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Heterogeneous bubble nucleation is one of the most fundamental
interfacial processes that has received broad interest from diverse
fields of physics and chemistry. While most studies focused on large
microbubbles, here we employed a surface plasmon resonance
microscopy to measure the nucleation rate constant and activation
energy barrier of single nanosized embryo vapor bubbles upon
heating a flat gold film with a focused laser beam. Image analysis
allowed for simultaneously determining the local temperature and
local nucleation rate constant from the same batch of optical
images. By analyzing the dependence of nucleation rate constant
on temperature, we were able to calculate the local activation
energy barrier within a submicrometer spot. Scanning the sub-
strate further led to a nucleation rate map with a spatial resolution
of 100 nm, which revealed no correlation with the local roughness.
These results indicate that facet structure and surface chemistry,
rather than geometrical roughness, regulated the activation energy
barrier for heterogeneous nucleation of embryo nanobubbles.

nucleation rate | activation energy barrier | nanobubble | surface plasmon
resonance microscopy | plasmonic heating

ubble nucleation plays critical roles in diverse fields covering

boiling heat transfer (1-4), biomedical ultrasound imaging
(5-7), micromotors (8, 9), and gas-generating chemical reactions
(10-19). Although it was generally recognized that bubble nu-
cleation was a highly stochastic and heterogeneous process (20,
21), such knowledge was often extracted from macroscopic ob-
servations and the microscopic understanding remained poor.
For example, it was often vaguely suggested that microsized cracks
and impurities were active sites for the generation of bubbles.
However, it would be very difficult (if not impossible) to believe
that so many molecules happened to simultaneously nucleate at
the same time and in the same location to form such a large new
phase. Studies have shown that the big bubbles were grown from
much smaller embryo bubbles with a size at nanometer scale.
Therefore, it is more suitable to consider such macroscopic-level
features (cracks, impurities, etc.) as the sites for the coalescence
and stabilization of large bubbles, rather than the sites for the
nucleation of embryo nanobubbles.

To clarify the nanoscopic-level structural basis of nanobubble
nucleation, it is highly desirable to develop a capability for mon-
itoring the stochastic nucleation of nanosized bubbles with sig-
nificantly improved spatial and temporal resolutions (22). Recently,
the utilization of localized surface plasmon resonance effect for
water evaporation has initiated a new wave on plasmonic heating
with significant implications for solar energy harvesting and steril-
ization (23-26). Plasmonic heating has also become a powerful
manner to induce the vapor bubbles because of the superior spatial
and temporal controllability of light. Lohse and coworkers recently
studied the generation of plasmonic bubbles by using an extremely
fast camera that can record at a temporal resolution of ~100 ns
(27). Upon heating by applying a continuous-wave laser onto a
surface deposited with gold nanoparticles, their results revealed
counterintuitively rich bubble dynamics consisting of multiple suc-
cessive periods. Explosive boiling of single-vapor nanobubble was
investigated by coupled optical and acoustic methods, which
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also revealed complicated dynamics at a timescale between
nanoseconds and microseconds (28, 29). Despite the superior
temporal resolution, these studies lacked sufficient spatial reso-
lution to monitor single nanobubbles. Among many important
but unexplored microscopic and even nanoscopic aspects re-
garding the heterogeneous bubble generation, the local nucle-
ation rate (not the bubble growth rate) as well as the activation
energy barrier at a submicrometer position is one of the most
interesting but elusive questions.

Optical microscopy is an appropriate choice for monitoring
the nucleation of nanobubbles by providing balanced spatial and
temporal resolutions. Several kinds of advanced optical micros-
copy with significantly improved spatial resolution and sensitivity
have been recently introduced to achieve this goal. For instance,
fluorescent dyes have been adopted to stain nanobubbles due to
the accumulation of dyes in bubble-liquid interface, allowing for
monitoring the generation and dissolution dynamics of single
nanobubbles under fluorescence microscopes (11, 16, 30-32). To
avoid the adoption of fluorescent dyes, the generation of H,
nanobubble was found to enhance the plasmonic scattering of
single Ag/Pd nanocatalysts (12). This method was recently uti-
lized to map the chemical activity of nanocatalyst by analyzing
the location of each individual nanobubble (13). A wide-field
surface plasmon resonance microscopy (SPRM) that is capable
of visualizing individual nanobubbles without labeling has been
recently developed by others and us (10, 33-36). SPRM does not

Significance

While it is generally believed that bubble nucleation process is
highly heterogeneous and stochastic, little is known on the
nucleation rate and activation energy barrier of single nano-
sized bubble due to the lack of suitable techniques. We de-
veloped an optical apparatus consisting of optical tweezers (for
bubble generation) and surface plasmon resonance microscopy
(for measurement) to demonstrate the capability to quantify
these important kinetic and thermodynamic properties of the
nucleation of single nanobubbles. We mapped the distribution
of local nucleation rate and local roughness on a flat substrate
with a spatial resolution of 100 nm. The results show a pre-
viously unseen dependence of the nucleation activation barrier
on the surface chemistry.

