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Nanobubbles are believed to have surface charges at the gas-liquid interface. However, the effect of
various factors on the formation mechanism and stability of these charged species is not well
understood. Using atomic force microscopy (AFM) in tapping mode (TMAFM), the propensity of
formation and geometrical distribution of nanobubbles on an ultra-thin polystyrene (PS) film immersed
in deionized (DI) water and saline (sodium chloride) solution was investigated. The results reveal that in
saline solution, nanobubbles form in larger number and size as compared to nanobubbles in DI water.
This is attributed to the enhanced surface charge stabilization of the nanobubbles caused by the
electrolyte ions in saline solution. A PS film of higher roughness causes the formation of larger
nanobubbles due to the presence of more nucleation sites provided by surface asperities, causing
numerous nanobubbles in close proximity to coalesce to form larger ones. The study of the effect of pH
shows that nanobubbles are more stable in an alkaline solution than in an acidic solution. The results
further reveal that the size of nanobubbles increases with increasing positive substrate bias, whereas
there is no measurable change in size with increasing negative substrate bias, possibly due to differential
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charging at the interfaces across the non-conductive PS film.

1. Introduction

The study of the interactions between hydrophobic surfaces and
aqueous solutions reveals that during wetting, spherical cap
shaped bubbles with sub-100 nm diameter are formed on the
hydrophobic surface at the solid-liquid interface. These bubbles
with nanoscale dimensions are generally called surface nano-
bubbles or simply nanobubbles. The nanobubbles are believed to
be charged species and an electrical double layer forms at the
gas-liquid interface which imparts electrostatic stabilization to
these structures. Electrolysis of water into H* and OH™ ions
provides the surface charges of nanobubbles. If a surface charge
is present on the sample surface, the nanobubbles of opposite
polarity get attracted to the surface. Nanobubbles are formed
readily on water-repellant hydrophobic surfaces. The size and
propensity of nanobubbles are potentially controlled by the
charge species in the liquid wetting the hydrophobic surface, bias
at the surface and surface heterogeneity among others.

The presence of nanobubbles may influence adhesion of
hydrophobic surfaces in liquid,* fluid flow characteristics in
micro/nanochannels,>'>3° engineering of micro/nanofluidics
based biosensors,® adsorption and immobilization of biomole-
cules,* and patterning of nanotextured surfaces.'® A wide variety
of techniques have been employed to detect nanobubbles such as
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rapid cryofixation/freeze fracture,®® neutron reflectometry,®
high-energy X-ray reflectivity,”" and internal reflection infrared
spectroscopy.*® Atomic force microscopy (AFM) in tapping
mode (TMAFM) has emerged as a particularly powerful tool for
studying nanobubbles.*®

In TMAFM, an oscillating tip intermittently contacts the
sample surface with much lighter force than in contact mode and
thus limits deformation and distortion of the nanobubbles being
imaged. Several researchers have tried to image nanobubbles in
TMAFM 13833343739 Tn TMAFM, nanobubbles formed on
a polystyrene (PS) film immersed in deionized (DI) water were
shown to coalesce under the influence of scan load and scan
speed.” Investigation of time evolution of nanobubbles and
surface morphology of the PS film revealed the formation of
nanoindents due to the pressure exerted by nanobubbles.?! These
nanobubbles are found to be stable and can exist for more than
20 h.®® Past studies'” suggest that a nanobubble is a charged
species and the resulting electrostatic force between the electrical
double layers that form therein is a significant factor determining
the stability of nanobubbles. Such electrostatic stabilization is
likely to be influenced by ionic constituents of solution and hence
dissolved electrolytes in solution among others. Increased elec-
trolyte concentration was shown to affect coalescence of free
nanobubbles in solution.'” In the case of surface nanobubbles
forming on a hydrophobic surface immersed in liquid, the results
appear to be influenced strongly by system conditions such as
surface heterogeneity.!

9184 | Soft Matter, 2011, 7, 9184-9196

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1sm05560g
http://dx.doi.org/10.1039/c1sm05560g
http://dx.doi.org/10.1039/c1sm05560g
http://dx.doi.org/10.1039/c1sm05560g
http://dx.doi.org/10.1039/c1sm05560g
http://dx.doi.org/10.1039/c1sm05560g
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM007019

Published on 17 August 2011. Downloaded by Pennsylvania State University on 17/09/2016 04:48:59.

