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ABSTRACT: It is challenging to uncover the catalytic activity at diﬀerent locations of a single
nanocatalyst for gas-generating reactions in real time. This research uses super-resolution
microscopy to localize the center of single nanobubbles and reveal the local activity
distribution at several to tens of nanometers accuracy. The distances between the centers of
the nanobubbles and the center of the nanoplate usually distribute in a certain range from 0 to
500 nm, with the maximum population exhibiting at ∼200 nm. This research also shows that
more nanobubbles appear near the tips of the Pd−Ag nanoplate compared with the edges,
which indicates higher activity at the tips. In addition, the relationship between the location,
lifetime, and turnover rate of the nanobubbles was also carefully studied. This work presents an
eﬀective, high-resolution method to localize the activity distribution of nanocatalysts during
gas-generating reactions, such as photocatalytic water splitting, dehydrogenation, and electrooxidation.

T

Usually, nanobubbles are investigated by atomic force
microscopy (AFM),45−47 electrochemical techniques,42,43,48
total internal reﬂection ﬂuorescence microscopy (TIRFM),49
infrared spectroscopy, 50 and dark-ﬁeld microscopy
(DFM).51,52 DFM is an especially eﬀective method for
monitoring the evolution of single nanobubbles on single
nanocatalysts in real time.52 However, it is still a challenge to
accurately localize the position of nanobubbles in real time. As
a result, the local activity of nanocatalysts for gas-generating
catalysis has yet been achieved by localizing the nanobubbles.
This research used the super-resolution microscopy to track
single nanobubbles and reveal their local activity distribution
around a Pd−Ag nanoplate (NP) (Figure 1a). The results
show that the center of single nanobubbles can be localized to
nanometer accuracy by the super-resolution microscopy. The
relationship between the location, lifetime, and turnover rate of
nanobubbles was also carefully studied.
In principle, the center of a single nanobubble can be
precisely localized by using a 2D Gaussian function to ﬁt its
scattering image (Figure 1a). Because the scattering of the
nanobubble occurs at the three-phase interface of gas, solution,
and glass, the scattering center will be the geometric center of
the nanobubble. The problem with localizing the scattering

he catalytic activity at diﬀerent locations of a nanocatalyst
can vary greatly due to the diﬀerent facets,1 defects,2−4
ligand/surfactant coverage,5,6 composition,7,8 structure,9 and
so on at these locations. Many methods, such as scanning
tunneling microscopy (STM),10,11 scanning electrochemical
microscopy (SECM),12,13 and optical super-resolution microscopy (SRM)14−16 have been developed to detect the local
activity with resolutions from subnanometer to several tens of
nanometers. Of these, SRM uses visible light to detect the
emission center of microscopic objects, such as a single
molecule,17,18 a nanoparticle,19,20 or a small “hot spot”.21−23
Therefore, SRM has many advantages, including high time
resolution (ms), atmospheric pressure, near room temperature,
and nondestructive detection.
It is widely acknowledged that gas-generating catalysis is
important to many energy-related research ﬁelds, such as
photocatalytic water splitting,24−27 water electrolysis,28 dehydrogenation,29−35 and the electro-oxidation of small organic
molecules, including methanol,36 ethanol,37 and formic acid
(FA).38 Therefore, research on the local activity of nanocatalysts for gas-generating catalysis is in high demand.
Researchers are now ﬁnding nanobubbles to be an eﬀective
way to study the activity and stability of these catalytic
reactions at the single-nanoparticle level.39−43 This is because
surface nanobubbles have some unique properties: They have
good stability and can last longer than expected against violent
decompression.16,44
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Figure 1. Tracking the center of a single nanobubble with the super-resolution microscopy. (a) Scheme of localizing the center of the single
nanobubble by ﬁtting its scattering signal with a 2D Gaussian function. (b) Scattering intensity trajectory of a single Pd−Ag nanoplate generating
nanobubbles through the decomposition of 1.67 M HCOOH. (c) Dark-ﬁeld microscopic image of a single Pd−Ag nanoplate with a nanobubble.
The image is the combination of all frames in a high state, as shown in the purple square of panel b. (d) Dark-ﬁeld image of a single Pd−Ag
nanoplate. The image is the combination of the same number of frames in the following low state, as shown in the red square of panel b (or the
calculation if the number of frames in the following low state is less than that in the high state; see Supporting Information SI.4 and SI.6 for the
details.). The red cross is the center of the nanoplate, which is calculated by a 2D Gaussian ﬁtting. The error bars for x and y directions are σx = 7.1
nm and σy = 7.3 nm, respectively. (e) Emission of the nanobubble by subtracting panel d from panel c. The green cross is the center of the
nanobubble, which is calculated by a 2D Gaussian ﬁtting. The error bars for x and y directions are σx = 15.7 nm and σy = 15.1 nm, respectively. (f)
SEM image of the Pd−Ag nanoplate in panel c, overlapping a schematic nanobubble to illustrate the relation between the nanoplate and the
nanobubble. (g) SEM image of the Pd−Ag nanoplate in panel d. (h) Schematic of a nanobubble.

