset within the red

box in [Figure 3a):

e If 100% of the first derivative is negative — the portion is oil. This is because the force
acting on the cantilever is proportional to the length of the contact line and this force
always increases (due the triangular shape of the tip) as the tip moves towards the

surface — causing the deflection to become more negative.

e If more than 60% of the points of the first derivative are negative and the end is lower
than the start by a threshold deflection (0.5nm in this work, determined using trial

and error), then portion is considered oil. Otherwise, it is gas.

The script then outputs the height of the hard contact point (absolute height from z-
sensor data) and the thickness of the oil or gas layers found (calculated as the distance
between relevant peaks in separation). shows a map with example forces curves
and their corresponding location in the map. The force curves —g) also show the
features located by the algorithm described above (blue = start of gas layer, green = start

of oil layer, and red = start of the substrate).

Validation

The automated analysis was validated by a manual review of analysed force curves to judge
if the script had picked the correct locations for the start of gas and oil layers. Force curves

from multiple maps were plotted with the vertical lines showing the interfaces as picked by

the script as in and and were judged by eye if these were correct. A total
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of 494 force curves were selected at random and 93% of them were judged to be correctly

fitted. Potential reasons for incorrect fitting are discussed below.

Data Visualisation

As shown in [Figure 4] the data is presented as multi-panel maps showing the spatial distri-
bution of the different phases detected. First, the sample topography is presented (extracted
from the hard contact point of the force curves). Then maps of the oil thickness and the gas
thickness are presented separately. Both oil and gas thickness are presented as non-linear
contours where colours are evenly spaced at thickness of 2nm up to 20 nm and then contours
of 150nm, 300nm and >300nm to give an indication of distribution of both thin layers
and thick layers. This method of presentation was selected as it gives the ability to easily
attribute the effect of topography on the distribution of either the liquid or the gas layer.

Cross sectional profiles of these maps can be extracted to visualise the shape of the
interfaces, as shown in [Figure b in which color was added to the line profiles to highlight
the different fluid layers. Each cross section corresponds to the cyan line in the adjacent
maps. As mentioned above, part (a) and part (b) in are sequential maps (taken
approximately 35 mins apart) of the same surface before and after a nanobubble nucleates.
[Figure Be.,f shows a cross sections from the LIS in while [Figure Bjg,h shows gas
pockets on an immersed superhydrophobic surface (Teflon wrinkles with no oil present) in
a partially-collapsed Cassie state. Despite the apparently high resolution of the contact line
of the mapped interfaces, the local contact angle values cannot be estimated, as discussed
below.

Additional parameters are easily calculated from the resulting maps, such as the position

of the water interface or the mean curvature of this interface, see [Figure S3
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Figure 4: a) Map of a nanobubble on a LIS with (b-g) example force curves shown for
points with different fluid layers. The map (a) is presented with three panels showing the
topography of the underlying Teflon wrinkles (left), the thickness of the oil (middle) and
the thickness of the gas (right); the units of all colour scales is nm. Points 1 and 2 show an
example of a nanobubble directly on the substrate. Points 3 and 4 show an example of a
nanobubble on oil. Point 5 shows an example of the water directly contacting the substrate
and point 6 shows an example of water contacting the oil. The vertical lines in the force
curves show where the script has found the start of the different fluid layers, blue = start of
gas layer, green = start of oil layer, and red = start of the substrate.
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Figure 5: AFM force maps showing oil and gas thickness (a, c, e, g) with cross sections
(b, d, f, h) corresponding the cyan lines in the maps. The unit of all colour scales is nm.
The marker symbols in the cross sections represent points at which the height was measured,
and colors were added to help visualise the different layers. a) and b) are successive maps
on the same area of the surface, showing the appearance of a nanobubble in situ. The
force curves were collected and analysed using the same parameters. e, f) Example of a LIS
submersed in gassed water (cqi ~ 4444 mgkg ') imaged immediately after submersion. g,
h) A superhydrophobic surface in MilliQQ water (nanowrinkled Teflon substrate without any
silicone oil applied) showing a partially collapsed Cassie state. The non-zero measurements
of oil thickness at multiple points on this map are a result of the feature detection algorithm
not always being able to discern the difference between oil and gas or the particular force
curve being noisy.
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Limitations and Sources of Error