View Article Online

Some studies'**” showed that the stability or morphology of
sparsely populated pre-existing nanobubbles did not change
significantly with the concentration of electrolytes such as NaCl.
On the other hand, it was argued that the stability of densely
populated nanobubbles in close proximity can be affected by
electrical double layer force and hence by addition of NaCl.?
Moreover, being a charged species, it can be conjectured that
surface nanobubbles would be affected by the pH of the solution.
A combination of laser light scattering and {-potential
measurements in aqueous solution of water-soluble organic
molecules shows that the stability of nanobubbles in solution is
strongly influenced by the pH of the solution.'” The study further
shows that similar to macroscopic gas/water interface without
solutes,?**” nanobubbles in solution are negatively charged with
an electrical double-layer. Zhang et al,” in contrast, noted
insensitivity of the nanobubbles, in terms of stability and
morphology, to the addition of salts or solution pH.

A degree of complexity of the subject is emphasized by the
observation that surface roughness and chemical heterogeneity
can sometimes have a significant influence on the tendency of
nanobubble formation on surfaces of comparable hydropho-
bicity as determined by the water contact angle measure-
ments.?3%3 Yang er al® showed that larger and fewer
nanobubbles formed on rough silanated surfaces than those with
a smooth surface of similar hydrophobicity. Nanobubbles also
preferentially formed at areas of roughness upon invoking
a solvent-exchange method (process of flushing a solvent with
higher gas solubility, generally ethanol, and then with a solvent
of lower gas solubility such as water through the AFM fluid cell
and over the hydrophobic surface) to generate nanobubbles.*

The shape of a nanobubble has also been debated. Multitudes
of research groups have shown that nanobubbles constitute an
array of spherical cap-shaped gaseous domains at the solid—
liquid interface.>*3” However, flat gaseous layers, termed
“nanopancakes,” have been observed on highly oriented pyro-
lytic graphite (HOPG) either alone or in conjunction with
nanobubbles.'®

Another interesting phenomenon is the electrolytic generation
of nanobubbles by electrolysis of water on a hydrophilic HOPG
surface.** The coverage and volume of the surface nanobubbles
are shown to increase with increasing voltage applied across the
electrodes. Electrochemical generation of hydrogen has been
reported to induce the formation of nanobubbles at the electrode
surface in sulfuric acid solution. The concentration of hydrogen
nanobubbles in electrolyzed water was observed to depend on
the ionic strength of the solution.!® These findings point towards
the possibility that surface charge might play a pivotal role in the
mechanism of formation and stability of nanobubbles. For an in-
depth understanding of the interaction of these charged species,
it is important to study the influence of substrate bias on the
surface nanobubbles. As an example, the surface charge develops
on polymeric micro/nanochannels which may affect fluid flow.
Such fundamental study would find potential applications in
designing of micro/nanochannels,'? biosensors/biochips,>'* and
controlled drug delivery' among others. However, despite its
practical relevance, the effect of a voltage applied between the
substrate and the liquid droplet on the characteristics of nano-
bubbles formed on non-conductive hydrophobic film on
substrate has not been reported yet.

A systematic comprehensive study of the influence of electro-
lyte, surface roughness, pH, and the effect of substrate bias on
formation and distribution characteristics of surface nano-
bubbles is thus crucial for a fundamental understanding of
nanobubble characteristics as well as for potential micro/nano-
fluidics applications. The objective of the present research is to
study the effect of electrolyte on the propensity of the formation,
geometrical distribution, evolution with time, effect on film
surface morphology, and 3D shape of the nanobubbles. The role
of surface charge on the stability and geometrical distribution of
nanobubbles also needs to be investigated. Towards this, nano-
bubbles were imaged on PS films in DI water and saline solution
using TMAFM. The model of charged structure for nanobubbles
was further explored by studying the effect of pH as well as
substrate bias.

2. Experimental

A commercial D3000 AFM with a Nanoscope IV controller
(Bruker Instruments) operating in tapping mode (TMAFM) was
used for all AFM imaging. For liquid imaging, a commercial
fluid cell (DTFML-DD, Bruker Instruments) was used which
had a piezo element dedicated to directly drive the cantilever in
fluid. A schematic of the fluid cell is shown in Fig. 1(a). In
previous work on imaging nanobubbles,** a commercial Multi-
mode III AFM (Bruker Instruments) with a modified tip holder
was used. The design of dimension AFM allows the use of
a larger volume of liquid compared to the Multimode, which is
critical to the current work involving experimental liquid with
dissolved solute. A larger volume helps to avoid fouling of the
AFM tip caused by deposition of solute upon evaporation of the
operating liquid.

Importantly, the polychlorotrifluoroethylene (PCTFE) casing
which encloses the piezo in the DTFML fluid cell completely
insulates it from liquid exposure. In contrast, the piezo of the
modified tip holder® used with the Multimode AFM gets exposed
to the operating liquid during imaging. This promoted electrol-
ysis of the liquid, brought about by the drive amplitude voltage
applied to the piezo electrodes during TMAFM imaging. Fig. 1
(b) shows the height images of nanobubbles on the same PS film
in DI water imaged using the D3000 and the Multimode. The
nanobubbles imaged with the D3000 were smaller than those
imaged with the Multimode due to the pronounced electrolysis of
DI water caused by the applied electric field in the latter.