Figure 2. Distribution of nanobubble centers for a sample Pd−Ag nanoplate at diﬀerent times. (a) From 0 to 423 s. Green and red crosses are for
the centers of the nanobubbles and the Pd−Ag nanoplate, respectively. (b) From 423 to 846 s. (c) From 846 to 1269 s. (d) From 1269 to 1693 s.
(e) Entire time from 0 to 1693 s. (f) Distance variation of the nanobubble centers at diﬀerent times. (g) Histogram of the distance distribution.

center of the nanobubble with a 2D Gaussian function,
however, is that the scattering signal of the nanobubble is
always overlapped by the scattering of the Pd−Ag nanoplate,
and so the scattering image of the nanobubble cannot be
directly taken in the experiment. Therefore, a method is
needed to obtain the scattering image of the nanobubble ﬁrst
before doing the ﬁtting.

Figure 1b shows that the scattering intensity sharply
increases when a nanobubble is generated on a single Pd−
Ag nanoplate and then suddenly drops when the nanobubble
dissolves. The scattering intensity variation also can be directly
observed in the DFM images (Figure 1c,d). Figure 1c indicates
that the scattering pattern of the combination of the
nanobubble and the Pd−Ag nanoplate is a point spread
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Figure 3. Super-resolution imaging of a large number of nanobubbles from many Pd−Ag nanoplates at the FA concentration of 1.67 M. (a)
Relative location of the centers of the many nanobubbles to their Pd−Ag nanoplates. The plot includes about 52700 nanobubbles from 81
nanoplates. Pixel size is 10 nm × 10 nm. (b) Distance distribution of the centers of the nanobubbles to the Pd−Ag nanoplates. The red curve is the
Gaussian ﬁtting of the histogram. The error bar is the standard deviation. (c) Relationship between the distance, the scattering intensity of the
nanobubbles, and the wait time of the high state (<τhigh>). (d) Distribution of <τhigh> along the distance for the nanobubbles with strong and weak
scattering intensity states. The threshold for the strong and weak scattering intensity states is 1.5, as shown in panel c. (e) Relationship between the
distance, the scattering intensity of the nanobubbles, and the wait time of the low state (<τlow>). (f) Distribution of <τlow> along the distance for
the nanobubbles with strong and weak scattering intensity states. Next, the relationship of the distance, the scattering intensity of the nanobubbles,
and the wait times (<τhigh> and <τlow>; the sign < > means average) was investigated. It should be mentioned that the intensity of a nanobubble is
proportional to its size and that the physical meanings of τhigh and τlow are the lifetime of the nanobubbles and the nucleation time of a nanobubble
(τnucleation), respectively.52 Moreover, the nucleation rate of nanobubbles (J), which is proportional to the activity of nanocatalyst, is the reverse of
the average nucleation time, that is, <τnucleation>−1, on a single Pd−Ag nanocatalyst.

nanobubbles appearing in Figure 1b, the locations for them all
can be determined by this super-resolution microscopy. To get
a more detailed picture of the appearance of the nanobubbles,
their center distribution was plotted for a sample Pd−Ag
nanoplate at diﬀerent times (Figure 2a−d). The number of
nanobubbles varies at diﬀerent periods (Figure 2a−d) due to
the catalytic activity variation of the single Pd−Ag nanoplate.
Figure 2e also shows the center distribution of the nanobubbles for the entire period from 0 to 1693 s. It can be seen
from Figure 2a−e that the centers of the nanobubbles do not
appear exactly on top of the Pd−Ag nanoplate; instead, they
spread out in a large range around it.
According to our previous study,52 the rate of nanobubbles
generation is related to higher gas concentration around the
single Pd−Ag catalyst. Usually, the higher gas concentration is
induced by higher local activity of nanocatalyst. Therefore, we
can at least qualitatively correlate the location of the
nanobubble generation with the position of the active sites
of the catalyst. Also notable is that the bottom right tip of the
Pd−Ag nanoplate (indicated by the red arrow) shows many
more nanobubble centers, indicating higher activity on that tip.
Other examples in Figure S4 also show similar results. This is
consistent with previous research ﬁndings that the tips of
nanocatalysts usually have higher activity due to having more
defects.53
Figure 2f shows that the distances between the centers of the
nanobubbles and the center of the nanoplate vary with time.
Nevertheless, they are always in a certain range from 0 to ∼400
nm, which can be directly monitored, as seen in Figure 2e.
Figure 2g shows the histogram of the distance distribution,
which exhibits a maximum population at ∼200 nm. Because
the nanobubble covers both the nanoplate and the center of
the bubble, the radius of the nanobubble is larger than the