Author contributions: J.C. and K.Z. designed experiments; J.C., K.Z., J.G., J.P., and S.T.
performed research; Y.W. and T.Y. contributed new reagents/analytic tools; J.C., K.Z,, J.G.,
H.-Y.C. and W.W. analyzed data and discussed results; J.C., K.Z., and W.W. wrote the
paper; and W.W. conceived and supervised the research.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

').C. and K.Z. contributed equally to this work.
2To whom correspondence may be addressed. Email: wei.wang@nju.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1903259116/-/DCSupplemental.

Published online June 12, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1903259116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1903259116&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wei.wang@nju.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903259116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903259116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903259116

L T

z

D\

require the labeling of nanobubble because it measures the di-
electric constant of nanobubble which is inherently much lower
than that of the surrounding solution. The plasmonic enhance-
ment ensured the superior sensitivity of SPRM to detect individual
nanobubble as small as 40 nm (10), providing the opportunity to
image the early stage of embryo nanobubbles. In addition, the
temporal resolution of SPRM can go as fast as microsecond be-
cause it records the reflected light.

In the present work, we employed a submicrometer laser spot
to locally heat a coverslip coated by a thin film of gold, resulting
in the formation of individual vapor nanobubbles at the desired
location and moment. It was found that the nucleation induction
time between turning on the heating laser and the nanobubble
formation is highly stochastic in hundreds of heating and cooling
cycles, from which the local nucleation rate can be calculated
according to the classical nucleation theory. The dependence of
SPRM signals on the refractive index of water further allowed
for quantitatively measuring the local temperature at the nu-
cleation site. By doing so, both local temperature and local nu-
cleation rate can be simultaneously determined from the same
batch of optical images, enabling the determinations on the ac-
tivation energy barrier for the nucleation of single nanobubbles.

Results and Discussion

A home-built apparatus was developed to perform the present
study by incorporating an optical tweezers system (for local
heating) in an SPRM (for wide-field optical imaging). The
schematic illustration is shown in Fig. 14 and the detailed optical
configuration is provided in SI Appendix, Fig. S1. The detailed
principle, apparatus, and features of SPRM can be found in
previous publications (10, 33-36). Briefly, a coverslip coated by a
50-nm-thick gold film was placed on an inverted microscope
equipped with an oil-immersed objective. A chamber containing
pure water was placed on top of the gold film. A low-power
680-nm red beam (detection beam, operating power density =
2.5 mW-mm™?) was collimated to illuminate the gold-coated
coverslip with a field of view around 200 pm. When the incident
angle of detection beam matches the resonant angle at the gold—

water interface, such Kretschmann configuration excites the col-
lective oscillation of electrons in the gold film, which is also known
as surface plasmon polaritons (SPPs) propagating at the interface.
Existence of nanosized vapor bubble disturbed the SPPs and
appeared as a wave-like pattern in SPRM images (37, 38).

An optical tweezers system is incorporated in the SPRM to
focus a 25.92-mW near-infrared beam (A = 1064 nm) onto the
gold film (spot size 0.87 pm). The intensive power density of
4.4 x 107 mW-mm~2 immediately increased the local tempera-
ture of gold film. Rapid thermal diffusion also heated up the water
and reduced the refractive index surrounding the heating spot.
This effect can be visualized by SPRM because of the sensitive
dependence of local reflectivity on the distribution of refractive
index (it will be discussed later) (39). When the local temperature
was higher than the boiling point of water, a nanosized vapor
bubble was generated at the heating point. To minimize the lateral
drift of the sample stage, a piezostage-based drift-correction sys-
tem was built in the microscope according to a previous report
(40), resulting in a lateral drift smaller than 5 nm in 2 h (see
Materials and Methods and SI Appendix, Fig. S2 for details).