A silicon nitride cantilever DNPS (Bruker Instruments) with
a nominal tip radius <10 nm, a quoted stiffness of 0.35 N m~!,
and Ti/Au backside coating was used for liquid imaging. A
silicon cantilever Multi75Al (BudgetSensors) with a nominal tip
radius <10 nm, a quoted stiffness of 3 N m~' and Al backside
coating was used for imaging in air. The measured resonance
frequency of the silicon cantilever was about 78 kHz in air. For
the silicon nitride cantilever two prominent peaks for the reso-
nance frequency were measured at about 14 and 19 kHz in the
experimental liquids. For imaging in both air and liquid, drive
frequencies were chosen close to the resonance frequency of the
cantilever. A scan rate of 1 Hz with a scan angle of 0° was used
for all imaging. The oscillation amplitude of the cantilever was
set at 90% of the free amplitude to minimize the force on the
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Fig. 1 (a) Schematic representation of a direct drive fluid cell for liquid
imaging with the D3000 AFM, and (b) height images of nanobubbles
formed on the PS film in DI water using the D3000 and the Multimode
AFM. The piezo electrodes of the fluid cell in the Multimode AFM are
exposed to liquid during imaging leading to the electrolysis effect causing
formation of larger nanobubbles. In contrast, the piezo electrode in the
fluid cell for the D3000 is insulated from liquid exposure by PCTFE
casing thus preventing the electrolysis effect and hence causing formation
of smaller nanobubbles.

nanobubbles and sample surface. All imaging experiments were
performed in ambient environment (temperature: 20 &+ 1 °C).

A PS sample was prepared by spin-coating an ultra-thin film of
PS onto a Si (100) substrate at a speed of 2000 rpm. The substrate
was cleaned by sonicating in acetone and then in isopropyl
alcohol for 5 min each. The PS solution of concentration 1%
(w/v) used for spin-coating was prepared by dissolving PS pellets
(molecular weight 350 000, Sigma-Aldrich) in toluene (Mal-
linckrodt Chemical). To remove any remaining solvent, the PS
sample was annealed in a convection oven at a temperature of 53
=+ 2 °C for 4 hours. The contact angle of the resulting PS film with
water was measured to be 93 + 2° using a sessile drop method.
The film thickness was measured to be 25 + 5 nm with an
ellipsometer (model L116C, Gaertner Scientific Corporation).
The surface roughness was measured using an AFM in the
tapping mode over a 5 pm x 5 pm scan area. For the effect of
roughness study, samples were prepared at a speed of 500 rpm in
order to obtain a more rough sample. Roughness and contact
angle data are summarized in Table 1. The experimental liquids

studied in this work were DI water and saline solution (Hospira)
of concentration 0.9% (w/w).

To study the size distribution of nanobubbles, TMAFM was
performed on the PS film immersed in DI water and saline
solution. Past studies suggest that the propensity of formation
and size of nanobubbles is affected by surface roughness and
uniformity.?* In the current work, care was taken to exclude the
possibility of non-uniformity in surface roughness and film
quality affecting the results from two different liquids. The
roughness of a freshly prepared PS film was measured at multiple
sites across the sample surface.

Subsequently, TMAFM imaging of the film immersed in DI
water was performed at different sites across the sample surface
with pristine film area, previously unexposed to liquid, being
imaged each time. Repeatable size distribution of nanobubbles
obtained from the images of each experiment confirmed the film-
uniformity. A new PS sample was prepared and characterized in
terms of surface roughness. The PS film was then immersed in DI
water and imaged for nanobubbles. An unexposed part of the
same sample surface was then immersed in saline solution and
imaged with TMAFM to study and compare size distribution of
nanobubbles in DI water and saline solution.

To study the effect of pH, DI water and saline solution each at
three different pH values (3.4, 7.0 and 10.1) were used. The pH of
each solution was measured using a pH meter (IQ Scientific,
Silicon ISFET sensor). The pH of DI water and saline solution
was measured to be 7.0 &+ 0.1 each. The target pH of 3.4 £+ 0.1
and 10.1 & 0.1 was achieved by adding 0.01 M HCl and 0.01 M
NaOH solutions respectively, dropwise using a micropipette to
the experimental liquid (DI water or saline solution) of pH 7.0.