function (PSF) because the sizes of both the nanobubble and
the Pd−Ag nanoplate are less than the diﬀraction-limited
resolution of an optical microscope. Therefore, it is hard to
precisely and directly determine the location of the nanobubble from the information in Figure 1c.
To get the scattering image of just the nanobubble, we
subtracted the scattering signal of the Pd−Ag nanoplate (as
seen in Figure 1d) from the combined scattering signal of the
Pd−Ag nanoplate and the nanobubble shown in Figure 1c.
Figure 1e shows the resultant scattering signal of the
nanobubble only. The result of separating the combined
scattering images of both the Pd−Ag nanoplate and the
nanobubble shown in Figure 1f can be seen as the separate
images of the Pd−Ag nanoplate in Figure 1g and of the
nanobubble in Figure 1h.
After separating the two scattering images, the images for
both the Pd−Ag nanoplate (Figure 1d) and the nanobubble
(Figure 1e) were ﬁtted with a 2D Gaussian function
(Supporting Information SI.4) to obtain their geometric
centers, seperately. The centers of the ﬁtting for both the
Pd−Ag nanoplate (marked with a red cross in Figure 1d,g) and
the nanobubble (marked with a green cross in Figure 1e,h) are
their geometric centers. By means of the aforementioned
treatment and calculation, the relative location of the
nanobubble to the Pd−Ag nanoplate can clearly be identiﬁed,
as shown in Figure 1f. Using the ﬁtting, the precision of the
localization for both the nanoplate and the nanobubble can be
from several to tens of nanometers depending on the intensity
of their scattering (Figure 1d,e). For example, the error bars of
the center of the Pd−Ag nanoplate for x and y directions are σx
= 7.1 nm and σy = 7.3 nm, respectively, whereas the error bars
of the center of the nanobubble are σx = 15.7 nm and σy = 15.1
nm, respectively. If the treatment above is applied to all of the
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For high-intensity (i.e., large size) nanobubbles in Figure 3d,
the <τhigh> shows a volcano behavior with the distance and has
a peak at ∼150 nm, which is higher than that of small
nanobubbles. This indicates that the nanobubbles appearing at
such distances have longer lifetimes, that is, higher stability.
When the scattering intensity, or size, of a nanobubble has a
ﬁxed large size, either too large or too small a distance will
cause shorter lifetimes. If the distance is too large, then the
nanobubble will have less contact with the nanoplate, and it
will harvest less product gas from it. On the contrary, if the
distance is too small, then the nanobubble will have too much
contact with the nanoplate and may even cover the total plate.
When a nanobubble covers the entire nanoplate, it will block
the reactant solution and impedes the mass transfer of the
reactant (Figure 3d). Therefore, it is easy to see that the
lifetime of the nanobubble, that is, <τhigh>, will be shorter with
this scenario.
Second, Figure 3e shows the relation of the distance,
intensity, and <τlow> of the nanobubbles. The nanobubbles can
also be divided into two populations according to the
scattering intensity of 1.5, as shown in Figure 3f. For lowintensity (small size, <1.5) nanobubbles, the <τlow> keeps an
almost constant value within 350 nm and decreases from 350
to 500 nm (Figure 3f). This means that small nanobubbles
from catalysts of either high or low activity can randomly
appear within 350 nm, but only the highly active catalysts can
cause small nanobubbles to appear farther than 350 nm. Long
distance may be due to more energy being released from the
catalytic reaction, which could blow the nanobubble far away.
The <τlow> for high-intensity (large size) nanobubbles also
shows a volcano behavior with the distance and has a high
stage from about 50 to 250 nm, a value similar to that of small
nanobubbles (Figure 3f). This indicates that both large and
small nanobubbles appearing at such distances show similar
activity. Moreover, the <τlow> of large nanobubbles decreases
sharply after 300 nm, which is also similar to small
nanobubbles, indicating that large nanobubbles from highly
active catalysts could appear farther than 300 nm. Figure 3f
also shows that large nanobubbles from highly active catalysts
also tend to appear on top of the catalyst.
This research used 2D Gaussian ﬁtting to localize the center
of individual nanobubbles and reveal the local activity
distribution with from several to tens of nanometers accuracy.
Also, it was found that the distances between the centers of the
nanobubbles and the center of the nanoplate usually distribute
in a certain range from 0 to 500 nm and vary with time. The
histogram of this distance distribution exhibits a maximum
population at ∼200 nm. In addition, the tips of the Pd−Ag
nanoplate were found to be more active than the edges. The
research further reveals that small nanobubbles usually behave
diﬀerently from large ones. Unlike large nanobubbles, small
ones usually show stable lifetime and turnover rates within a
certain distance but show shorter lifetime and higher turnover
rates when farther than that distance. Large nanobubbles
usually show a volcano behavior with the distance. This work
presents an eﬀective, high-resolution method for localizing the
position of nanocatalysts.