There are several limitations and sources of error related to this technique but their impor-
tance is limited by the mapping nature which allows individual errant pixels to be ignored.
The accuracy of the measured thickness depends on many factors and is not uniform for
all film thicknesses. Very thin (<5nm) films of either gas or oil are difficult to both detect
and distinguish. The technique’s ability to detect a nanoscale film increases with increasing
film thickness, as thicker films (either gas or oil) produces a greater deflection while films of
just a few nanometers produce a deflection on the same order as measurement noise. As a
result, regions of zero film thickness may contain undetected films of a few nanometers.
Automated feature detection exacerbates this limitation as there is a trade-off between
sensitivity (i.e. detecting smaller deflections) and avoiding false detection at large separations
(e.g. more than 100nm from the first interface as in [Figure 6d). The noise present in the
oil and gas thickness maps in is the result of imperfect fitting that occurs due
to higher feature detection sensitivity. Using a thicker tip would reduce this effect but, as
mentioned above, would reduce lateral resolution. Slightly thicker films (up to tens of nm)
can be detected but with fewer data points to judge whether the feature in the force curve
is due to oil or gas, the script is prone to mislabelling these. [Figure Gh,b shows examples
of two features at small separations with deflections ~1nm which are ambiguous and were
identified as different features by the script, despite being adjacent pixels in the map.
Ideally, if the AFM tip is hydrophilic, the air/water interface would not form a three-
phase contact line with tip, ensuring that all positive deflection is due to the deformation of
the interface. If there is a three-phase contact line, ideally it would be pinned to the same
spot of the tip through the entire range of motion of the force curve. This is not always
the case and the contact line may jump producing a discontinuity in the gas portion of the
force curve as in [Figure 6p. In this particular case, the analysis script has erroneously picked
this movement of the contact line to be the start of the oil layer. See also for an

example of a force curve where the contact line jumped multiple times in the force curve.
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As the AFM tip used here is hydrophobic, it is expected to form a three-phase contact line
with the air/water interface, which is confirmed by the small jump-in seen at the start of
the gas layers.

The presence of a nano-thin layer of oil spread on the AFM tip cannot be excluded, which
would increase the measured thickness of the oil layer. As with our previous publications,
this does not seem to be an issue as there are multiple cases where no oil thickness is detected
either under a nanobubble or elsewhere (e.g. |[Figure 2p,c). However, the lack of sensitivity
to very thin films (<5nm) described in the previous paragraph may hide the effects of such
a film.

The thickness of the oil layer may be overestimated if long range van der Waals attraction
between the tip and an interface draws the interface up to ‘meet’ the tip.*“ In our previous
publication, this effect was suppressed by sufficiently fast scan rate in the force curve.®* As
a result, here the fastest scan rate possible on our AFM (2 Hz) was used to ensure this effect
is minimized. This deformation will also effect the gas layer, with the air/water interface
deforming to meet the tip, especially for a hydrophobic tip.*¥ As a result of this deformation,
Walczyk & Schonherr® define the top of the a nanobubble measured with a hydrophobic
tip to be where the force curve crosses zero deflection after the initial jump-in. Here, the
potential long-range attraction of the air/water interface was ignored, due to the high scan
rates used and because this correction would cause the calculated gas height to depend on
the quality of the baseline correction. Additionally, Walczyk & Schonherr’s definition of
the top of a nanobubble assumes that the AFM tip only contacts the bubble with minimal
contact line at zero deflection (i.e. the only force on the cantilever is due to nanobubble
deformation), which is impossible given the fact that a jump-in is seen, signifying meniscus
formation and a non-trivial contact line.

There are limitations of the experimental setup which contribute noise in the maps.
Force curves collected under water are particularly sensitive to vibrations, as they can be

transmitted through the liquid to the cantilever. This means that a higher proportion of
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Figure 6: Force curves showing the limitations of the automatic feature detection script
presented in this work. Vertical lines indicate where the analysis script found an interface
with blue = start of gas layer, green = start of oil layer, and red = start of the substrate.
a,b) Two force curves obtained on adjacent locations, where the identity of the feature is
ambiguous, with the script identifying in (a) a gas layer and in (b) a oil layer; c¢) an example
of the script not detecting gas; d) an example of the script incorrectly detecting the gas/water
interface; e) an example of the script incorrectly detecting the oil/gas interface instead of
more gas; f) an example of a noisy force curve, likely due to vibrations.
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force curves are noisy throughout their entire range of motion, compared to the same force
measurement in air, leading to incorrect feature detection (see [Figure 6/f).

The cross sections generated from the map cannot be used to quantify contact angle
values as the interface is 3-dimensional and contributions from in-plane and out-of-plane
features are impossible to account for. Additionally, the shape of the interface may be

slightly deformed due van der Waals interactions not being consistent across the surface.

Measurement of nanobubble spring constant

An outstanding question is whether the nanobubbles that appear on LIS are covered in oil
or not. In our system, which uses silicone oil, the air/water interface is predicted to both be
covered and not covered depending on the theoretical framework used. Long-range van der
Waals interactions approximated using the non-retarded Hamaker constants (estimated using
Lifshitz theory) of the system predict that a thin film of silicone oil on the air water /interface
is unstable.®? However, the spreading parameter (S = viyg — (Ywr + V) & 72 — 35 — 19 ~
18mNm™! ) is positive, indicating that the interface is expected to be covered with silicone
oil to lower the overall energy of the system.*?