To study the effect of substrate bias, electrical bias was applied
to the silicon substrate with respect to an electrode immersed in
the liquid droplet on the PS surface. A DC power supply (Agilent
E3612A, 0-120 V, 0-1.5 A) was used for the purpose. A liquid
droplet was added on the PS film on Si substrate after biasing the
substrate with positive or negative potential. The sample surface
was then scanned for height images. The applied bias was
increased up to 60 V in steps of 10 V and the height images were
obtained at different locations at each step. During the experi-
ments, each chosen voltage was continuously applied while the
TMAFM imaging was performed. The height images were
recorded at the same location as the previous step as well as at
locations away from the previously scanned position. This
allowed us to ensure that any effect observed is not from coa-
lescence of the nanobubbles under the continuous scan load.

3. Results and discussion

In this section, TMAFM images of nanobubbles on a PS film
immersed in DI water and saline solution are presented first. The
histogram and geometrical distribution of nanobubbles deduced
from AFM image analysis are then presented. The effect of
surface roughness on the formation propensity and size distri-
bution of nanobubbles is then explored. The results are analyzed
in terms of the surface charge of nanobubbles. Morphological
changes on the PS film due to liquid exposure for an extended
period of time and 3D shape analysis of nanobubbles are pre-
sented. Finally the effect of pH and applied substrate bias on
nanobubble characteristics is presented.
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Table 1 Comparison of AFM roughness (over 5 um x 5 pm area) and contact angle in different PS films on Si

Spin Film RMS P-V Static Average diameter Average diameter
speed thickness roughness distance contact of nanobubbles of nanobubbles
(rpm) (nm) (nm) (nm) angle (°) formed in DI water (nm) formed in saline (nm)
500 44 £3 0.64 £+ 0.08 7.0 £2.0 928 +2 54 50

2000 25+ 5 0.44 £+ 0.06 54420 93.1+2 23 29

3.1 Nanobubble size distribution

Fig. 2 shows the AFM images and the corresponding histogram
of a PS surface immersed in DI water and saline solution, each at
pH 7.0 +0.1. The same 1 um x 1 um area of the PS surface in the
liquid was continuously scanned for 15 scan cycles. Results after
3 and 15 cycles are presented here. Nanobubbles are observed to
form on PS in both DI water and saline solution covering the
entire scanned area. Images after 3 (top row) and 15 (bottom
row) scan cycles indicate that there is no significant coalescence
of nanobubbles over time under the influence of scan load. It is
also evident that larger nanobubbles form in saline solution
compared to DI water. Histogram analysis of the AFM images
shows that in both liquids there is a distribution in the size of the
nanobubbles. However, the size distribution of nanobubbles in
DI water has a broader peak than in saline solution. A quanti-
tative estimate of the nanobubble distribution was obtained by
analyzing the percentage area covered, the total count, and the
average diameter after 3 and 15 cycles, as shown in Fig. 3. The
area covered by the nanobubbles after 3 cycles is 10% and
remains the same after 15 cycles. For saline solution, the area
covered is 19% after 3 cycles and after 15 cycles remains constant
within the experimental uncertainty. The percentage area
covered by the nanobubbles in saline solution is thus roughly
twice as much as in DI water. The total count of nanobubbles on
the PS film in DI water and after 3 cycles is around 210 and is
approximately 24% higher for saline solution where the total
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count is found to be around 260. There is no significant change in
the total nanobubble count after 15 cycles in either of the
experimental liquids. The average diameter of nanobubbles in DI
water is on the order of 23 nm. In saline solution, the average
diameter is relatively higher at around 28 nm. The average
diameter of nanobubbles did not change between 3 and 15 cycles.
The data also show that between 3 and 15 scan cycles, there is no
measurable change in the distribution parameters indicating that
there is no appreciable coalescence happening over the time
period of the experiments.
In electrolytic solution, the Debye length « is given by

eeokpy T
1 _ 0B 1
/x \/ 23, 21 ™

where ¢ is the permittivity of free space, ¢ is the dielectric
constant or permittivity relative to free space, kg is the Boltz-
mann constant, 7" is the absolute temperature in K, N4 is the
Avogadro number, e is the elementary charge, and I is the ionic
strength in mole m~3.'%2® Past studies indicate that nanobubbles
are a charged species,'"” and negative charges preferentially
reside at the air—water interface. Schematically, nanobubbles can
be represented as shown in Fig. 4. To maintain the overall elec-
trical neutrality of solution, a layer of positive charges accumu-
late surrounding the layer of negative charges thus forming an
electrical double layer. In this case, the Debye length represents
the thickness of the electrical double layer. The inter-nanobubble
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Fig. 2 Height images and the corresponding histogram of the size distribution of nanobubbles formed on the PS film in DI water and saline solution.
Data presented after 3 and 15 scan cycles for each liquid. Number of nanobubbles is larger in saline solution compared to DI water.
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Fig. 3 Geometrical distribution of nanobubbles shown in Fig. 2. The
area covered, total count, and average diameter of nanobubbles on the PS
film in DI water and saline solution after 3 and 15 scan cycles. The
percentage area covered, total count, and average diameter of nano-
bubbles are larger in saline solution compared to DI water.
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Fig. 4 Cartoon showing nanobubbles as charged species forming an
electrical double layer. The electrostatic repulsion between two such
adjacent charged structures determines the inter-nanobubble distance.