SPRM was capable of differentiating the thermal diffusion
process below the boiling point and the generation of vapor
nanobubble at the boiling point, because the thermal diffusion
led to a Gaussian-like round pattern (Fig. 1B, Top) and the
nanobubble resulted in a wave-like parabolic pattern in SPRM
images (Fig. 1B, Middle). In a typical experiment, gentle de-
tection beam was always illuminating on the gold film and SPRM
images were continuously recorded at a temporal resolution of
1.5 ms (Fig. 1 C and D). At a certain moment (¢t = 0 ms), the
heating beam was turned on and a decreased reflectivity was
immediately observed in the next frame (¢ = 1.5 ms), which
reached equilibrium rapidly (before = 3 ms) and remained for
tens of milliseconds (until # = 69 ms). The appearance of a dark
shadow indicated the reduced refractive index of water sur-
rounding the heating spot as a result of the thermal diffusion. At
70.5 ms, a wave-like pattern suddenly appeared in the SPRM im-
age, indicating the formation of a nanosized bubble at the heating
point. According to previous theoretical and experimental studies,
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(A) Schematic illustration of the apparatus for producing and monitoring single vapor nanobubbles. A near-infrared laser is focused onto a gold-film-

Disappearance |

coated glass coverslip to induce local boiling of water, resulting in nanosized vapor bubbles. (B) The increased local temperature reduces the refractive index of
surrounding medium before the formation of vapor nanobubbles, accompanying with a dark shadow in SPRM image (thermal effect). Sudden nucleation of
single nanobubble disturbed SPPs, resulting in a wave-like pattern (bubble). (C) SPRM intensity curve and (D) the corresponding time-lapsed SPRM images of a
representative nanobubble event, consisting of the prenucleation, formation, growth, and disappearance stages (Scale bar: 5 pm).
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this wave-like pattern represented the point-spread function of
SPRM (37). In other words, any nanoobject, as long as its size is
smaller than the diffraction limit (~300 nm), will appear as the
wave-like pattern in SPRM image. And in turn, the appearance
of this pattern indicated the formation of a single nanobubble.
After the generation of nanobubble, it gradually grew as in-
dicated by the increased image contrast together with the
broadening of wave-like pattern in SPRM images until the
heating laser was turned off at 108 ms. The dark shadow dis-
appeared within one frame after the withdrawal of heating laser
(t = 109.5 ms). It was expected because it took almost the same
time to reach the thermal equilibrium. However, the collapse of
vapor nanobubble took a relatively longer time (15 ms in this
particular case), depending on the size of nanobubble at the
moment of heating beam withdrawal. Movie S1, containing all 150
snapshots in a recording time of 225 ms, is provided for com-
prehensive illustrations. According to these results, it is clear that
the dark shadow before the appearance of nanobubble (0-69 ms)
represents the pure contribution of thermal diffusion, and the
wave-like pattern after the recovery of thermal equilibrium
(109.5-124.5 ms) reveals the pure contribution of nanobubble.
Combined effects lead to the superimposition of both dark shadow
and wave-like pattern (70.5-108 ms). Note that the optical center
of dark shadow is several micrometers above the heating point due
to the propagation of SPPs (upward herein).

Several technical features of SPRM make it suitable for
studying the local boiling of water. First, because SPRM detects
the reflected light, the sufficient photon flux allows for reaching a
temporal resolution determined by the frame rate of camera.
When recording the early stage of bubble formation with a camera
running at 100,000 frames per second, the appearance of a
nanobubble took place within 1 frame (<10 ps, ST Appendix, Fig.
S3). These results are consistent with a previous study that the
nucleation occurred at nanosecond to microsecond timescales
(27). Second, our previous study has concluded that the SPRM
was capable for detecting nanobubbles as small as 40 nm (10),
which was consistent with the reported sensitivity for inorganic
nanoparticles (34-36). The superior sensitivity was experimentally
validated by simultaneously recording the time-lapsed SPRM im-
ages and bright-field images for the same individual nanobubble
with a dual-camera configuration (SI Appendix, Fig. S4 and Movie
S3). SPRM not only exhibited much higher image contrast, it was
also able to identify the appearance of nanobubbles several milli-
seconds earlier. Both the improved sensitivity and image contrast
are critical for the accurate determinations of the nucleation time.