Given these contradictory predictions, we can use the technique outlined here to directly
measure the spring constant of the bubbles on a surface with and without silicone oil to
determine if the bubble interface is covered or not. The presence of a thin layer of silicone
oil will lower the interfacial tension and thereby lower the spring constant of the bubble,
which is approximately equal to the interfacial tension.?#%5” The gradient of the deflection
vs separation for the nanobubble is equal to the negative of the ratio of the nanobubble
spring constant to the cantilever spring constant.”>” In other words, the nanobubble spring
constant is equal to the gradient of the nanobubble portion of the force vs separation graph.

The spring constant of detected gas layers was measured by fitting a line to the portion
of the force vs separation graph identified as gas (collected with a cantilever with known

spring constant). Only gas layers of thickness 30-500 nm were considered to exclude the
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Figure 7: Histogram showing the distribution of measured spring constants of the gas
layer from individual force curves on a)lubricant-infused surfaces (LIS, n = 21290) and b)
superhydrophobic surfaces (SHS, n = 1478) where n is the number of force curves analysed.
Fitting Gaussian functions to these distributions gives a spring constant value for the gas
layer on LIS of 39+4mN m~! and for nanobubbles on SHS of 529 mN m~!.

errors discussed in the previous section and only force curves with a linear fit R? > 0.98 were
included to ensure that the deflection was due to only the deformation of the gas layer.

[Figure 7shows the results collated from thousands of force curves on multiple Teflon wrin-
kled surfaces, both with infused silicone oil (LIS) and without silicone oil (superhydrophobic,
SHS), and shows that bubble spring constant values fall within a single distribution in each
case giving a spring constant value for the gas layer on LIS of 3944 mN m~! and for nanobub-
bles on SHS of 5249 mN m™1.

The lower spring constant detected on the LIS indicates that the presence of lubricant
lowers the interfacial tension of the air/water interface. As a result, this suggests that
although a film is not predicted to be stabilised through intermolecular interactions, there
is sufficient silicone oil present to affect the measurement. From these measurements, we
cannot say whether this oil exists in a stable (or meta-stable) film or if the silicone oil is

deposited at the interface by the AFM tip in each force curve.
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As previously mentioned, the spring constant of a nanobubble is approximately equal
to its interfacial tension,™57 but the results here are not close to the expected values of
72mNm~! on the SHS and 54mNm™! on the LIS (effective surface tension of an air/water
interface covered in a thin lubricant film;*® ~.;y = Y + 726 = 35 + 19 = 54mNm™?).

However, given the rough nature of the substrates use in this work, the bubbles probed are

not hemispherical caps (see [Figure 5|[Figure S3| [Figure S5)) such as in other work=f4salialion

and, as a result, our system more closely resembles that of a bounded flat interface which is
expected to give an effective spring constant lower than the interfacial tension.®” De Baubigny
et al., found that a cylindrical AFM tip gave a spring constant for a meniscus lower than the
interfacial tension, and that the spring constant was dependent on the lateral extension of
the meniscus.” Given that the wrinkled surface used here have features of varying size from a
few micrometers to tens of micrometers, as measured previously,®# and that the nanobubbles
can bridge more than one wrinkle, it is difficult to obtain a quantitative agreement between
our measured interfacial tension and the De Baubigny model for a confined meniscus. Both

the size of the bubble and the local contact angle of the gas/water interface with the tip affect

the exact value of interfacial tension obtained (see Supplementary Text, [Figure S6| [Figure S7,

[Figure S8). What is certain is that the measured spring constant of the water/gas interface on
LIS is lower than that in SHS of the same topography, that the values obtained are sensible,
and that the decrease can be explained with the presence of silicone oil contamination.
Future measurements of interfacial tension of air/water interfaces on regular microstructured

surfaces will enable the quantitative verification of the De Baubigny model.

Conclusion

In summary, we have shown that a single AFM force-distance curve can capture the thickness
and distribution of both a gas layer and an immiscible liquid layer underwater simultane-

ously. By mapping a surface with force curves and analysing the data automatically, the
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thickness of the gas and the immiscible liquid are both spatially resolved. This is an excit-
ing new technique to study the nanoscale interfacial properties of nanobubbles and here we
have shown that the spring constant of nanobubbles is reduced by the pressence of silicone
oil. There are still many outstanding questions related to the nucleation of nanobubbles
on LIS including how substrate topography, surfactant/ion concentration, flow and static
pressure influence nanobubble nucleation and stability. This force mapping technique will
enable detailed studies of these parameters and reveal whether the presence of nanobubbles
influences other properties of LIS attributed to the lubricant layer and how the lubricant

layer influences the physical properties of the nanobubble.
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