distance, defined by d, between two neighboring nanobubbles is
determined by the electrostatic repulsion between the two
charged structures and hence influences the stability of nano-
bubbles. There is an increased ionization in saline solution
compared to DI water. Increased negative charges now reside at
the nanobubble interface and form a strong electrical double
layer (EDL). Electrostatic repulsion subsequently stabilizes the
nanobubbles. This potentially leads to a larger number of
nanobubbles in saline solution. The larger number of nano-
bubbles thus formed, when in close proximity, may coalesce to
form relatively larger sized nanobubbles in saline compared to
DI water.

3.2 Effect of surface roughness

Fig. 5 shows height images of nanobubbles on PS films of two
different roughnesses each immersed in DI water and saline
solution. Results are presented here after 3 and 15 cycles. The
RMS roughness o of the two PS films in air is 0.64 £ 0.08 nm and
0.44 £+ 0.06 nm respectively. For both DI water and saline
solution, larger nanobubbles formed on the PS film of higher
roughness as observed in the height images after 3 cycles. These
larger nanobubbles, formed on the PS film of higher roughness,
readily coalesced over time under the influence of scan load.
Hence, after 15 cycles (bottom row), there was an increase in the
size of nanobubbles and a decrease in their number. This coa-
lescence phenomenon was observed for both DI water and saline
solution. The PS film of lower roughness resulted in the

formation of nanobubbles which were small enough and
remained unaffected by the scan load and did not coalesce over
time.

The geometrical distribution of nanobubbles on the PS film of
different roughnesses in DI water and saline solution is shown in
Fig. 6. In DI water, the area covered by nanobubbles on the PS
film of higher roughness is about 18% and that on a film of lower
roughness is about 10% after 3 cycles. In saline solution, the area
covered by nanobubbles on the PS film of higher roughness is
about 20% and that on a film of lower roughness is about 17%
after 3 cycles. For the PS film of higher and lower roughnesses,
the average diameters of nanobubbles in DI water after 3 cycles
are around 54 nm and 23 nm, respectively (Table 1). The average
diameters of nanobubbles in saline solution after 3 cycles are
around 50 nm and 29 nm for the PS film of higher and lower
roughnesses, respectively (Table 1). It is evident that for DI water
and saline solution, the average diameters of nanobubbles on the
higher roughness film are 2.3 and 1.7 times larger, respectively,
than that on the lower roughness film. Coalescence of nano-
bubbles is evident from the sharp decrease in total count and
increase in average diameter of nanobubbles after 3 and 15
cycles. This trend is evident for both DI water and saline solution
but coalescence is more pronounced in the case of saline solution
compared to DI water.

Roughness can promote formation of nanobubbles due to
concave areas which are unfavorable for water to penetrate
resulting in a gas cavity and nanobubbles with lower curvature
and greater stability. It is believed that the influence of film
roughness on nanobubble size and count is related to the larger
number of nanobubble formation sites on a rough surface.?
Surface asperities of a rough film provide more nucleation sites
for nanobubble formation. This is because the surface asperities
prevent water from penetrating resulting in localized pockets of
gas cavity. These gas cavities of nanobubbles are of lower
curvature than the surface asperities and hence have high
stability. Hence the formation of nanobubbles is favored.
Further growth of the nanobubble seed at these numerous sites
leads to coalescence and formation of larger nanobubbles. The
film with higher roughness thus causes formation of relatively
larger nanobubbles than that with lower roughness.

3.3 Shape of nanobubbles

Nanobubbles are mostly found to be spherical cap-shaped
structures.®?” Less commonly, researchers have also reported flat
gaseous layers called micro and nanopancakes, either isolated or
in conjunction with nanobubbles, forming on HOPG in water
and saline solution."®** The shapes of these nanopancakes are
reportedly influenced by the cleavage steps of the HOPG surface.
Another interesting observation® is that interfacial gas could
form one or more layers on top of a flat gas layer leading to
bilayers and tri-layers of gaseous structures on the solid surface.
These gaseous structures, formed due to local gas supersatura-
tion, were observed to transform to nanobubbles under the
influence of tip perturbation.