The local temperature at heating point can be calculated from
SPRM images because of the quantitative dependence of local
reflectivity on local temperature (39). When adding hot water in the
sample chamber and letting it cool down to the room temperature,
one can simultaneously record the SPR intensity and the bulk
temperature by using SPRM and a thermocouple, respectively (SI
Appendix, Fig. S5). It was found that a temperature increase of 10 K
would reduce the SPR intensity by 374 intensity units (IU, Fig. 24).
This value is consistent with the theoretical value of —39.1 IU/K that
is built on three conversions: (i) thermal expansion coefficient of
water converting temperature increase to refractive index drop
(AT—An), (ii) dependence of SPR angle on the refractive index of
medium (An—A6spr), and (i) sensitivity factor of the particular
gold film (ABspr—AIl). Detailed calibration and discussion are
provided in SI Appendix, Figs. S6 and S7. With the help of this
conversion factor, we were able to convert the SPRM image just
before the generation of nanobubble (t = 69 ms) to the map of local
temperature as shown in Fig. 2B. It was found that the central re-
gion of the heating spot reached a temperature increase by 82.5 K.
The spatial distribution of local temperature and temporal dy-
namics of reaching thermal equilibrium were also consistent with
the thermal diffusion theory (SI Appendix, Fig. S8) (41), indicating
the validity of the optical-to-thermal conversion.
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Fig. 2. (A) SPR intensity linearly increases with the decreasing bulk tem-
perature of water during cooling. (B) The map of local temperature is con-
verted from SPRM image shown in Fig. 1D (t = 69 ms). (Scale bar: 5 um).

As shown in Fig. 2B, the local temperature at the heating spot
was determined to be 380.5 K, which just exceeded the boiling
point of water. It was thus believed that the nanobubble was
water vapor bubble rather than air bubble from dissolved air.
The chemical identity was also supported by additional experi-
mental results. First, the generation of such nanobubble was not
affected when using degassed water to replace the normal air-
saturated water (SI Appendix, Fig. S9). Second, a sigmoidal
shape with a very narrow transition was observed in the de-
pendence of successful rate of bubble generation on local tem-
perature (SI Appendix, Fig. S10). If the nanobubble was an air
bubble due to the decrease in gas solubility at high temperature,
one should expect a more or less linear relationship.

The nucleation time required to generate a single vapor nano-
bubble was found to be highly stochastic in hundreds of bubble
generation and collapse cycles. The nucleation time here is de-
fined as the time length between turning on the heating laser and
the appearance of wave-like pattern, i.e., the nanobubble, in each
cycle. The period of each cycle was 1,350 ms, consisting of 250-ms
heating stage (laser on) and 1,100-ms recovery stage (laser off). A
relatively longer recovery stage was required to ensure that all of
the vapor nanobubbles completely collapsed before the next cycle.
When plotting the representative SPR intensity curves in 10
consecutive cycles under different heating powers in Fig. 34, a
dependence of nucleation time on the local temperature is illus-
trated. Under lower heating power (374.0 K, gray curve), regular
decrease and recovery of SPR intensity was observed in all cycles,
indicating pure thermal effect and the absence of bubbles. How-
ever, when increasing the power of heating laser to reach an equi-
librium temperature above the boiling point, we began to detect the
stochastic generation of nanobubbles as indicated by the disturbed
SPR intensity (for instance, the second cycle in dark-yellow curve).
The appearance of a bright wave-like pattern in the center led to a
rapid increase in the SPR intensity and followed by periodic fluctu-
ations due to the growth of nanobubble (Fig. 1C). This feature is a
sign of nanobubbles. Movie S2 illustrates the stochastic gener-
ation of nanobubbles. Computer codes were written to automati-
cally identify the appearance of each nanobubble and to determine
the nucleation time in each cycle (SI Appendix, Fig. S11).

The histograms of nucleation time under eight different
heating powers are displayed in Fig. 3B. At relatively lower
temperature, nucleation times were evenly distributed from 10 to
250 ms. With the increase of heating power from 23.8 to
28.5 mW, not only the overall successful percentage increased
from 0 to 100% (SI Appendix, Fig. S10), the distribution of nu-
cleation time evolved from uniform distribution to a typical
Poisson distribution, suggesting the increased possibility for hetero-
geneous nucleation at higher temperature.

According to the classical nucleation theory, one was able
to calculate the nucleation rate constant by analyzing the prob-
ability distribution of events that do not generate bubbles, P(¢)
(i.e., the fraction without bubbles), as a function of the corresponding
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Fig. 3. (A) Representative SPR intensity curves under different laser powers
(local temperatures). (B) Histograms of nucleation time distribution at 379.1,
380.5, 381.9, 383.3, 384.7, 386.1, 387.5, and 388.9 K, respectively. The frac-
tions given in the histograms indicate the percentage of successful bubble
events at each temperature. (C) Fitting the probability as a function of time
reveals the temperature-dependent nucleation rate. (D) Logarithm of the
nucleation rate linearly decreases with 1/(kT), allowing for determining the
activation energy barrier E, from the Arrhenius equation.