distance. Therefore, the radius for most nanobubbles is at least
200 nm, and the size of the nanobubbles can be >400 nm.
Nevertheless, the thickness of the nanobubbles is usually very
thin because their contact angle is much lower than the
expected contact angle in Young’s law.54,55 So the bubbles still
can be regarded as nanobubbles.
The distribution of the nanobubbles around the nanoplates
can be determined by setting the centers of the nanoplates as
the base point and then plotting the centers of a number of
nanobubbles from the diﬀerent plates, as shown in Figure 3a. It
should be mentioned that all of the nanoplates share the same
center, and the plot will clearly exhibit the distance between
the center position of the nanobubble and the center position
of the catalyst. Therefore, the diﬀerent (sharp angle, shape, and
size) nanoplates have no inﬂuence on this distance during our
overlapping. The center position of nanoplates in Figure 3a is
at the crossing of the two white lines. Similar to the result in
Figure 2e, the distances between the nanobubble centers and
the nanoplate mainly distribute near 200 nm (Figure 3a).
However, the overall distributions of the bubbles phase are
not three-fold symmetric, even though the catalyst is mostly
triangular. This is due to the fact that the orientation of
nanoplates is randomly distributed when immobilizing the
nanoplate catalyst on the glass slide by dropping the diluted
nanoplate solution on slide. Hence, even if the catalysts have
higher activity near the tip, the distribution of activity will be
random around the original point of overlapping. On another
aspect, Figure 2 also shows that the activity distributes not only
near the tips but also on other locations of nanoplate. Because
of this reason, we may not get three-fold symmetry after the
overlapping in Figure 3a.
To get the precise distance, a histogram of the distance
distribution of the centers of the nanobubbles to the Pd−Ag
nanoplates is plotted in Figure 3b. The maximum distribution
is found with a Gaussian ﬁtting to be 181 ± 68 nm. This is a
very interesting phenomenon because it indicates that the
nanobubble tends to be generated at a certain distance from
the catalyst but not on top of the catalyst. The distance causes
the nanobubble to not totally cover the catalyst, which
facilitates the mass transfer of the reactant. The distance also
presents a way to point out the active sites for the catalytic
reaction.
First, Figure 3c shows the relationship between the distance,
the scattering intensity of the nanobubbles, and the wait time
of the high state (<τhigh>). In Figure 3c, the distance between
the nanobubbles and the Pd−Ag nanoplate does not show any
obvious correlation with the intensity of the nanobubbles. This
indicates that nanobubbles of diﬀerent sizes could randomly
appear at any distance around the Pd−Ag nanoplate.
Additionally, Figure 3d shows the division of the nanobubbles into two populations according to the scattering
intensity, that is, the size of the nanobubbles.52 The threshold
for strong and weak intensities is set at 1.5. For low-intensity
(small size, <1.5) nanobubbles, the <τhigh> almost keeps a
constant value within 350 nm but decreases from 350 to 500
nm. This means that small nanobubbles have similar lifetime
lengths when appearing at a distance of 350 nm or less, but the
lifetimes sharply decrease when the distance is farther than 350
nm. The nanobubble is in a state of dynamic equilibrium.
When the distance is too large, the nanobubble has less contact
with the nanoplate, and it will harvest less product gas from it.
When there is too little gas to support the nanobubble, it will
dissolve.
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