In our case 3D shape analysis shows that nanobubbles are
mostly spherical cap-shaped structures as evident from the left
image in Fig. 7. However, larger nanobubbles of average diam-
eter around 50 nm and higher which formed on the PS film of
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Fig.5 Height images of nanobubbles on PS films of two different ¢ roughnesses. Data presented for nanobubbles in DI water and saline solution after 3
and 15 scan cycles. Film with higher roughness and hence more nucleation sites causes formation of relatively larger nanobubbles than that with lower
roughness. These larger nanobubbles, formed on the PS film of higher roughness, readily coalesce over time under the influence of scan load.
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Fig. 6 Geometrical distribution of nanobubbles shown in Fig. 5. The
area covered, total count and average diameter of nanobubbles on the PS
film, of two different RMS roughnesses, in DI water and saline solution
after 3 and 15 scan cycles. The percentage area covered by nanobubbles is
larger on film with higher roughness. Nanobubble coalescence under the
AFM tip scan load after 15 scan cycles is evident from sharp decrease in
total bubble count and increase in average bubble diameter.

higher roughness were more prone to coalesce when subjected to
tip scan load for prolonged time. As shown in the right image in
Fig. 7, larger and flattened gas structures may result through
coalescence. This is in contrast to previous reports where flatter
nanopancakes are observed in the initial phase of imaging with
an AFM tip.

o =0.64+0.08 nm
Saline

3, 15 Cycles

15 Cycles
p a8 .

.1
0 20 nm

Fig.7 3D shape analysis of nanobubbles formed on the PS film in saline
solution. Nanobubbles are mostly spherical cap-shaped structures.
However coalescence under the scan load of an AFM tip may lead to
pancake-shaped structures.

3.4 Liquid exposure effects on topography

Fig. 8 shows the height images of the PS film in air before and
after exposure to liquid at the end of 360 min. The top row shows
images of the PS film of lower roughness ¢ = 0.44 + 0.06 nm
while the bottom row shows images of the PS film of higher
roughness ¢ = 0.64 + 0.08 nm. The leftmost images show the
height images of pristine featureless PS film. After exposure to

This journal is © The Royal Society of Chemistry 2011
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Images of PS coated Si sample (c = 0.44+0.06 nm) in air before
and after exposure in liquid for 360 min
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Images of PS coated Si sample (¢ = 0.64+0.08 nm)
in air before and after exposure in liquid for 360 min
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Fig.8 Effect of liquid exposure on the film topography. Height images of the PS film in air before and after exposure to DI water and saline solution at
the end of 15 scan cycles. The PS film of higher roughness (larger nanobubbles formed) shows nanoindents when imaged in air at the end of 360 min of

exposure to DI water.

saline solution, both the PS films show extensive solute deposits
on the surface. Interestingly, the PS film of higher roughness
(bottom row) when exposed to DI water (larger nanobubbles
formed) shows nanoindents when imaged in air at the end of 360
min of exposure to DI water. A point to note here is that this film
of higher roughness resulted in the formation of larger nano-
bubbles with greater internal pressure. This leads to the forma-
tion of nanoindents.*

3.5 Effect of pH

The surface charge characteristic of nanobubbles is further
explored by studying the effect of pH on the size distribution of
nanobubbles on the PS film in DI water and saline solution.
Fig. 9 shows the height images and the corresponding histogram
of nanobubbles in DI water (left two columns) and saline solu-
tion (right two columns) at pH 3.4, 7.0, and 10.1. The results
show that as the pH increases from 3.4 to 10.1, the nanobubbles
become larger in size. The trend is similar for both DI water and
saline solution. In the case of saline solution, the increase in the

size of nanobubbles is more pronounced between pH 7.0 and
10.1 than between 3.4 and 7.0.

Fig. 10 shows the geometrical distribution of nanobubbles on
the PS film immersed in DI water and saline solution at the three
different pH values. The area covered by nanobubbles in DI
water is around 7%, 22%, and 24% of the total surface area
scanned at pH 3.4, 7.0, and 10.1 respectively. For saline solution,
the area covered by nanobubbles is 17%, 27% and 30% of the
total surface area at the above mentioned three pH values. The
total count of nanobubbles in DI water in the pH range 3.4-10.1
remains mostly around 180. On the other hand, in the above pH
range, the total count of nanobubbles in saline solution increases
from around 200 to 225. The average diameter of nanobubbles is
observed to increase markedly from 21 nm to 37 nm in DI water
and from 30 nm to 38 nm in saline solution as the pH is increased
from 3.4 to 7.0. This means more than 75% and about 27%
increase in the size of nanobubbles for DI water and saline
solution, respectively, as the pH is increased from acidic to
neutral range. This indicates that nanobubbles are unstable in
acidic solution. In the alkaline pH, the average diameter
increases to 39 nm in DI water and to 48 nm in saline solution. In
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Fig. 9 Effect of pH on the size distribution of nanobubbles on the PS film in DI water and saline solution illustrated by height images and histogram
analysis at pH 3.4, 7.0, and 10.1. The size of nanobubbles becomes larger at higher pH than at lower pH.
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Fig. 10 Geometrical distribution of nanobubbles shown in Fig. 9. The
area covered, total count and average diameter of nanobubbles on the PS
film in DI water and saline solution are shown at pH 3.4, 7.0 and 10.1.
The percentage area covered, total count and average diameter of
nanobubbles show an increasing trend with increase in pH.

summary, the percentage area covered, total count, and average
diameter of nanobubbles each show an increasing trend with
increase in pH. The above results suggest that for a given ionic
strength, nanobubbles are more stable as the pH is increased
from acidic to alkaline range.