heating duration time, ¢. This theory has been validated at
macroscopic level by observing the nucleation of crystals in
supercooled liquid droplets (42) and in nanoscale by recording
the disturbed electron transfer at a nanoelectrode due to nano-
bubbles (17-19). In the present work, we examined its validity for
understanding the generation of nanosized vapor bubbles under
local heating conditions. The probability distribution P(¢) of cy-
cles without bubbles as a function of heating duration time ¢ is
provided in Fig. 3C. Detailed conversion process can be found in
SI Appendix, section 1.5. An exponential decay was observed as
predicted by the classical nucleation theory, in which the expo-
nential constant represents the first-order nucleation rate con-
stant with a unit of ms™ (42) The linear dependence of logarithm
of rate constant on 1/(kT) is further shown in Fig. 3D. The values
in Fig. 3D are total results from three measurements (SI Appen-
dix, Fig. S12). It was clear that the increase of temperature in-
deed enhanced the nucleation rate constant in an exponential
dependence. Therefore, the local activation energy barrier
for a single nanobubble can be obtained from the Arrhenius
equation:

Eq

In(rate) =In(4) — T

1]

where k is Boltzmann’s constant. The actrvatron energy (E,) can
thus be directly determined to be 8.5 x 107'? J from the slope of
In(rate) as a function of 1/(kT) (Fig. 3D). This number is roughly
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one order of magnitude higher than the activation energy re-
quired for electrochemically generating a sub-10-nm H, bubble
as demonstrated by White and coworkers (17). However, the
mechanisms for bubble generation and the sizes of nanobubbles
are different between the two cases.

While it is generally accepted that the bubble nucleation is
spatially heterogeneous, the spatial correlation between adjacent
nucleation active sites, i.e., the effective size of a nucleation active
site, is largely unexplored. By taking advantage of the superior
spatial controllability of heating beam, a map of nucleation rate
can be created by two-dimensionally scanning the sample stage
with a step length of 1 pm. A representative map of nucleation
rate constant in a 5 x 5-pm? region is displayed in Fig. 44 under
logarithm scale to better present the features. Detailed probability
distributions P(¢) of all 25 locations are provided in SI Appendix,
Fig. S13. The nucleation rate is rather heterogeneous over a flat
gold substrate. The maximal rate constant (0.36 ms™" at [5 4] is
over 300 times higher than the minimal value (1.0 x 10> ms™" at
[2, 3]) even though they are just several micrometers apart from
each other. At the same time, the high-resolution atomic force
microscope (AFM) image of the very same 5 x 5-um?” region is
provided in F1g 4B. The local root-mean-square roughness (Rq)
of each 1-um? segment was found to exhibit no correlation with
the local nucleation rate (Fig. 4 C and D). Although macroscopic
observations usually indicated that surface roughness was one of
the most critical factors for producing and stabilizing large bub-
bles, other factors, such as facet orientations and surface chem-
istry, are more important barriers for the nucleation of embryo
nanobubbles.

Despite the illumination spot size of ~1 pm, superlocalization
of 400 nanobubbles revealed a much narrower distribution of the
nucleation site in a range of 80 x 500 nm? (SI Appendix, Fig.
S14). The superlocalization fitting of the wave-like SPRM pat-
terns followed a previous method (38). The localization accuracy
along the x direction was 6x better than that along the y direction
because of the parabolic tails along the propagation direction (y)
of SPPs. These results were consistent with the nonuniform spatial
distribution of beam intensity. The center always exhibits higher
power density and thus higher temperature to facilitate the nu-
cleation. However, because the maximal temperature in the center
of the beam was calculated from the temperature distribution in
a large range of 20-30 pm according to the thermal diffusion the-
ory (SI Appendix, Fig. S8), the quantification of the center

Rq (nm)
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Fig. 4. (A) Map of the logarithm of bubble nucleation rate constant, In

(rate, ms™"), in a 5 x 5-um? area with a step size of 1 um. (B) AFM image of
the very same 5 x 5-um? area after SPRM experiments. The blue lines divide
the area into 25 segments. (C) Map of the Rq of each segment. (D) No
correlation is observed between the rate constant, In (rate), and the Rq in 25
segments. (E and F) Map of In (rate) in a 500 x 500-nm? region with a step
length of 100 nm in two consecutive scans to demonstrate the repeatability
of mapping.
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temperature should be still valid. Because the effective nucleation
region has a diameter of ~80 nm, a step length of 100 nm was
further adopted to scan over a region of 500 x 500 nm?, revealing
a significantly refined map of nucleation rate as shown in Fig. 4FE.
It was found that the pixel-to-pixel variation was smaller when the
step length was shorter. It suggested that the nucleation activity
tended to be more consistent at a spatial scale of ~100 nm. To
examine the reproducibility, the very same 500 x 500-nm? region
was mapped again (Fig. 4F). The similarity between these two
successive scans further indicated the validity of nucleation rate
measurements.

To demonstrate how surface chemistry affected the nucleation
rate, we measured the nucleation rates of the very same location
by altering its oxidation states with in situ electrochemical oxi-
dation and reduction. When applying an appropriate positive
potential to the gold substrate, it was partially oxidized to change
the surface chemistry, which significantly reduced the nucleation
rate by 53% (SI Appendix, Fig. S15). The subsequent reduction
led to the recovery of nucleation rate. These results provided
direct evidence to indicate the roles of surface chemistry on
regulating the nucleation rate.

Conclusion

In summary, we have proposed an SPRM approach to map the
bubble nucleation rate at solid-liquid interface with ~100 nm
spatial resolution. This technique exhibits several strengths on
studying the microscopic and even nanoscopic boiling when com-
paring with existing macroscopic techniques. First of all, in addition
to reporting the local nucleation rate, it allowed for simultaneous
measurement on the local temperature, which was one of the most
critical parameters in bubble nucleation. In conventional studies
on boiling processes, a video camera was employed to monitor
the generation of bubbles at a microscopic location. A ther-
mometer was placed at a different position in the bulk that could
be far apart from the bubble location. The present work provided
the capability for using the same microscope to correlate the
temperature with boiling behavior at the very same submicrometer
location. Second, the present work also achieved a good balance
among spatial resolution, sensitivity, and temporal resolution by
monitoring individual sub-100-nm nanobubble at a submicrometer
location with a temporal resolution of 1.5 ms. The temporal res-
olution can be further improved to 10-ps level by employing
ultrahigh-speed camera. The adoption of superlocalization strat-
egy allowed for mapping the distribution of nucleation site in a
region of 80 nm. Third, this work is also an attempt to map the
heterogeneous distribution of nucleation rate. On the flat gold
substrate, our results suggested that facet structure and surface
chemistry, rather than geometrical roughness, might regulate the
activation energy barrier for the heterogeneous nucleation of
embryo nanobubbles. Relevant efforts are anticipated to move an
essential step toward the eventual clarification of many open
questions behind the heterogeneous bubble nucleation and boiling
phenomenon.

Materials and Methods

Optical Microscope Setup. SPRM was built on an inverted total internal
reflection fluorescence microscope equipped with two decks (TIRFM, Nikon
Ti-U). The light source used for SPRM imaging was a superluminescent diode
(A = 680 nm, Qphotonics Inc). The reflective light is collected by the same ob-
jective (60x, N.A. = 1.49) to produce SPRM images in a charge-coupled de-
vice camera (PIKE F-032B, Allied Vision Technology). The microscope was also
equipped with a green LED (A = 530 nm, M850L2, Thorlabs) for bright-field
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3. D. E. Kim, D. I. Yu, D. W. Jerng, M. H. Kim, H. S. Ahn, Review of boiling heat transfer
enhancement on micro/nanostructured surfaces. Exp. Therm. Fluid Sci. 66, 173-196
(2015).
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imaging from the top. The optical tweezers system (Aresis, Tweez 250si) was
introduced to focus a continuous-wave near-infrared laser beam onto the gold
film through the same objective. A fast camera (MEMRECAM GX-8F) was in-
troduced to run at a speed of 100,000 frames per second. A poly-
dimethylsiloxane chamber (Sarstedt) placed on top of the gold-film-coated
coverslip served as the sample chamber. Deionized water filtered by 50-nm
membrane filters twice was used throughout the work. This study was
performed in a clean room with a controlled room temperature of 25 °C.
To minimize the lateral drift of the sample stage, a drift-correction system
was built in the microscope according to a previous report (40). Briefly, a
dichroic mirror was placed in front of the camera, so that the SPRM images
(L = 680 nm) and the bright-field images (A = 530 nm) were simultaneously
collected by two independent but synchronized cameras (TwinCam, Cairn
Research). The red channel (SPRM) was used for measuring the temperature
and for visualizing the nanobubbles. The green channel (bright field) was
used to detect the lateral drift with an accuracy close to 2 nm by using image
correlation analysis. The detected drift values were transferred to a piezo-
stage (P-527.2CD, Physik Instrument PI) to compensate the drift in real time,
resulting in a lateral drift smaller than 5 nm in 2 h (S/ Appendix, Fig. S2).