The above trend can be attributed to the differential stabili-
zation of the nanobubbles on the surface of the PS film by
different charged species present in the solution at different pH
values. Past studies suggest that a macroscopic gas/water inter-
face without any solute is negatively charged because the
hydroxyl ions (OH") from the dissociation—association of water
molecules prefer to stay at the gas—water interface.'”*> The H*
ions preferentially stay in the bulk aqueous phase allowing OH~
to reside at the gas—water interface—an effect referred to as
“negative adsorption” or “proton exclusion”.?*> In the acidic
range, the increase of proton concentration not only increases the
ionic strength and reduces the thickness of the electric double
layer but also neutralizes the negatively charged gas/water
interface and destabilizes the nanobubbles. It is worthwhile to
note that the addition of NaOH to adjust pH has two opposing
effects on the formation of stable nanobubbles. On one hand,
adsorption of more OH™ ions increases negative charges at the
gas/water interface and enhances the electrical double layer and
hence stabilizes the nanobubbles. On the other hand, it increases
the ionic strength of the solution and reduces the effective
interbubble repulsive force so that the nanobubbles can undergo
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Fig. 11 (a) Height images and the corresponding histogram of the size distribution of nanobubbles on the PS film in DI water for a series of positive
potential applied to the silicon substrate with respect to the liquid, and (b) height images and the corresponding histogram of the size distribution of
nanobubbles on the PS film in DI water for a series of negative potential applied to the silicon substrate with respect to the liquid.
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Fig. 12 (a) Height images and the corresponding histogram of the size distribution of nanobubbles on the PS film in saline solution for a series of
positive bias applied to the silicon substrate. The top and the bottom row show the height images of nanobubbles in saline solution without substrate bias
before and after the experiment with positive potential. (b) Height images of nanobubbles on the PS film in saline solution for a series of negative
potential applied to the silicon substrate.
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Fig. 13 Geometrical distribution of nanobubbles on the PS film in DI water (top row) and saline solution (bottom row) shown in Fig. 11 and 12,
respectively. In DI water, the area covered and average diameter of nanobubbles increase and the total count of nanobubbles decreases with increasing
positive potential applied to the silicon substrate. The distribution of nanobubbles is relatively unaffected in the range of negative potential. Similarly, in
the case of saline solution the area covered and average diameter of nanobubbles increase and the total count of nanobubbles decreases with increasing

positive potential applied to the silicon substrate.

aggregation and coalescence. Our results reveal that adsorption
of more OH™ ions is dominant, so that for a given ionic strength,
the nanobubbles are much more stable as the pH is increased
from acidic to alkaline range.

3.6 Effect of substrate bias on nanobubbles

Fig. 11(a) shows the height images of nanobubbles on the PS film
immersed in DI water with an electrical bias in the range of 0 V to
60 V applied to the silicon substrate. Histogram analysis of the
images is also shown in the range 10 V to 60 V. Fig. 11(b) shows
height images of nanobubbles on the PS film immersed in DI
water with an electrical bias in the range —10 V to —60 V applied
to the substrate. When an increasing positive bias is applied to
the silicon substrate the percentage area covered and the average
diameter of nanobubbles increase, and the total count of nano-
bubbles decreases. However, the distribution of nanobubbles is
largely unaffected on application of increasingly negative
substrate bias. A similar trend on the size distribution of nano-
bubbles on the PS film in saline solution is observed when an
electrical bias is applied to the substrate as evident from Fig. 12
(a) and (b). Fig. 12(a) shows the height images of nanobubbles on
the PS film immersed in saline solution with an electrical bias in
the range 0 V to 60 V applied to the silicon substrate. The bottom
row of Fig. 12(a) also shows the height image of nanobubbles on
the same PS film in saline solution after the external power
supply is removed at the end of the series of measurements.
Furthermore, the histogram analysis of the height images in the
range 10 V to 60 V is also shown here. The size of the

nanobubbles is observed to increase as the substrate bias is
increased. Interestingly, the size of nanobubbles imaged after
removal of the external power supply is larger than that at
a substrate bias of 60 V. The height images of nanobubbles on the
PS film in saline solution at substrate bias in the range —10 V to
—50 V are shown in Fig. 12(b). No appreciable change in the size
of nanobubbles is observed with increasing negative substrate
bias.