Conversion from SPRM Intensity to Temperature (Al — AT). The principle of
using SPR intensity to calculate the local temperature relied on the de-
pendence of SPR angle on the refractive index of water, which is a function of
temperature. Hence we can calculate the temperature change of the water
from the experimental measured SPR intensity change using the following
equation:

1

AT = Al 121

00" on" oT

If we define the conversion factor g = (96/an) - (an/oT) - (9//00), then Eq. 2 is
simplified as

1
AT =5 Al [3]

Using the parameters calculated from S/ Appendix, Figs. S6 and S7, we have
B = —39.1 IU-K-1, which allows us to determine local temperature increase
relative to room temperature from the captured SPRM images.

Determinations on the Nucleation Rate. The periodic on and off time of the
heating laser beam was controlled by the program of Tweez 250si. The linear
change of the heating laser power was achieved by linear alteration of the
trap strength of the preselected optical trap.

The histograms of nucleation time under eight different heating powers
shown in Fig. 3B were converted into the probability distribution of events
that do not produce bubbles, P(t), as a function of corresponding heating
duration time, t. We first assigned the nucleation time into equal time in-
terval and then calculated the probability distribution:

P(t):%xmo%, [4]
where t is the heating duration time, N (t) is the number of heating events
that have nucleation time smaller than t, and N (total) is the number of total
heating events. Therefore, N (total) — N (t) represents the number of heating
events that do not produce bubbles even if the heating duration reaches t.
After obtaining the probability distribution versus duration time, an expo-
nential decay equation was introduced as follows:

P(t) = exp(—kt). 5]

ACKNOWLEDGMENTS. We thank the National Natural Science Foundation
of China (Grants 21527807, 21874070, and 21327902), and the Excellent
Research Program of Nanjing University (Grant ZYJH004) for financial
support.

4. N. A. Patankar, Supernucleating surfaces for nucleate boiling and dropwise conden-
sation heat transfer. Soft Matter 6, 1613-1620 (2010).

5. K. Ferrara, R. Pollard, M. Borden, Ultrasound microbubble contrast agents: Fundamentals
and application to gene and drug delivery. Annu. Rev. Biomed. Eng. 9, 415-447 (2007).

6. J. R. Lindner, Microbubbles in medical imaging: Current applications and future di-
rections. Nat. Rev. Drug Discov. 3, 527-532 (2004).

Chen et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903259116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903259116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903259116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903259116

L T

/

1\

BN AS  DNAS P

20.

21.

22.

23.

. E. Y. Lukianova-Hleb et al., Hemozoin-generated vapor nanobubbles for transdermal

reagent- and needle-free detection of malaria. Proc. Natl. Acad. Sci. U.S.A. 111, 900-
905 (2014).

. S. Sanchez, L. Soler, J. Katuri, Chemically powered micro- and nanomotors. Angew.

Chem. Int. Ed. Engl. 54, 1414-1444 (2015).

. L. Xu, F. Mou, H. Gong, M. Luo, J. Guan, Light-driven micro/nanomotors: From fun-

damentals to applications. Chem. Soc. Rev. 46, 6905-6926 (2017).

. Y. Fang et al., Intermittent photocatalytic activity of single CdS nanoparticles. Proc.

Natl. Acad. Sci. U.S.A. 114, 10566-10571 (2017).

. H.Su, Y. Fang, F. Chen, W. Wang, Monitoring the dynamic photocatalytic activity of

single CdS nanoparticles by lighting up H, nanobubbles with fluorescent dyes. Chem.
Sci. 9, 1448-1453 (2018).

. S. Li et al, Nanobubbles: An effective way to study gas-generating catalysis on a

single nanoparticle. J. Am. Chem. Soc. 139, 14277-14284 (2017).

. T. Zhang et al., Revealing the activity distribution of a single nanocatalyst by locating

single nanobubbles with super-resolution microscopy. J. Phys. Chem. Lett. 9, 5630-
5635 (2018).

. Q. Chen, H. S. Wiedenroth, S. R. German, H. S. White, Electrochemical nucleation of

stable N, nanobubbles at Pt nanoelectrodes. J. Am. Chem. Soc. 137, 12064-12069
(2015).

. L. Luo, H. S. White, Electrogeneration of single nanobubbles at sub-50-nm-radius

platinum nanodisk electrodes. Langmuir 29, 11169-11175 (2013).

. R. Hao, Y. Fan, M. D. Howard, J. C. Vaughan, B. Zhang, Imaging nanobubble nucle-

ation and hydrogen spillover during electrocatalytic water splitting. Proc. Natl. Acad.
Sci. U.S.A. 115, 5878-5883 (2018).

. S. R. German, M. A. Edwards, H. Ren, H. S. White, Critical nuclei size, rate, and acti-

vation energy of H, gas nucleation. J. Am. Chem. Soc. 140, 4047-4053 (2018).