A quantitative estimate of the percentage area covered, the
total count, and the average diameter of nanobubbles as a func-
tion of applied substrate bias is shown in Fig. 13 for DI water
(top row) and saline solution (bottom row). For DI water, the
area covered by nanobubbles increases from about 8% to 16% of
the total surface area or a two-fold increase of area coverage in
the range 0 V to 60 V of substrate bias. The total count decreases
from about 300 to 92 while the average diameter increases from
around 18 nm to 44 nm in the above range of substrate bias. An
almost 2.5 times increase in average diameter of nanobubbles
clearly reveals the critical role of substrate bias on nanobubble
size distribution. For saline solution, the area covered by nano-
bubbles varies in the short range of 9-10% in the range 10 V to
60 V of substrate bias. The total count sharply decreases from
about 300 to 150 while the average diameter increases from
around 18 nm to 25 nm in the above range of substrate bias. The
geometrical distribution for saline solution is not shown in the
negative range of substrate bias due to no appreciable change in
the value of the parameters.

Asymmetric interface charge distribution under positive and
negative bias affecting the overall electrical properties has been
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reported in the case of multilayer heterostructures.?® The impact
of bias polarity on charging/discharging processes of the dielec-
tric film*® and the reduced effective bias due to charging across
the dielectric film causing different stiction characteristics in
micro-electromechanical system (MEMS) switches® has also
been reported. In the present work, the limited effect seen when
the substrate was negatively biased could possibly be attributed
to the following. Due to the presence of the insulating silicon
oxide and PS layers, there forms a gradient of differential
charging across the insulating layers. The extent of charging
across the two insulating layers varies depending on whether the
substrate is positively or negatively biased. This is possibly
caused by the interfacial charges at the substrate/oxide, oxide/PS,
PS/liquid interfaces. We conjecture that differential charging
occurs at the above interfaces causing a difference in the effective
net bias at the PS/water surface even when the bias applied by the
external power supply remains the same. This effective net bias is
significantly small when the substrate is negatively biased with
respect to the electrode in the liquid. The concept of reduced
effective bias is further supported by the fact that when the
external power supply is removed from the circuit at the end of
the experiment with 60 V, as shown in the bottom row of Fig. 12
(a), the height images show nanobubbles which are significantly
larger than those at 60 V. This can possibly be attributed to the
fact that upon removal of the external power supply, the
opposing effect on the net applied bias was removed.
¢-Potential measurements conducted on the polystyrene film
immersed in liquid with nanobubbles populating the surface
could be the subject of future research. This could give interesting
insight into quantitative correlation between the surface charge
and population density of nanobubbles forming at the surface.

4. Conclusion

The study explored the various factors influencing the mecha-
nism of formation and stability of surface nanobubbles. A
systematic study of nanobubbles using tapping mode AFM
imaging was carried out to understand the different factors
affecting the mechanism of formation propensity and size
distribution of nanobubbles in DI water and saline solution. The
results show that nanobubbles of larger size and number form on
the PS film in saline solution compared to DI water. Electrolyte
ions in saline solution are likely to be the surface-charge stabi-
lizing agent for nanobubbles and lead to formation of nano-
bubbles of larger size and number. Surface roughness also plays
a critical role on the size distribution of nanobubbles. Films of
higher rms roughness cause formation of larger nanobubbles
than films of lower roughness. Surface asperities on a rough film
provide more nucleation sites to nanobubbles which, when in
close proximity, then coalesce to form larger nanobubbles. In
general, nanobubbles are spherical cap-shaped structures.
However, through coalescence, they may form flattened gas
structures.

Since nanobubbles are a charged species with an electrical
double layered structure, the pH of solution is crucial for the
stability of nanobubbles forming on a film immersed in liquid.
The results show that for a given ionic strength, nanobubbles are
more stable, and their size increases as the pH is increased from
acidic to alkaline range due to the increased charge stabilization

of nanobubbles. The size distribution of nanobubbles on the PS
film immersed in liquid is also affected by the electrical bias
applied to the underlying substrate.

The study reveals that a positive substrate bias results in an
increase in the size of nanobubbles for both DI water and saline
solution whereas the negative substrate bias shows no measur-
able change in the size distribution of nanobubbles on the film
immersed in the two experimental liquids. This is attributed to
the differential charging at the interfaces of the insulating PS film
causing an attenuation of the applied substrate bias and hence
a subdued effect showing no measurable change in the size of
nanobubbles.

This study thus advances the understanding of the role of
surface charge on the formation and stability of nanobubbles
and the interplay of various factors affecting their formation
mechanism and distribution with potential applications in micro/
nanofluidics.
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