. S.R. German et al., Electrochemistry of single nanobubbles. Estimating the critical size

of bubble-forming nuclei for gas-evolving electrode reactions. Faraday Discuss 193,
223-240 (2016).

. A. M. Soto et al., The nucleation rate of single O, nanobubbles at Pt nanoelectrodes.

Langmuir 34, 7309-7318 (2018).

B. K. Yoo, O. H. Kwon, H. Liu, J. Tang, A. H. Zewail, Observing in space and time the
ephemeral nucleation of liquid-to-crystal phase transitions. Nat. Commun. 6, 8639
(2015).

R. L. Harniman et al., Real-time tracking of metal nucleation via local perturbation of
hydration layers. Nat. Commun. 8, 971 (2017).

D. Lohse, X. H. Zhang, Surface nanobubbles and nanodroplets. Rev. Mod. Phys. 87,
981-1035 (2015).

E. Lukianova-Hleb et al., Plasmonic nanobubbles as transient vapor nanobubbles
generated around plasmonic nanoparticles. ACS Nano 4, 2109-2123 (2010).

Chen et al.

24.

25.
26.

27.

28.

29.

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

O. Neumann et al., Solar vapor generation enabled by nanoparticles. ACS Nano 7, 42—
49 (2013).

A. Polman, Solar steam nanobubbles. ACS Nano 7, 15-18 (2013).

N. J. Hogan et al., Nanoparticles heat through light localization. Nano Lett. 14, 4640—
4645 (2014).

Y. Wang et al., Giant and explosive plasmonic bubbles by delayed nucleation. Proc.
Natl. Acad. Sci. U.S.A. 115, 7676-7681 (2018).

L. Hou, M. Yorulmaz, N. R. Verhart, M. Orrit, Explosive formation and dynamics of
vapor nanobubbles around a continuously heated gold nanosphere. New J. Phys. 17,
013050 (2015).

G. Baffou, J. Polleux, H. Rigneault, S. Monneret, Super-heating and micro-bubble
generation around plasmonic nanoparticles under CW illumination. J. Phys. Chem.
C 118, 4890-4898 (2014).

C. U. Chan, C. D. Ohl, Total-internal-reflection-fluorescence microscopy for the study
of nanobubble dynamics. Phys. Rev. Lett. 109, 174501 (2012).

. D.Seo, S.R. German, T. L. Mega, W. A. Ducker, Phase state of interfacial nanobubbles.

J. Phys. Chem. C 119, 14262-14266 (2015).

N. Hain, D. Wesner, S. I. Druzhinin, H. Schénherr, Surface nanobubbles studied by
time-resolved fluorescence microscopy methods combined with AFM: The impact of
surface treatment on nanobubble nucleation. Langmuir 32, 11155-11163 (2016).

W. Wang, Imaging the chemical activity of single nanoparticles with optical micros-
copy. Chem. Soc. Rev. 47, 2485-2508 (2018).

S. Wang et al., Label-free imaging, detection, and mass measurement of single viruses
by surface plasmon resonance. Proc. Natl. Acad. Sci. U.S.A. 107, 16028-16032 (2010).
X. Shan et al., Imaging the electrocatalytic activity of single nanoparticles. Nat.
Nanotechnol. 7, 668-672 (2012).

A. R. Halpern, J. B. Wood, Y. Wang, R. M. Corn, Single-nanoparticle near-infrared
surface plasmon resonance microscopy for real-time measurements of DNA hybrid-
ization adsorption. ACS Nano 8, 1022-1030 (2014).

Y. Jiang, W. Wang, Point spread function of objective-based surface plasmon reso-
nance microscopy. Anal. Chem. 90, 9650-9656 (2018).

Y. Wang, J. Chen, Y. Jiang, X. Wang, W. Wang, Label-free optical imaging of the
dynamic stick-slip and migration of single sub-100-nm surface nanobubbles: A su-
perlocalization approach. Anal. Chem. 91, 4665-4671 (2019).

Z. Chen et al., Imaging local heating and thermal diffusion of nanomaterials with
plasmonic thermal microscopy. ACS Nano 9, 11574-11581 (2015).

R. McGorty, D. Kamiyama, B. Huang, Active microscope stabilization in three di-
mensions using image correlation. Opt. Nanoscopy 2, 3 (2013).

A. O. Govorov, H. H. Richardson, Generating heat with metal nanoparticles. Nano
Today 2, 30-38 (2007).

G. M. Pound, V. K. Lamer, Kinetics of crystalline nucleus formation in supercooled
liquid tin. J. Am. Chem. Soc. 74, 2323-2332 (1952).

PNAS | June 25,2019 | vol. 116 | no.26 | 12683

CHEMISTRY



